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Abstract

The properties of dark matter — its microphysical form, and its cosmological
origin and history — are one of the most important mysteries in fundamental
physics. So far, evidence for matter beyond the Standard Model comes entirely
from gravitational effects. However, other experiments are reaching the point
where the ‘simplest’ models of dark matter are coming into tension with data,
and may be strongly constrained by medium-term observations. This, along with
theoretical considerations, motivates the exploration of other possibilities for the
history and composition of dark matter, especially those with the possibility of
new, generic observational signatures. In this thesis, we explore some different
classes of new dark matter models, focussing on regimes in which they may display
approximately model-independent phenomenology.

Firstly, we look at a class of dark matter models featuring large-number, sta-
ble composite states, and investigate how these may be synthesised in the early
universe. As the example of Standard Model nuclear physics and Big Bang Nu-
cleosynthesis demonstrates, the properties of small-number composite states in
strongly-coupled theories may be complicated, and sensitive to the precise details
of the theory. However, it may reasonably be expected that the properties of large
enough composite states will obey simple geometrical scaling laws. In this case,
if large enough states are synthesised in the early universe, the overall results of
the synthesis process may become broadly independent of the detailed parameters
of the model, and of initial conditions. We model ‘dark nucleosynthesis’ in such
a regime, and find that the late-time number distribution takes on one of two
characteristic forms,; in both cases with weak dependence on small-number initial
conditions and behaviour.

Following on from this, we consider the scattering phenomenology that would
result from dark matter being made up of such large composite states. This
includes the coherent enhancement of scattering rates — for example, at direct
detection experiments — compared to e.g. collider production processes. The
spatially extended nature of composite dark matter states could also lead to char-
acteristic momentum-dependent form factors in scattering processes, which may
be identifiable in direct detection experiments. In addition, inelastic interactions
between dark matter states may be important in astrophysical settings.

Ilustrating the effects of dark-sector energy injections, we present calculations
for dark matter halo modifications through velocity kicks. As an example appli-
cation, we discuss a different class of asymmetric dark matter models, in which
late-time decays of part of the dark matter can re-populate a symmetric compo-
nent, giving annihilation signals in galactic halos. The velocity kicks arising from
the decay process may modify the spatial profile of such signals, to the extent
to eliminating them almost completely from low-escape-velocity systems such as
dwarf galaxies.
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CHAPTER 1

Dark Matter — a brief overview

The Standard Model (SM) of particle physics is an amazingly successful theory.
Since its construction 40 years ago, its predictions have been verified to ever greater
accuracy by successive generations of experiments, culminating with the discovery
of the Higgs boson, the final until-then unobserved SM state, at the LHC in 2012.
At the present time, no significant deviations have been observed between SM
predictions and laboratory experiments (where such predictions can be reliably
calculated), and it is theoretically plausible that its predictions will continue to
hold up to energy scales orders of magnitude higher than can currently be probed.

Despite all this, we know that the SM cannot be a full description of Nature.
Part of this is that the theory itself is incomplete — it predicts its own breakdown
at scales where gravity becomes as strong as the other forces (around the Planck
scale), and needs to be extended to an as-yet-unrealised theory of quantum gravity
in that regime. This length scale is enormously smaller than those we have access
to experimentally, and new effects from an eventual theory of quantum gravity are
only expected to be relevant in very extreme regimes.

However, there are also more direct observational reasons why the SM must be
incomplete. In trying to construct a consistent cosmological model that accounts
for the behaviour and evolution of the universe, it turns out that attempts to do

this using only the particles and fields present in the SM fail. The most clear-



cut problem is that of ‘Dark Matter’ (DM). As discussed in this Chapter, this

refers to a set of observations that cannot be explained within the SM, but do fit

together neatly (with some caveats, discussed in Sections [1.1.4] and [1.1.5) under

the assumption that there is some extra non-SM matter in the universe, whose
gravitational effects are being observed ]

This Chapter gives a very brief overview of the evidence for dark matter, and
the constraints that can be placed upon its properties. There are many reviews
treating these topics in more depth. A comprehensive and reasonably recent review
of dark matter is [I]. For an overview of modern cosmology, good textbooks
include [2] and [3], while Daniel Baumann’s Cambridge Part III course notes [4] are
an excellent shorter account. This Chapter assumes a knowledge of the standard
cosmological history described in these references. One semantic point is that, in
accordance with usual cosmological terminology, we use ‘baryonic matter’ to refer

to both SM baryons and leptons.

1.1 Evidence for dark matter

1.1.1 Dynamics of galaxies and clusters

Historically, the first robust evidence for dark matter came from comparing the
rotation curves (orbital velocity versus radius) of galaxies with their distributions
of luminous matter| In Newtonian gravity, the velocity of a circular orbit in
a spherically symmetric system is v(r) = \/GM(r)/r, where M(r) is the mass
contained within a radius r. Observed galactic rotation curves have v(r) ap-
proximately constant beyond a certain radius, implying a mass distribution with

p ~ 1/r* whereas the distribution of luminous matter drops off much more steeply

!There are also other cosmological ‘problems’, including the homogeneity and isotropy of the
universe (up to small perturbations on large scales), cosmic acceleration, and baryon asymmetry.
These are not disallowed within the SM, but are certainly unexplained, requiring unexpected,
surprising tunings of parameters or initial conditions.

2Earlier measurements, including Zwicky’s observations of clusters, were interpreted as being
due to dark matter, but are claimed to have been dominated by systematic errors [5].



than this. While the real-world situation is clearly more complicated than these
simplistic assumptions of circular orbits and spherical symmetry, the same basic
conclusions are found to hold — the velocity distributions of stars in galaxies
can only be accounted for under the assumption that the galaxy is embedded in
a roughly-spherical halo of non-luminous matter, with density falling roughly as
1/r% [6].

As well as this evidence from the orbital velocities near the edges of galax-
ies, analysis of other motions on galactic scales also shows a need for extra non-

luminous matter:

e Analysing the velocity dispersions of stars in dwarf galaxies shows that, un-
like many larger galaxies (where stellar motions near the centre are reason-
ably well accounted for by the gravitational influence of luminous matter),
the gravitational potential must be dominantly due to non-luminous matter

[7, 8].

e The velocity dispersion of dwarf galaxies around their host galaxies requires a
large DM contribution [9], as does the velocity dispersion of galaxies orbiting

in clusters [10].

e The baryonic mass of galaxy clusters is dominated by hot gas, which we ob-
serve through its X-ray emission. The inferred temperature is high enough
that, in order for the gas to be gravitationally bound in the observed distri-

bution, there must be a large DM contribution [11].

1.1.2 Gravitational lensing

A more direct way to infer the presence of gravitating mass is through its effect
on light — the ‘gravitational lensing’ predicted by General Relativity. This is
confirmed on Solar System and smaller scales by many experiments (see e.g. [12]),
but on galactic and larger scales it suggests the existence of more matter than is

observed through EM emission / absorption.
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The most convincing evidence of this kind comes from systems such as the
Bullet Cluster, a pair of galaxy clusters that recently underwent a head-on col-
lision [13]. While the gas from each of the clusters shows clear signs of having
been slowed by the collision, the mass density inferred from gravitational lensing
shows two well-separated clumps, matching the location of the clusters’ galaxies
(which mostly pass through without colliding). This clearly-motivated separation
between the luminous and gravitational densities is compelling evidence in favour
of the dark matter picture, and against some kind of systematic error in describing
the gravitational effects of luminous matter.

Less spectacularly, but still very usefully, lensing measurements of the mass
in different systems can be compared to their luminous matter content. The
lensing-based results generally agree [I0] with those obtained from the velocity-
based approaches described in the previous section, and so indicate the presence

of much more matter than is visible.

1.1.3 History and evolution of the universe

While there is convincing evidence, from dynamics and from gravitational lensing,
for more matter than can be accounted for by straightforward observations, there
are a number of compact, relatively dark forms that Standard Model matter can
take — black holes, neutron stars, brown dwarfs, rocks — which, under the col-
lective name of MACHOs (Massive Astrophysical Compact Halo Objects), were
seriously considered as a candidate for dark matter. However, in attempting to
reconstruct the history and evolution of the universe, we find that the gravita-
tional influence of more matter than is inferred to be present in SM states is again
required, even in the very early universe. Unless very dense SM states somehow
formed and persisted through the very hot thermal bath in the early universe
(which might be possible in the case of e.g. black holes), these deviations require
some new form of matter.

The earliest stage of the universe’s history that we can accurately reconstruct is



the epoch of Big Bang Nucleosynthesis (BBN). Calculations of the nucleosynthesis
process, taking as input basically only the number density of baryons when the uni-
verse was at high temperatures (~ 1 MeV), accurately predict the observationally-
reconstructed primordial abundances of light elements [I4} [15]. Since the universe
was, in the standard cosmological model, radiation-dominated during this era, the
gravitational influence of baryonic matter, and of today’s quantity of dark mat-
ter, were not significant, so BBN does not constrain the influence of dark matter
directly. However, it does pin down the early-time baryon density rather precisely.

The next epoch that provides significant information is the immediate pre-
recombination era, when the photon-baryon fluid undergoes acoustic oscillations,
the density fluctuations from which leave their imprint on the Cosmic Microwave
Background (CMB). Since, unlike baryons, the hypothetical DM states are not
strongly coupled to photons, they affect the expansion rate (as the universe is
transitioning from radiation-dominated to matter-dominated around this time)
without changing the properties of the plasma. Thus, it is possible to separate out
the effects of dark matter and baryonic matter on the CMB fluctuations [16] —
the most recent measurements, from the Planck satellite, determine the average
densities (projected forwards to today) of dark matter and baryonic matter to
be 0.26 and 0.05 respectively of the universe’s critical density [I7]. This density
of baryonic matter agrees very well with the BBN value. The remaining 0.69 of
the present-day energy density comes, in the standard cosmological model, from
a vacuum energy density. This standard picture of the universe is referred to as
‘A-CDM’, after its two dominant components — the vacuum energy A, and the
Cold Dark Matter (‘cold’ in that it must be moving slowly, as we discuss below).

The history of structure formation in the universe also requires dark matter
for a viable explanation. In particular, it requires dark matter to be moving at
sufficiently low velocities at early times. Being at low speeds, and not strongly cou-
pled to photons, the DM can start gravitationally collapsing before recombination,

providing ‘seed’ fluctuations for the baryonic matter to fall into. Without these



seeds, the initial stages of structure formation would be much slower than observed
— we would require significant perturbations to the baryon density beyond those
associated with the radiation perturbations observed in the CMB, and these are
are ruled out by the full set of CMB measurementsﬁ Modelling the evolution of
the universe (which requires large numerical simulations) it is found that, except
for some issues (generally at sub-galactic scales) that we discuss in Section m,
the results predicted from starting with the CMB-derived proportions of CDM
and baryons, with both having purely adiabatic perturbations, are in excellent

statistical agreement with the observed structure of the universe (e.g. [18, [19]).

1.1.4 Properties of dark matter

As reviewed above, the combination of dynamical, lensing, and early universe ev-
idence is well-explained by some form of non-SM matter, which is dark (weakly
interacting with photons) and approximately non-collisional, with there being
around 5 times as much of this matter as there is SM matter in total. Sum-

marising the inferred properties of this hypothetical matter more quantitatively:

e As mentioned in the previous section, structure formation, as well as CMB
constraints, require ‘Cold Dark Matter’ (CDM), i.e. for the dark matter to
be at low velocities at early times. Constraints from observations of high-
redshift structure, e.g. [20], mean that a thermal relic from the SM bath
would need a mass 2 4keV. Roughly, this corresponds to massive DM
particles being non-relativistic (v < 0.3¢) when the temperature is Tgy ~
100 eV (note that this is a rough approximation, and that a non-thermal DM

velocity distribution would affect the derived constraints to some degree).

e On sub-galactic scales, the clumpiness of the DM distribution is rather poorly

3In addition to determining the overall densities of CDM and SM matter, CMB data also
constrains the fluctuations in their densities, with the ‘isocurvature’ perturbations in both —
that is, the perturbations beyond the ‘adiabatic’ fluctuations that correspond with the photon
perturbations visible as the primary CMB fluctuations themselves — inferred to be less than
10% of the amplitude of the adiabatic fluctuations [I7].



constrained. Clumps of physical size comparable to or smaller than stars
must have masses < 2 x 1079M, = 2 x 10*¥ GeV, as constrained by a
combination of micro-lensing and stellar motion observations ([21] and ref-
erences therein). At the other end of the scale, the wavelength of the DM
states must be small enough to permit clustering on galactic scales. For
bosonic states, this means that the wavelength must be smaller than the
scales of dwarf galaxies, around 1kpe, so m = 3 x 10722eV. For fermionic
states, degeneracy pressure would prevent dwarf-galaxy level DM densities

for m < 1keV [22]. In particular, this rules out SM neutrinos, which have

masses less than 1eV, as the primary component of dark matter.

The dark matter must, on astrophysical scales, be ‘basically collisionless’.
This statement does not mean that the states constituting the dark matter
cannot have strong interactions among themselves — for example, stars in
galaxies are basically collisionless (the average time between collisions be-
tween them is longer than the age of the universe), since the matter making
them up is in a compact configuration, and the collisional cross section sat-
urates to its geometric value. Additionally, the reason why SM gas collapses
to form structures much more compact than DM halos is that is it able to
dissipate energy through photons — elastic DM self-interactions would have

a more subtle effect on halo structure.

Different astrophysical systems give constraints on DM self-interaction cross
sections over a range of collisional velocities. Observations of colliding galaxy
clusters, such as the Bullet Cluster, give o/m < 1barn/ GeV for high relative
velocities v ~ 107 2¢ [23 24]. Galactic halos, with orbital velocities ~ 103c,
again give a constraint of the order of o/m < 1barn/ GeV (see e.g. [25]). At
lower velocites, i.e. in dwarf galaxies, the uncertainty surrounding the exact
DM density profiles means that much larger self-interaction cross sections,

o/m ~ 80barn/ GeV for v < 40kmsec™, still seem to be viable, e.g. [20].



Note that these bounds only apply to those states which make up the bulk
of the DM density — it is perfectly possible for a sub-component (< 10%)
of DM to have large, dissipative self-interactions, as explored in a number of

models [27], 28].

Couplings to SM states: these must be small enough for us not to have de-
tected the astrophysical population of dark matter non-gravitationally, and
also for it not to be produced in detectable quantities in SM collisions, ei-
ther astrophysically or in collider experiments. The production constraints
apply only to sufficiently light DM states, from LHC energies of a few hun-
dred GeV downwards, but are often the most constraining for very light DM

candidates.

There are an enormous array of constraints on the ways in which different
DM candidates could couple to SM states. Here, we simply present a few
examples, illustrating the form that specific such constraints may take — in
Chapter 5 we will review more extensively the status of current experiments.
Figure [1.1] shows the rough limits on the coupling of ‘heavy’ DM to SM
nucleons (protons and neutrons) — since, for masses larger than a few GeV,
these come from detecting the scatterings of astrophysical DM particles,
the constraints are generally of the form o/mpy < const. due to the lower
number density of higher-mass DM states. For comparison, the interaction
cross section between SM nucleons is around 1barn = 1072 cm?. As the
figure illustrates, comparable DM-SM scattering cross sections are ruled out
up to very high masses, ~ 10" GeV. While this makes fundamental particles
that interact significantly with the SM (in particular, those with EM or
colour charge) difficult to realise, it does not rule out ‘strongly-interacting’

states of much larger masses, such as small black holes (though such states

are often constrained by other observations).

[lustrating the situation for lighter DM, Figure shows the limits on



light (m < 1MeV) vector DM which kinetically mixes with the photon
(a ‘dark photon’). This is constrained by direct detection experiments, by
astrophysical production mechanisms (here, by production in stars), and for
masses lower than those plotted, by laboratory constraints on modifications

to the Coulomb force law.

Experimentally, there are multiple ongoing efforts to probe new regions of
parameter space, across an extremely wide range of potential DM signals.
In Chapter [5, we review a few of the current and near-future experiments,

in particular those extending Figure 1.1

e The average mass density of dark matter, appropriately scaled to take the
expansion of the universe into account, is inferred to be the same from early-
universe and late-time measurements. Thus, in general, the states making
up the dark matter must be stable over the lifetime of the universe. For
example, only of order a percent of the DM could have decayed into (dark)
radiation between recombination and the present day (see e.g. [29]). If the
decay were to another DM state of almost the same mass, then the effect of
the velocity kick given to the new state from the decay means that, for kicks

greater than around 20 km sec™!

, only a small proportion can have decayed
during the lifetime of the universe (e.g. [30H32]). If the dark matter is meta-
stable, and has some branching ratio to SM states (other than neutrinos),

then its lifetime is generally constrained to be many orders of magnitude

longer than the age of the universe.

The above list is by no means an exhaustive review of such constraints —
reviews such as [21] and [33] provide more thorough accounts of general properties,
while there are an enormous array of other observational constraints which apply to
different specific DM candidates. For example, as we will discuss in Section [1.2.2]
some models of dark matter predict an equal population of DM particles and anti-

particles, which are able to collide and annihilate to SM states, and there are
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Figure 1.1: Excluded regions for o, (spin-independent dark matter scattering cross
section with nucleons) vs m, (dark matter mass) — figure reproduced from [35]. The
green shaded region is ruled out by astrophysical constraints [36-39], the red shaded
regions by space-based detectors [36] [40-H42], and the yellow shaded region by under-
ground direct detection experiments [43-46]. The detector constraints assume a specific
dark matter distribution at the Earth’s location, given by the Standard Halo Model,
and could vary up or down from those given (see e.g. Section .

cosmological /astrophysical constraints on this energy injection. We review some
of those very briefly in Chapter [5

One fairly robust consequence of the evidence reviewed so far is that dark
matter cannot be composed of ‘standard” SM states, in particular because of the
too-small baryon abundance derived from BBN and CMB observations, and the
fact that SM neutrinos are too light. However, it is still possible that SM objects
compact enough to survive un-dissociated in the early universe, such as black holes
or very large ‘nuggets’ of QCD matter, could be DM — [34] reviews some of the

limits on these candidates.
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Figure 1.2: Excluded regions of kinetic mixing vs mass parameter space for dark
photon DM — figure reproduced from [47]. Coloured regions labelled ‘sun’, ‘HB’, and
‘RG’ are constraints from energy loss in stars due to dark photon production (so do not
depend on assumptions about the DM density). The blue solid and black dashed lines
show constraints from direct detection experiments. See [47] for details of other plot
elements.
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1.1.5 Problems with A-CDM cosmology

As discussed above, the ‘A-CDM’ paradigm, in which cold dark matter makes up
the majority of the universe’s matter budget, makes predictions for structure for-
mation that match observations of large-scale structure very well. However, on the
scales of galaxies, and especially dwarf galaxies, there are currently some discrep-
ancies between our best simulations of A-CDM consequences and observations.
Since galaxies are also the first scale at which baryonic densities start compet-
ing with DM densities, it is not implausible that our present inability to perform
linked simulations of DM and baryonic evolution is the cause of these problems.
On the other hand, such discrepancies may persist even with better observations
and simulations, which would indicate more strongly the need for further dark
sector dynamics. For a more detailed review of these issues, see e.g. [48].

A category of the discrepancies come from the fact that A-CDM seems to pre-
dict more structure on sub-galactic scales than is actually observed. Simulations
predict that the halo of the Milky Way, and similar galaxies, should contain a
large number of high-DM-density sub-halos. While some proportion of these will
be entirely dark (containing no stars), simple estimates of the expected stellar con-
tent seem to suggest that we should see more and larger dwarf galaxies than we
do [49]. This picture is made slightly muddier by the recent discovery of multiple,
extremely faint dwarf galaxies in the Milky Way halo [50], but there still seem
to be problems, particularly with regard to the absence of the very large dwarf
galaxies predicted [51].

Additionally, simulations show a universal ‘cuspy’ form for DM halos, in which
the density increases steeply towards the centre [52]. Observations of dark matter
dominated galaxies appear to suggest that DM density distributions are instead
‘cored’ (that is, with flatter centres), though the status of these observations is
still somewhat unclear [53].

In all of these cases, approximate calculations indicate that DM with self-

12



interaction cross sections slightly below the bounds mentioned in Section
could smooth out DM substructure on small scales, and possibly alleviate ten-
sions between observation and theory. Also, as mentioned above, even the purely
gravitational coupling between baryonic matter and dark matter could be impor-
tant, and indeed recent work (see e.g. [54]) suggests that the kind of dynamic gas
outflows observed in galaxies may be sufficient to explain the discrepancies with
CDM-only simulations. Detailed observations of baryon-poor systems, such as
dwarf galaxies, are potentially capable of distinguishing between these possibili-
ties, since some of these systems do not have sufficient baryonic matter to plausibly
modify their DM distribution [54].

Beyond the above issues, there is a catalogue of other observations that do not
correspond well with the predictions of CDM-only simulations ([55] provides an
overview). In particular, some of these take the form of simple relationships be-
tween the DM and baryonic densities, such as the ‘Tully-Fisher relation’ [56] — a
power-law relationship between the total baryonic mass of galaxies and their (pre-
sumably dark-matter-dominated) outer rotational velocities, that appears to hold
with little scatter over multiple decades in galactic mass. While such problems
may plausibly be due to effects of baryonic feedback on the DM distribution [55],
it is interesting that these relationships, as well as almost all of the galactic-scale
evidence for dark matter (disregarding structure formation), appear to be well-fit
by simple phenomenological modifications to the gravitational effect of baryonic
matter. This observation has been developed into the MOND (MOdified Newto-
nian Dynamics) hypothesis, which posits that there is no dark matter at all, but
rather that the theory of gravity needs to be modified when dealing with small
accelerations [57]. Turning this into a fully consistent theory encounters many
difficulties — in particular, accounting for lensing observations (where gravitating
mass does not track baryonic mass) and early-universe cosmology. Modern at-
tempts tend to accept the need for invisible matter at least at the scale of clusters

(see e.g. Chapter 6 of [58]). Despite this, the surprising success of what is basi-
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cally a one-parameter model in fitting diverse galactic relationships is something

for which there is, as yet, no satisfying explanation in the CDM picture.

1.2 Dark matter models

In the previous section, we gave an overview of the evidence for non-baryonic dark
matter, and a basic summary of the properties that it must have. In this section,
we work under the assumption that the dark matter is composed of states arising
from some quantum field theory extending the Standard Model, and investigate
the most basic features required from such models — that they have a very long-
lived massive state, and that such a state is produced in the correct abundance in

the early universe.

1.2.1 Dark matter stability

As discussed above, the states making up today’s DM need to be stable over
timescales of at least a few times the age of the universe, and if they decay to SM
states other than neutrinos, for much longer than that. This generally requires
some symmetry that restricts their couplings with lighter states that they could
decay into. In the Standard Model, the cosmologically-stable states illustrate a

number of ways in which this can be realised:
e Photons and gravitons are massless, so cannot decay.

e Electrons/positrons are the lightest particles carrying charge under the un-

broken U(1)gys gauge symmetry.

e The lightest neutrino mass eigenstate is the lightest fermion (where fermion
parity is conserved since only fermions can carry half-integer angular mo-

mentum).

e The heavier neutrino mass eigenstates can decay into the lighter ones, but

only via electroweak interactions, which introduces a suppression by the W, Z
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mass scale. Since the mass of the heavier neutrinos is still very small (below
4
1eV), the suppression ~ (;”—;) is enough to make their lifetimes far longer

than the age of the universe.

e The proton is the lightest state carrying baryon number (and generally, the
most stable nucleus of nucleon number A is the lightest state carrying baryon
number A). Due to the gauge symmetry structure of the SM Lagrangian,
terms that violate baryon number must be dimension-6 or higher, so the
rate for proton decay will be suppressed by a high power of the inverse
mass scale of the new physics responsible for these termsﬁ There are also
non-perturbative electroweak field configurations (sphalerons) which violate
baryon number, but the rate for these is exponentially suppressed at low

temperatures [60].

For massive states, absolute stability is enforced by charge conservation in an un-
broken gauge theory (or by fermion parity). However, unbroken phases of new
gauge theories introduce new massless gauge bosons, which are often strongly
constrained by observations, and we usually do not want the DM to be electro-
magnetically chargedﬂ An alternative way to realise absolute stability is to be
in the broken phase of a gauge theory, where this breaking preserves a discrete
subgroup of the gauge group. Even in the low-energy theory, once the massive
gauge bosons have been integrated out, the resulting discrete gauge symmetries
are exact, and states can have exactly conserved charges under them [61].

The metastable but long-lived SM states arise because the symmetry structure
of the theory means that the only possible decays are those which occur through
higher-dimensional operators, and so are suppressed by the inverse mass scale of
the new states involved (‘accidental symmetries’). For heavy DM states, stability

on cosmological timescales generally requires a very high scale for the new physics

4The sensitivity of terrestrial proton-decay experiments is such that naive Grand Unified
Theory (GUT) models, which have the scale of new physics as A ~ 1016 GeV, are in some
tension with the lack of any observed decays [59].

®Models in which DM carries small fractional EM charge have been proposed (‘milli-charged
DM’), though this charge must be extremely small to avoid astrophysical constraints.
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involved.

Taking the examples of some popular dark matter candidates,

e SUSY particles with R-parity conservation: in supersymmetric extensions of
the SM, the R-parity of each state is defined by Pg = (—1)3B~E)+25 where
s is the spin of the state, and B, L are the baryon and lepton numbers [62].
This makes all of the SM states R-even, and their superpartners R-odd. If R-
parity is conserved (as is often helpful in evading proton-decay constraints),
then the lightest R-odd state will naturally be stable. A standard technique
to impose this is the idea of discrete gauge symmetries introduced above —
e.g. if U(1)p_ is a gauge symmetry, broken down to a Z5 discrete subgroup,

then R-parity is exactly conserved [63].

e Axion-like particles: these are scalar/pseudo-scalar particles for which an
approximate shift symmetry forbids a mass term, and forbids renormalis-
able couplings to SM states. As a result, they are naturally light, and have
couplings suppressed by powers of some symmetry breaking scale, result-
ing in very long decay times. Such states may arise in field theory as the
pseudo-Nambu-Goldstone bosons of a spontaneously broken symmetry at
high scales. In string theories, there may be shift symmetries of the ap-
propriate kind which are only broken by extremely small non-perturbative

effects [64].

e Light dark photons: a ‘dark photon’ is a massive vector that kinetically mixes
with the SM photon. If it has mass less than twice that of the electron, then
it can only decay to photons or neutrinos, and the couplings of these to

photons involve loops of heavier particles.

For meta-stable, rather than exactly stable, DM states, cosmologically long
lifetimes also require that the state is light (at the very least, light compared to
the Planck scale). Obtaining this without tuning is another challenge that also

generally involves symmetries of the theory.
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1.2.2 Dark matter production

As well as being stable over the lifetime of the universe, dark matter must be
present, in the correct abundance, from shortly after BBN onwards. Given our
limited knowledge of cosmological history before BBN, considerations about the
origin of dark matter are necessarily rather uncertain. However, a reasonable
expectation is that there were at least 50 e-folds of inflation, followed at some point
by a radiation-dominated era, which cooled down with expansion until entering
the usual Big Bang thermal history at BBN times.

Fitting dark matter into this story, one key question is whether it was ever
in chemical equilibrium with other states. If it was at some point in chemical
equilibrium with a bath of lighter states, then freeze-out from equilibrium at a
temperature greater than its mass would leave the DM with a radiation-level
abundance, which as per previous sections is generally not cosmologically viable.
Freeze-out from equilibrium at a temperature lower than its mass would leave it
with a Boltzmann-suppressed abundance, with its chemical potential (e.g. arising
from a non-zero value of some conserved quantity) imposing a floor. If the dark
state has a mass less than a few keV, then the temperature of the bath from which
it freezes out much be much lower than the temperature of the SM bath, since
otherwise the dark matter will not be cold. We go over these ‘thermal freeze-out’
scenarios in more detail in Section [1.2.3

Alternatively, the dark matter may never have been in equilibrium with a
thermal bath of lighter states — in particular, this is a way to realise very light,
but still cold, dark matter. Inflation means that any ‘initial’ abundance would
have been diluted to insignificance, so an abundance, with adiabatic density per-
turbations on comoving scales corresponding to CMB measurements, needs to
be generated. This could occur in a number of ways, including decays of heavier
states, sub-equilibrium couplings to other thermal baths (see e.g. [65]), or coherent

production processes (inflaton decay, gravitational production, etc.).
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Figure 1.3: Left: plot of yield vs scale factor (during radiation domination, so a o
1/T) for a DM particle with mass m and thermally averaged annihilation cross section
(ov) (taken to be constant), where \; = (ov)s/H evaluated at T = m. The dashed
curve labelled Y shows the equilibrium abundance. The DM abundance is taken to be
symmetric, so the yields displayed are solutions of equation Note that the eventual
abundance is approximately o< 1/A;, and that the temperature of departure from the
equlibrium curve (‘freeze-out’) depends weakly on A;. Right: as for the left-hand plot,
but where the DM has an asymmetry, so Yx — Y% = AY is constant and non-zero, and
we are solving equation Here, we take AY = 1074, and A\; = 105. The dashed
curve labelled f/y shows the equilibrium abundance of X (Y tracks the equilibrium
abundance of X very closely). The dot-dashed curve shows the symmetric freeze-out
solution for \; = 108, for comparison.

1.2.3 Thermal dark matter, asymmetric dark matter, and
baryogenesis

Figure provides a visual overview of the thermal freeze-out scenario outlined
above. Analysing this quantitatively, starting with the symmetric (zero chemical
potential) case, the number of X particles in a given co-moving volume V' obeys
the Boltzmann equation

d(nXV)
dt

= —{ov)nxngV +yxxV = (o0) (% — n3)V . (1.1)
where (ov) is the (kinetically averaged) annihilation cross section for XX —
(bath states) processes, and vy is the production rate per unit volume for X X
pairs from the thermal bath. By detailed balance, vyx = (ov)ixfig, where
nx is the equilibrium number density of X. We have also assumed that nxy =
ny, which will be a good approximation so long as we are in the ballistic rather

than diffusive regime (i.e. mean free paths are longer than the characteristic X, X
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separation). We can simplify this by replacing the number densities with a quantity
that is constant if co-moving number is conserved — assuming co-moving entropy
conservation, we can use the yields Yx (t) = nx(t)/s(t), where s(t) is the entropy

density of the thermal bath. This gives

dYx
dt

-2 2 dYx _ 2 2
= (ov)s(t)(Yx —Yx) = dloga MYy = Yx), (1.2)

where A = (ov)s/H (effectively, the interaction rate per Hubble time for a radiation-
like abundance with cross section (ov)). If we assume a form for H(t), then this
equation can be solved numerically, giving solutions of the form shown in Fig-
ure[1.3] We can understand the basic behaviour analytically [2]. Once ‘freeze-out’
has occurred, i.e. the annihilation rate is no longer sufficient to keep Yx close to

Y ; dYx ~ _\V2 R
Yx, the equation becomes dlona = AY%, so v T vs

~ [dloga X = —\;, where
we have assumed that we are radiation-dominated, so H o< 1/a® and A o 1/a, and
that the averaged annihilation cross section is constant with temperature (as for
e.g. s-wave annihilations). Assuming that Y., < Y7, this implies that Y, ~ )\]71.

Turning to when freeze-out occurs, if we write Yy = Yx(1 + ), then to first

order in 6 we have
§=— (2}7;()\ + (log ?X)'> d — (log ?X)/ ; (1.3)

where primes indicate differentiation with respect to loga. Since, in the non-
relativistic regime, nx(T) = gx (%)3/2 e~ ™x/T and T o 1/a, we have (log Yy ) =
— "2 + logarithmic corrections. So, when YA > my /T, departures from equi-
librium are quickly corrected. Once Yy goes below mx /T, such departures grow,
and we have frozen out. The abundance at the freeze-out time will be roughly
Yy ~ ?f ~ mTX)\fl, so if we do freeze out with a Boltzmann-suppressed abun-
dance, then the condition at the end of the last paragraph does hold, justifying
Yo ~ >\]71. Additionally, since ffx goes like e‘mX/T, the value of x = mx/T

at which freeze-out occurs will depend only approximately logarithmically on the
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value A\; of A at z = 1, so for A oc 1/a we can write the relic abundance as

T xrH
Yo~ Lf

A (ov)s Temy

(1.4)

where x; is around 20 for reasonable parameters.

Going from yields to present-day energy densities, the present-day relic density
is
_ pxo  BmmxYxs
~pe 3MpH;

mx
100 GeV

Qx = 2.8 x 10°°h %Yk (1.5)

where p. is the present-day critical density, Mp is the Planck Mass, and Hy, =
100h kmsec™ Mpc™! is the present-day Hubble parameter. The last equality of
equation |1.5| assumes that freeze-out was from the SM thermal bath, so we can use
the present-day SM entropy density of 2.9 x 103 cm ™3, and that there has been no
significant entropy injection between the freeze-out epoch and now. From equa-
tion , Yo ~ Wrdﬁ, so to leading order the myx dependence in equation

cancels. Assuming that freeze-out takes place from the SM bath at temperatures

2 GeV, one obtains the approximate value [I]

3x 1072 ecm? sec!
Qxh? ~ oo : (1.6)

Looking at the characteristic annihilation cross section arising from weak interac-

. G2%m? — —
tions, (ov) ~ “EZX ~ 10720 cm? sec ™ (

mx
10 GeV

)2, this is of approximately the right
order of magnitude to obtain the required Qcpuvh? ~ 0.1. Known as the ‘WIMP
miracle’ (Weakly Interacting Massive Particle), this coincidence is the foundation
of many models of weak-scale dark matter.

In the asymmetric case, we start with a similar Boltzmann equation,

dYx - -
= A\NYyYsx — YxYs 1.
legCL ( X1ix X X)a ( 7)
with the difference that we assume Yy — Y= = AY to be non-zero. Since the

thermal bath does not ‘know about’ the asymmetry, we have YxYx = Y2 . If
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(ov) is small enough that we freeze out with Yx and Y5 both much larger than
AY | then the situation is almost exactly as in the symmetric case. On the other
hand, if we reach Yy ~ AY while still in equilibrium (assuming AY > 0), then

(as illustrated in the right hand plot of Figure the equation for Y5 becomes

dYs .
dloga =AY (V= Yx) (1.8)

In particular, Y5 tracks )7? until AAY ~ m/T, and the relic abundance is then

“MAY o emm/Ts - This is the ‘Asymmetric

further exponentially suppressed by e
Dark Matter’ (ADM) regime, in which the vast majority of the relic density is
in X particles — there is also an intermediate regime in which freeze-out occurs
before equilibrium, but subsequent annihilations are affected by the AY floor. For
ADM, obtaining the correct relic density Qxh? = 2.8 x 1010AY106”ﬁ (as per
equation is a matter of generating the correct initial asymmetry AY, and
having a sufficiently large annihilation cross section.

This kind of thermal history is also the most plausible scenario for SM matter
(indeed, we have evidence from BBN for asymmetric electron freeze-out), and
the issue of generating the correct asymmetry there — ‘baryogenesis’ — is still a
mystery. Modelling the behaviour of the SM thermal bath at higher temperatures
(> TeV), one finds that the CP violation in the theory is nowhere near sufficient
to explain the observed relic abundance, even in the presence of hypothetical
strongly out-of-equilibrium dynamics [66]. One of the hopes behind many ADM
models is that there may be some dynamics that can explain both the SM and
dark sector asymmetries. In particular, if the DM particles have similar masses to

SM baryons, then asymmetries of similar magnitude would ‘explain’ the order-of-

magnitude coincidence, py =~ 582, between the baryonic and DM mass densities.
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1.3 Thesis outline

Despite all experiments searching for non-gravitational evidence of DM having
so far shown up blank, the sensitivity of modern observations, of several types,
is starting to strongly constrain some of the simpler kinds of DM models. In
particular, for DM that froze out from equilibrium with the SM thermal bath, as
described in the previous section, there are good medium-term prospects of ruling
out (or detecting!) almost all of the naive parameter space (this point is reviewed
in more detail in Chapter [)). Given this situation, it is important to investigate
ways in which more complex dark sector physics may alter observational signals,
and particularly the relationship between different types of observations. In the
subsequent Chapters, we study the phenomenology of some dark matter models
which do that. Rather than discussing single, definite models, we attempt to
identify motivated classes of theories in which there is broadly model-independent
behaviour.

In Chapter [2| we investigate the early-universe physics of ADM models fea-
turing large composite bound states, analogous to SM nuclei. Strong, attractive
self-interactions within a dark sector may arise in a number of ways, notably
through confining forces similar to SM QCD. While the detailed behaviour of such
models is difficult to calculate, it is expected that, for broad regions in param-
eter space, there will be stable large-number composite states. Moreover, there
are good reasons to expect that, for large enough sizes, the properties of these
states will scale according to simple geometrical laws. Both of these statements
are broadly true in the SM, and if they also hold in a dark sector, there is the
possibility that these large composite states will be synthesised in the early uni-
verse, analogously to BBN. SM BBN is a rather complicated processes, dominated
by the specifics of small-number nuclear behaviour. We investigate the alterna-
tive, more model-independent regime in which successful synthesis of large nuclei

occurs, and the results of the synthesis process are governed by scaling laws, find-
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ing that the eventual number distribution takes one of two characteristic forms,
broadly independent of initial conditions.

Chapter [3| follows on by considering some of the present-day consequences
that would follow from dark matter consisting of large composite states of this
kind. One of these is that the signals from direct detection experiments may be
modified in fairly model-independent ways, which could potentially be detectable
in near-future experiments. Also, the interactions responsible for compositeness
will generally lead to significant self-interactions between DM states, and these
may have interesting consequences in regions of high astrophysical DM density.
In particular, we make estimates indicating that such interactions could lead to
significant modifications of the distribution of DM captured within stars, which
may have model-dependent effects on stellar properties.

In Chapter f] we calculate the modifications to DM halo distributions that
result from a very simple class of dark sector energy injections. These calculations
are applied to a different class of ADM models than those considered in Chap-
ters[2 and [3, in which decays regenerate a symmetric component that may lead to
astrophysical signals. Chapter [5| concludes by reviewing the status of current and
near-future experimental efforts to detect thermal dark matter, focussing on how
they relate to simple thermal production scenarios, and discusses how the models
of previous chapters can affect the interpretation of and relationships between such

observations.
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CHAPTER 2

Big Bang Synthesis of Nuclear Dark Matter

Most models of dark matter assume that it is made up of point-like particles, or
at least can be treated as such in its interactions. However, this is not necessarily
the case. In the Standard Model most of the SM-sector mass in the universe is
in the form of composite states—atoms, containing nuclei, made up of nucleons,
which are themselves made up of quarks and gluons. Particularly noteworthy is
the remarkable richness of SM-sector nuclear and atomic physics resulting from
just a few basic conservation laws, most importantly baryon-number and charge
conservation, and a few relevant interactions, dominantly the short-range strong
nuclear binding force and long-range electromagnetic interaction. The compos-
iteness and variety of the states that result, atoms and nuclei, plays a vital role
in many important physical processes in the history of the universe, for example,
in galaxy formation and all of stellar physics. Given the ease with which bound
states can arise, it is clearly important to consider the possibility that DM may
exist in the form of composite states too.

This Chapter will investigate a particular class of composite DM models—
those featuring cosmologically stable “dark nuclei” (DN) of large dark “nucleon”
number (DNN). In particular we focus on the case where, similar to SM nuclei,
there is a relatively short-range strong “nuclear” binding force with a hard core

repulsion, and there is an approximately-conserved quantum number, DNN, anal-
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ogous to baryon number. Unlike the SM where both protons and neutrons are
relevant, for reasons of minimality and simplicity we will take there to be just one
kind of stable dark nucleon (or more generally, the differences between different
nucleon types to be unimportant). Importantly, we will in addition assume that in
the dark sector the analogue of the long-range electromagnetic interaction between
protons is absent, either because there is no massless “dark photon” or because
the stable dark nucleon is uncharged]f]

With these simple assumptions there exist a very broad range of stable DN
states of varying DNN, and with a binding energy per dark nucleon that saturates
at a finite value. This is similar to the SM where there are stable nuclei at multi-
ple baryon numbers with approximately constant binding energy per nucleon, of
roughly 8 MeV, over a range of nuclear sizes. Unlike the SM, however, there is no
longer a Coulomb repulsion term, so that in the dark sector the binding energy
per dark nucleon truly does saturate, at least until gravitational effects become
important, and never turns over, unlike the iron maximum in the SM, so there are
stable DN up to very large DNN. In terms of a simple liquid-drop like model, anal-
ogous to the semi-empirical mass formula in the SM, we take the binding energy

per dark nucleon to behave asymptotically as

By p
— =q

L= a— (2.1)

where k£ > 1 is the DNN, the volume energy term is «, and the surface tension
term /5. Roughly this set of assumptions was considered in [75], which investigated

the possibility that they could result in the early-universe formation of large DNE|

'Models of composite DM previously considered in the literature include “WIMPonium” [67-
69], “dark atoms” [70], and most similarly to our work, “Q-balls” [71,[72] (non-topological solitons
of scalar fields). In addition the DM candidates in technicolor-like theories are often composite
states [73 [74], though these typically have small “nucleon” number, and most importantly have
constituents with SM charges, unlike the cases we consider in this work.

2Essentially this holds for SM nuclei if Coulomb repulsion is absent (see [75] for such a
model), and also for many Q-ball models [71] [72] [76]. In the absence of short-range hard-core
repulsion, one obtains, in the fermionic case, states such as those investigated in [77, [78]. These
are supported by degeneracy pressure until their constituents become relativistic, at which point
the form of the attractive interactions becomes important—they will generally not display the
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While the small bound states of such a model may have highly variable prop-
ertiesﬂ analogous to the special properties of deuterium or helium-4, once the DN
become large enough, their properties, beyond just their binding energy, equa-
tion [2.1], can obey simple scaling laws. Most importantly certain interaction cross
sections scale geometrically in the large DNN limit, at least when suitably aver-
aged over a range of DNN to eliminate “magic number” and resonant effects which
are of subdominant importance to the physics we study.

The focus of this Chapter is the regime in which such scaling properties can
determine the final number distribution of DM; namely, when larger states are
built up via the agglomeration of smaller ones at low temperatures, as per SM
BBN. Like the BBN case, the simplest version of this process applies when the
DM is asymmetric [3), [74, 8THI16], with a particle-anti-particle asymmetry that
determines the final DM abundance, similarly to the baryon asymmetry in the SM
sector (though the symmetric case is also interesting). The small-DN part of such
a scenario was investigated in [75]. In the following we assume, unless specifically
stated otherwise, the DM to be asymmetric so the DNN will take positive integer
values, and we denote the DN of various DNN as 1-DN, 2-DN, etc.

In the main body of this Chapter, Sections [2.1 and 2.2 we will show that the
dark-sector analogue of SM BBN-—which we call “Big-Bang Dark Nucleosynthesis”
(BBDN)——can produce DN with DNN up to or even exceeding 108, resulting in a
very wide variety of striking changes to traditional DM phenomenology.

Specifically, we find the number distributions of DN resulting from BBDN
satisfy remarkably simple forms. For example, for asymmetric DM with plausible
underlying parameter values, DN with DNN > 10® can be synthesised, with the
number distribution taking one of two characteristic scaling forms. If there is
no substantial bottleneck of BBDN at small DNN the distribution of DN sizes

takes on a peaked (in logarithmic space), universal non-power-like functional form,

kind of scaling we consider in this Chapter.
3See [79, 80] for a detailed investigation of a particular QCD-like model focussing on the
properties of the small bound states.
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independent of many details of the initial distribution and interactions. This
solution acts as an attractor solution and we study how the distribution function
of DN approaches this universal scaling form. On the other hand, in the case of a
substantial bottleneck of BBDN at small DNN we find the surprising result that
DN of even larger DNN, > 10%, are often synthesised, again with a simple form of
the number distribution. Such behaviours are studied both via numerical solutions
of the relevant equations, and from physically motivated approximate analytical

solutions.

Such states can give rise to a variety of interesting possibilities, including:

e For reasonable parameter values effectively very heavy (> 108 GeV) DM can
be produced by BBDN in the form of large DN (and with one of two possible,
essentially model-independent distribution functions). Such heavy DM is in
contrast to the usual unitarity limit for point-like DM in the case of thermal
freeze-out production [1 17”7_[] and is not usually expected in asymmetric DM

models, which seek to link the DM and visible sector abundances.

e Coherent enhancement of interactions: Processes that do not probe the in-
dividual constituents will have amplitude going as the DNN £, so scattering
cross sections, in for example direct detection experiments, can in principle
be enhanced by k? > 10'® compared to the case of a single DM nucleon.
Taking account of the reduction in the number density of such states, one
still finds an effective increase in direct detection interaction rates scaling as
~ k, so effectively reducing expected collider signals by ~ 1/k for a given
direct detection rate compared to the standard point like case. The physics
of the coherent enhancement of direct detection signals, with the accompa-
nying possibility of novel form factors from the dark sector, is discussed in

detail in Chapter [3]

e Inelastic processes at both “high energy”, of order the DN binding energy

4Though thermal freeze-in production of DM can produce superheavy elementary DM [118§]
with an energy density yield independent of the superheavy particle mass.

27



differences, and parametrically lower energy, from long-wavelength collective
excitations. Examples of the high energy processes are ones that move be-
tween states of different DNNs — fusions and fissions — but there is also
the possibility of the extended structure of states leading to a spectrum of

excitations, as exists in SM nuclei and atoms (again, see Chapter [3)).

e States with large spin: for large composite states, there is the possibility of
interactions aligning the spins of many of the constituent states, leading to
DN with nuclear spin proportional to k. This is of potential interest in, for
example, interactions with SM nuclei in direct detection experiments, and

capture in astrophysical objects.

In this Chapter, we focus on the physics of BBDN, leaving the investigation of
these possibilities to Chapter [3| and to future work.

Finally, before turning to our analysis of DN and BBDN we emphasise that
while there are many specific models which can realise this kind of scenario, we
will focus on regimes in which the behaviour can be broadly model-independent

in nature.

2.1 Basics of dark nucleosynthesis

While present-day DM may be composed of large bound states, this is generically
not the case in the hot early universe. At large temperatures T', the entropy term
in the free energy dominates and the chemical equilibrium distribution has almost
all DM in small-number states. For small 7', compared to the binding energies,
the energy term dominates, and chemical equilibrium favours large bound states.

As we discuss in detail in later sections, starting from the situation at high
temperatures, large DN may be assembled by an aggregation process where fusions
dominate dissociations and fissions. Specifically, if interactions are not so weak as
to be frozen out by the time the equilibrium shifts to favour larger states, then

larger states will be built up until fusion reactions freeze out due to a combination
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of falling velocity, and a falling number density from both Hubble expansion and
the formation of the large DN themselves.

Since, for the DM masses we consider, the DM is dilute, if we are in kinetic
equilibrium then the transition from being kept in equilibrium by dissociations,
to fusion reactions dominating, generally happens fast enough to be only a small
perturbation to the subsequent fusion process (this technical point is discussed in
detail in Appendix . If thermalising interactions are not sufficiently fast to
reduce the energy of de-excitation products before they hit another DN, then these
may cause dissociations, leading to very different behaviour from the fusions-only
approximation (c.f. SM recombination). We will not consider this regime in this
Chapter, assuming instead that the de-excitation products decay or thermalise on

fast enough timescales [

2.1.1 Freeze-out of fusions

Given that fusions dominate at low 7', we can obtain an estimate of the maxi-
mum size of DN built up by the aggregation process by investigating when fusion
reactions freeze out.

First, let us suppose that the last fusions to freeze out are those between large
DN, and also that we end up with a ‘peaked’ mass distribution in which almost
all of the mass is in DN of size ~ A. In this case, the rate of fusions for a single
DN, per Hubble time, is I'/H ~ (ov)ns/H, where (ov) is the thermally-averaged
fusion cross section, and n4 is the number density of A-DN. Since we have DNN
conservation, ng = ng/A, where ng is the DNN density. If the DN are non-

relativistic, as required to be aggregating, and in thermal equilibrium (e.g., with

°In principle, another exception to the statement that, late on, only fusions are important is
when the excited states produced by the fusion processes de-excite by the emission of nucleon
constituents, as occurs in the SM [I19] (many Q-ball models also de-excite by losing charge,
e.g. [120]). In general these emitted small-k DN are either quickly re-absorbed by larger DN and
do not significantly alter the dynamics of the aggregation process, or they act approximately as
an external bath with which the larger DN scatter. In the latter case, as long as enough of the
small-small fusion processes can occur without involving nucleon emission, the mass fraction of
small DN will be sub-dominant, though they may dominate the number density.
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an external bath of light dark-sector particles as we discuss later), then the DN
velocity vy ~ viA7'/2. For large A, saturation of the dark sector nuclear forces
implies the internal mass-energy density, p,, of DN matter is roughly constant with
size, and that fusion cross sections scale approximately geometrically, o ~ oq A%/3,
and so

T o1U1 g 01U1My

I it 2/3 —1/2 —1:— —5/6
o T AT AT (2.2)

In general, the temperature, T}, of the DN bath can differ from the temperature,
T, which sets the Hubble expansion rate in the radiation dominated era, and
which we assume to be dominantly set by the more numerous SM sector degrees
of freedom, as the dark and SM sectors may be essentially decoupled from each
other. With this in mind, and using oy ~ 47 R, v} ~ T,/my, and 47 R3py /3 ~ my,

we then find

TIN5 g7 1GeV fm=3\** 9x(T) 1/2< my )—5/6 T 3/2 T 1/2
H b 10.75 1GeV 1 MeV T ’

(2.3)

where the parameters are normalised to SM values both for comparison and
because such a parameter region is naturally motivated by many ADM mod-
els. Thus, in this scenario, if dissociation stops being important around 7" =
1 MeV, then, from equation [2.2] the largest mass that could have been built up
is (2 x 107)%°m; ~ 5 x 10® GeV, corresponding to a radius of ~ 480fm for the
fiducial parameter Valuesﬁ Beyond this size, the number density and velocity are
too low for interactions to occur. We will see that, for reasonable parameters, this
bound may be attained.

Note that, if we scale all of our dimensional parameters to increase mass scales
by a factor A (i.e. T+ AT, py — A'py, etc.), then the freeze-out DN mass scales as

Mo — A~ 7/my,. Changing the mass scales of the constituents, e.g. by changing the

6Note that this does not depend on the dark nucleon mass m;. If some scaling other than
myg < k between mass and DNN held, e.g. as in the case of some Q-ball models [76], then
equation would still apply, but with A replaced by the ratio of the final mass to the mass for
which oyv1n9 was evaluated. Such models, in which binding energies are not a small fraction of
the total mass, have quite different properties.
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confinement scale in a strongly coupled theory, may be expected to have roughly
this effect. Thus, decreasing the mass scale of our constituents will tend to increase
the masses that could be built up, mainly since larger geometric cross sections are
available. Going the other way, for m; = 100TeV (and corresponding scalings
of the other parameters), we have ojving/H < 1, so there is no build-up in this
regime, corresponding to the usual unitarity bound for DM self-annihilations.
Alternatively, the last fusions to freeze out may be those between ‘small’ +
‘large’ DN. Compared to large + large fusions, while the possible number density
of small DN is larger, the number of separate fusion events onto a given DN needed
for the same increase in size is larger by the same factor. However, since in thermal
equilibrium the velocities of small DN are larger, the overall rate of size increase is
enhanced by that factor. To qualitatively understand this scenario, suppose that
an order one proportion of the dark nucleons are in small k-DN, and the rest in

large A-DN. Then, the rate at which an A-DN increases in size by A is given by

1
[~ <av>nk% ~ 5101?)171016_1/2142/3/1_1 , (2.4)

where we used (ov) a4 = %5010114:*1/2/12/3, with 0 parameterising a possible sup-
pression of small-large cross-sections from the geometric value, e.g. from quantum
reflection effects, as per SM nucleon-nucleus interactions. So, the maximum at-

tainable DNN of the DN is

(2.5)

A ~ T x 101 (i 01“1”0/[{)3

Vi 2 x107

corresponding to m ~ 7 x 10¥ GeV (and scaling as mg, — A">myg,) and a radius
of 3 x 10% fm for our fiducial parameter choices.

Similarly, the rate of fusions onto an A-DN for a given k-DN is I' ~ (ov)ny ~
Z—fz(av)nk, so the largest DN that can absorb the entire population of small DN
also have approximately this same maximum size. Thus, as long as ¢ is not too

small, and a large enough population of small DN exists for long enough, there is
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the possibility of producing much larger DN via this route, than via an aggregation
process in which the DN at any given time are of approximately the same size.
Obtaining significant quantities of DN this large requires that a population
of small DN remains around until the end of the aggregation process, i.e. that
small + small fusions are slow. If this is the case, but small 4 large fusion cross
sections are roughly geometrical, and we produce a number density of ‘seed’ large
DN ~ ng/As,, then, as studied in Section we will end up with most of the
DM mass in DN of size ~ Ag,. If we produce a larger seed density, the maximum
size will be reduced proportionally, up to a cross-over point at which this size is
lower than the freeze-out limit for large + large fusions, at which point we enter
that regime. If a smaller seed density is produced, then most of the DN never gets
through the ‘bottleneck’, and remains small, with some sub-dominant population

of large DN up to mg,. Section investigates these regimes in detail.

2.1.2 Bottlenecks, and comparison to BBN

Bottlenecks to nucleosynthesis, in the form of ‘anomalously slow’ small + small
fusion rates for certain channels, are important in Standard Model BBN. There,
only small nuclei are synthesised, with almost all of the nucleons ending up in H
and “He, only small amounts in the other A < 7 nuclei, and entirely negligible
amounts beyond this. The Bp ~ 2MeV binding energy of D means that, assuming

only A = 1,2 states are occupied, np/n, ~ n(T/m,)*/?eBr/T

, and since the baryon
to photon ratio n ~ 6 x 1071°, this only becomes ~ 1 at T' ~ 0.06 MeV. However,
slightly before this temperature, the D number density becomes large enough that
2 + 1 and other processes start occurring, and in fact their rates are > 10 times
the Hubble rate, as expected from a calculation along the lines of equation
The real bottleneck preventing the synthesis of large nuclei in the SM is the
large binding energy per nucleon of *He compared to subsequent small nuclei.

It is not until 2C that the binding energy per nucleon exceeds *He. In quasi-

equilibrium among small-number nuclei, this large binding energy means that *He
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dominates the mass fraction along with H, their ratio being set by the abundance
of neutrons. The small number densities of A = 7 nuclei produced are nowhere
near sufficient to make the rate of production of energetically favoured A > 12
nuclei comparable to the Hubble rate, and so we freeze out with quasi-equilibrium
abundances (for a textbook discussion see e.g. [121]). Note that this kind of
bottleneck, involving a wrong-sign binding energy difference rather than merely
a small right-sign difference as in the D example, gets worse rather than better
with decreasing temperatureﬂ In summary, SM BBN provides an example of
a nucleosynthesis process where the presence of large binding energy differences
among small-number states creates a bottleneck. In fact, there are two bottlenecks,
the first of which, the D bottleneck, we get through well before fusions have frozen
out, but not the second, post-*He.

A bottleneck in BBDN may similarly have the result of preventing significant
quantities of large DN from being formed. However, there is also the possibility, as
discussed in the previous section, of a suitable bottleneck leading to the build-up
of even larger DN than would otherwise have been produced, with a qualitatively

different distribution of DN sizes. Section [2.2.4] explores this scenario in detail.

2.2 Aggregation process

Recapping, the cross-over from the high-7" regime to that in which dissociations are
unimportant occurs in a sufficiently short time that only DN much smaller than the
freeze-out size are able to be built up in appreciable quantities during this period.
After this, there will be a period of effectively fusion-only aggregation before we
reach one of the limits discussed in Section This section investigates the
details of this aggregation process.

Evolving with fusions only, the Boltzmann equation for the k-DN number

“In the D case, since np increases exponentially with falling temperature, the number of
A > 3 states produced beforehand is insufficient to bypass the bottleneck. For this reason, it is
somewhat difficult for the bypass process to be dominant for right-sign binding energy differences.
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density, ng(t), is

dnC’;t( ) -+ 3H Z O'U ]k’I’L] nk(t) + % Z <Jv>i7jn,~(t)nj(t) s (26)

where (ov);; is the velocity-averaged cross section for the fusion of i-DN and
j-DNF]

This equation combines together the dilution of number densities due to Hubble
expansion, the change in cross sections due to the decrease in DN velocities, and
the change in the relative concentrations of k-DN. We can separate these processes
out by moving to different variables. Writing the velocity-averaged cross sections
as (ov);; = oyv1K; j, where the K ; encode the relative rates of different fusion
processes, we have the Boltzmann equation in terms of the dimensionless yields

Y = ni/s,

dﬁt(t) = oy, (t)s(t) (—Yk(t)ZK]k Z K ;(t) ()) , (2.7)

z+] k

where s(t) is the total entropy density. Here we assume that entropy in conserved

-3

throughout the aggregation process, so s x a This system of aggregation

equations can be solved in terms of relative concentrations, y, = Y;/Yy (with
Yo = no/s the yield of dark nucleons irrespective of how they are distributed

among DN of different sizes) and by defining a new, dimensionless time w:

— = — Yk ZKJ kYj + = Z Kz JYiY5 (28)

H—] k

where
dw
dt

8When de-excitation from some fusion events is via nucleon emission, then, as mentioned in
footnote[5} the behaviour may still approximately follow the fusions-only aggregation solution. If
large + large fusions are the dominant process, as in the ‘scaling’ regime discussed in Section|2.2.1
then the behaviour of small DN is not crucial. If small + large fusions are most important, as
in the ‘bottlenecked’ regime[2.:2.4] and these dominantly de-excite via nucleon emission, this will
just reduce their net forward rate by some factor, and, in simple cases, leaves the qualitative
behaviour otherwise intact.

= Yyo,v1(t)s(t) = no(t)orv(t) . (2.9)
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Note that Y} is constant in time (assuming no entropy injection) by nucleon number
conservation, and the solution is normalised such that ), kv, = 1 throughout.
In words, the function w(t) describes how quickly the number distribution of
DN changes, whereas the set of distributions moved through is determined by
the form of the ‘aggregation kernel’ K;; and the corresponding solution to the

aggregation system equation [2.8]

2.2.1 Scaling regime

The system of aggregation equations, equation for all k, is simplest to solve
when the K; ; do not depend on w, i.e. when we can absorb all of the time/temperature
dependence into the single quantity v;(¢). The simplest case in which this is true

is when the DN are in kinetic equilibrium with each other, at some temperature
Ty(t). k-DN then have mean-square velocities (v?) = Ty/my = k~1(T,/mq). If
fusion cross-sections scale approximately geometrically for large DN, then a kernel

of the form

1 1
o - B VI N
K, j = area x velocity = (i"/° + j/°) (z’l/Q + jl/2> ) (2.10)

is a good approximation for large DNH In this expression we have, for simplicity,
replaced the relative velocity, which is non-relativistic in the fusion regime, by an
averaged velocity.

Figure[2.1|shows, in both w and ¢ space, numerical solutions for the aggregation
dynamics equation 2.8 with this kernel, starting from y;(0) = 1 initial conditions.
What is immediately noticeable is that the number distributions at different times
have almost the same shape, but shifted relative to each other corresponding to an
increase in average size. This arises because the kernel in equation [2.10]is homo-

geneous, Ky p; = b K, ; with, here, A = 1/6. Physically, if we scale up the DNN of

%In the plots for this chapter, the slightly different kernel K; ; = (i%/3+52/3)(i=Y/2+;~1/2) was
used, to match cases investigated in the mathematical literature [122]. The scaling relationships
and qualitative behaviour are the same for both kernels.
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Figure 2.1: Left: Number distributions obtained by solving the system of equations
determining aggregation dynamics, equation for all k, from single-nucleon initial
conditions, yx(0) = dx1, at equally-spaced values in logw up to a maximum of w = 75.
The first curve is a Kronecker delta y;(0) = 1, the second curve is the one with smallest
intercept on the k axis, etc. Note that distribution of DN sizes very quickly broadens in
w-time. Right: The same number distributions at half e-folding time intervals, assuming
DN temperature falling with scale factor and w(t) evolving as per equation with
Wmax = 7. As the physical time goes to infinity the distribution is given by the w =
Wmax distribution shown by the thick solid curve.

all of the DN by some factor, this just corresponds to an overall scaling of the rate
of fusions, and doesn’t change the relative rates of different-number processes. It is
known [123] that, for such kernels, there is generally a ‘scaling solution’ such that

almost any finitely-supported initial conditions eventually converge to the form

yr(w) = E(i;)?f (E(Z)) : (2.11)

where k(w) oc w'/(~ is the ‘characteristic size’ of DN at time w, f is the kernel-
dependent scaling solution, and the 1 /EQ factor ensures correct normalisation.

In our case, we can check whether the numerical solutions in Figure [2.1] obey
this scaling behaviour by choosing a plausible form for k (e.g. for a peaked num-
ber distribution, we could take one over the total number of DN, 1/%", y;), and
plotting Eka against k/k, as shown in Figure . We see that, for y;(0) = 1 ini-
tial conditions, the distribution converges very quickly to such a scaling solution,
which can then be used to extrapolate to larger w values. From the mathematical
theory of aggregation developed in other contexts [122] [124], we expect f(z) to

drop as ~ x7*e™™" * for > 1, and to have the form f(z) ~ afe=t/VZ for
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Figure 2.2: Illustration of convergence of aggregation equation solutions to ‘scaling’
behaviour. Left: Solutions of aggregation equation after different ‘times’ w (with y;(0) =

1), plotted on scaled axes EZyk versus k/k, where k = 1/ ", yx. Green dashed line shows
solution at w = 3, yellow at w = &, red at w = 25, and blue dashed at w = 75. The
almost complete overlap shows that convergence to the attractor form of the ‘scaling
solution’ is rapid. Right: Plot of k behaviour with time—dots are numerical k(w)
values, lines are w%° curves. Blue are for k(w) = 1/ 3", vk, red are for k(w) = 3, k?yy.

r < 1, with 6 some constant, both of which match sensibly onto the numerically
obtained form. Also, the behaviour of k(w) with w matches, for larger w, the

oc w9 form predicted from A\ = 1/6. This also holds for different choices of k, as

expected for a peaked number distribution.

2.2.2 (In-)Dependence on initial conditions

As discussed in Section [2.1] we do not expect to start the fusions-only aggre-
gation process with single-nucleon-only initial conditions—instead, we will have
whatever was produced during the phase when dissociations were still important.
Furthermore, fusion cross sections between small DN will probably not be well ap-
proximated by the geometrical scaling appropriate to large DN; for example, SM
cross sections between small nuclei display very complicated behaviour. Since, as
we discuss in the next section, there is only a finite w time available for aggrega-
tion due to Hubble expansion, the question is whether these initial conditions, and
small-k behaviour, converge to the scaling solution quickly enough for appropriate

measures of convergence.

If the initial conditions include a subdominant large-k ‘tail’ for which large + large

37



fusions are frozen out (see the right panel plot of Figure as an example), then
as long as the aggregation of smaller DN proceeds not much slower than the scal-
ing behaviour, only a small proportion of the small DN fuse with those in the tail.

To see this we can approximate the tail by purely A-DN, and use the fact that the

rate at which a given small k-DN fuses into the tail is ['j;a4 ~ doqv1na A%3k~1/2,
So, writing the fraction of the DN in the tail as a = Ana/no,
d(1 —«) dlog(1 — «) NA (9/3,
—~T 1-— o T LAY 2.12
o rra(l—a) o e (2.12)

While « is small, so the small-£ build-up proceeds like the scaling solution, we have

k ~ w%". Since A + A fusions are frozen out, n, is roughly constant throughout,
SO
— ~0 | — PBw™ = ey ~ 025~ Ky (2.13)
dw no no no

Thus, either dkpax = A, in which case the tail is subsumed into the scaling dis-
tribution, or else « is always < 1. Note that this only occurs because k increases
sufficiently quickly with w. As we shall see in Section [2.2.4] if that does not hap-
pen, then none of the DN may ever reach the scaling regime, and a4, ~ Z—g‘wilax
can become of order 1, so all of the small DN can be absorbed by the frozen-out
tail.

Alternatively, suppose that the initial conditions have some component for
which similar-size fusions are not frozen out, e.g. the left panel of Figure 2.3 If
these have the same average size as a monomer-only scaling solution after dw,
then the eventual distribution will be close to the monomer-only solution after

Wmax + 0w. Since small 4 large fusions are faster than large + large, the ‘memory’

of the initial shape is erased fairly efﬁcientlym

10Gimilarly, if the small-k cross sections are larger than those extrapolated down from large
k, the effect is to start the large-k process slightly earlier, w — w + dw, while if the cross
sections are smaller than the extrapolation then the solution interpolates between the scaling
and bottlenecked regimes—see Section [2.2.4]
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Figure 2.3: Illustration of convergence of aggregation equation solutions to ‘scaling’
behaviour, for more complicated initial conditions. Left: Coloured curves are solutions of
aggregation dynamics, starting from y,(0) = e~%/30 initial conditions, at equally-spaced
w values from 0 to 25. For comparison solid black curve shows solution at w = 25 for
monomer-only initial conditions, while black dashed curve is monomer-only solution at
the later time w = 33.25. We see that despite the change in initial conditions we still end
up with the scaling distribution but now it is slightly shifted in w-evolution compared
to the monomer-only case. Right: Solutions of aggregation dynamics at equally-spaced
w values from 0 to 25, starting from initial conditions with most of the mass in single
nucleons (y1(0) = 0.97), but also a sub-dominant population in a broad tail out to large
k values (as might arise from e.g. build-up while most of the nucleons are trapped behind
a low-k bottleneck). The black curve is the solution at w = 25 for monomer-only initial
conditions. Since the initial state has only a small fraction of the nucleons in the tail,
and fusions between states in the tail are frozen out, the tail has no significant effect on
the majority of the scaling solution.

Figure illustrates these behaviours numerically, with the left panel show-
ing the convergence of non-frozen-out initial conditions to a slightly-further-along
scaling distribution, and the right panel showing that a sub-dominant frozen-out

tail has little effect on the scaling solution obtained.

2.2.3 Real-time behaviour

The scaling distribution gives us the form of the y(w) solution—to obtain the
real-time distribution y(t), we need to know the behaviour of w(t) from solving
equation [2.9] Generally, we are most interested in the ¢ — oo limit, so want to
find w(t — o0). To obtain this we in turn need to know the behaviour of v (),
which is simple in the case that the DN are in kinetic equilibrium throughout the
aggregation process.

The simplest way for the DN to be in kinetic equilibrium is for them to be in

39



thermal contact with a bath of lighter particles during the aggregation process. If
this bath is relativistic, so T, « 1/a (here ignoring possible changes in the number

of species for simplicity), and taking v; = \/T},/m1, we obtain, assuming radiation

T\Y* 1
(—) —, (2.14)
To TO TO

where T is the temperature when w = 0, i.e. at the start of the aggregation

domination,
dw Npo1V1
~Y —_—

dT H

process. Solving this,

npo101

- , (2.15)

T 3/2 2 Npo 101
1— (= - 221
To To 3 H

where the limit is 7" N\, 0. The right panel of Figure [2.1] shows the solutions

2
T) ~ —
w(T) = 3 .

obtained at different ¢ values, assuming this relationship between w and T, illus-
trating the convergence towards the w = wy,.x solution.

Alternatively, if the hidden sector bath is non-relativistic, so T, o a2, we

1— Z 2 N 1 No01U1
To T(] 2 H
_ _ 6/5
Since k ~ w%°, we have k(t — oo) ~ (%}To) in both cases. This agrees

obtain
npo101

1
2 H

w(T) ~ (2.16)

To

with the approximate freeze-out calculation of equation , which had I'/H ~

nooivi A—5/6
o1 A-5/6,

Generally, since from equation dff)“;a = M4 and during the radiation era

2. np o a2, and writing v; o< a7, we have -2 ~ =17 5o
) ) ) dloga ) )

Aw ~ A (a_(lﬂ)) as we obtained in equations |2.15[) and |2.16|. Thus the bulk of the

we have H o« a~

aggregation process takes of order a Hubble time to complete. This is illustrated in
the right panel of Figure [2.1], which shows solutions at half-e-folding-time intervals.
Such behaviour just comes from the freeze-out properties of the interactions, so in
the bottlenecked regime we take at most this long as well—in fact, as we shall see

in the next section, that process may take much less than a Hubble time.
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Figure 2.4: ITllustration of transition between scaling regime and bottlenecked regime.
Left: Mass distribution at w = 25, starting from initial conditions of single nucle-
ons, yx(0) = 01, for the original kernel with K;; = 4 (purple), and modified ker-
nels with K1; = 107% (red), and K;; = 107 (yellow). We see that, within this
range, making 1 + 1 fusions slower results in building up larger DN. Right: Number
distribution at w = 25, again starting from initial conditions of single nucleons, for
Ki1=(4,1,1071,1072,...,107%). The dotted line aligned with the K71 = 107¢ (green)
curve is o< k~2/3. We transition from converging very quickly to the scaling solution, to
ending up with a power-law distribution cutting off at larger k. Between Ki 1 = 107°
and 1079, the maximum k reached hardly increases, with the overall number density in
the power-law tail just going down—we have reached the freeze-out limit for building
up large DN.

2.2.4 Bottlenecked regime

As illustrated in Section[2.2.1] if the fusion rates, as parameterised by Wy, and the
K; ;, are not too small compared to the support of our initial conditions, then we
reach the scaling regime of the attractor solution. However, if some of the fusion
rates are reduced far enough to ‘trap’ a proportion of the DN in a small-k region
for long enough, then we will not reach the scaling regime. Counter-intuitively,
this can result in building up larger DN than would otherwise have been the case.
As roughly described by equation [2.4] this occurs because small + large fusions
are less velocity-suppressed in kinetic equilibrium than large + large fusions, so, if
there is a bath of small DN present throughout the aggregation process, build-up
interactions may freeze out at higher A. Figure shows a simple example of
moving between the scaling and bottlenecked regimes, which may be helpful to
keep in mind through the following.

Since small + large fusions keep the number density of large DN the same, they
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act to increase the rate of large + large fusions, which goes as A?/3A4~1/2 = A6,
If I'/H becomes of order 1 or higher, then large-large fusions will start operating
and bring it down to ~ 1, establishing a scaling distribution for the larger DN.
Since the rate of fusions for a single small DN is larger than that for large DN,
this also means that all of the small DN will be used up, clearing the bottleneck
and placing us in the scaling regime.

The more interesting case is when large-large interactions are always frozen
out. We can then model the aggregation process as a combination of the slow
creation of large post-bottleneck ‘seed” DN, and the fast accretion of small pre-
bottleneck DN onto these. Looking first at the accretion process, from our previous
assumptions the growth rate for a large DN scales geometrically, i.e. proportional
to R? ~ A?/3. So, dk/dw ~ k*/3y,, where y, parameterises the concentration (and
size) of small DN, and thus k ~ ( [ dw ys)?’. If the bath of small DN is populated

throughout most of the w time, then k. ~ w3, realising the freeze-out bound

max
of equation 2.4

As well as the maximum size, we are also interested in the number distribution
over k. If a seed DN is produced at time wy,;, then its eventual size will (for roughly
constant ys) be k ~ (Wmax — Winj)®. More precisely, if we change time variable to
z, where dz/dw = ys, we have k ~ (zZmax — 2inj)°. This means that the relationship
between injection time z;,; and final size k is given by —% ~ k~2/3. Next, write
ai(z) for the total concentration of seed k-DN injected by time z. Since accretion

only changes the k-number, and not the density, of an injected seed population,

we obtain

d . daj dzinj (j — k?) —2/3 daj
U= r (;%’(W %’”)) BT e O S
(2.17)
For k large compared to the j which dominate the sum, we can write this as
k=2/3 f;(21;). In particular, if for small z the injection rate is roughly constant

(this is reasonable, since only a small fraction of the pre-bottleneck bath has been
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used up, and the temperature, scale factor etc. change by only a small amount),
then for large k& we should have a power law number distribution g, ~ k=2/3.
As we increase the injection rate f;, we move through the three different regimes

described at the end of Section R.1.1t

e [f the injection rate is small enough, then most of the small bath is not used,

and most of the mass is stuck behind the bottleneck, with a small proportion

3

max*

in a yp ~ k=3 fi(z) tail, which extends to kmpax ~ w As an example, if
we assume that f; decreases with time, such that the nucleon number integral
S Fmex dk ke k=23 £, is dominated by the upper decade, scaling as kix 5(0),

then the upper limit of this regime is given by f;(0) ~ fermal3 woi .

e For larger injection rates, we use up all of the small bath before we reach
Wmax, S0 We build up to correspondingly smaller k... Under the same

assumptions on f;, we have k. ~ fi(O)*B’/ 4,

e For sufficiently large injection rates, large-large fusions eventually become
important, and we enter the scaling regime. We expect this to happen
roughly when k... for the addition process is comparable to the k values

6/5

of the scaling peak. Since this has k& ~ w%®, under the above assumptions

on f; we expect the cross-over to be at around f;(0) ~ Wl

In the first regime, the proportion of DM in the pre-bottleneck bath stays
roughly constant, so g—; = g, ~ const. From the previous section, Aw ~ A(a=1*7),
so the bulk of the process again takes of order a Hubble time. For the intermedi-
ate regime, we use up most of the small bath within Aw ~ (Bkmax)l/ 3 < Wax, &
small fraction of a Hubble time. For the rest of w time, either large-large fusions
are frozen out, in which case we only make small modifications to the number
distribution, or we enter the scaling regime.

Figure [2.4] shows the numerical solution of a particularly simple bottlenecked

example—using the geometrical kernel of equation [2.10, but reducing K ;. In this

case, the injection rate f; oc y?, so for most of the addition process it is constant,
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Figure 2.5: Further illustrations of behaviour in the bottlenecked regime. Left: Mass
distribution at w = 50, starting from single nucleons, for original kernel K;; = 4
(purple), and modified kernels with K; 1 = 107° (yellow), K11 = 107 (green) (latter
two in the ‘addition approximation’, i.e. only taking into account 1 + k — (1 + k)
fusions). Comparing to Figure going to larger w increases the difference between the
bottlenecked and scaling solutions. Right: Solid lines are number distributions at w =
25, starting from single nucleons, for K 1 = 10~% (red), K= 1075 (yellow), and K=
1079 (green). Dashed lines are number distributions in the addition approximation.

giving a power-law number distribution vy, ~ k~2/3 for large k. The right panel
of Figure [2.4] illustrates how we move through the three regimes identified above
as we decrease Kj ;. We start out converging quickly to the scaling distribution,

but for K;; < 107* we never reach this regime, ending up with a power law out

to larger k. For K;; < 1075, most of the k¥ = 1 population never makes it past
the bottleneck, and our power-law tail goes to smaller concentrations rather than
higher k values.

The right panel of Figure [2.5] shows explicitly that, for the bottlenecked solu-
tions, we are close to being in the addition-dominated regime, i.e. the dominant
process is 1+ k — (k+1). Comparing the left panel to Figure illustrates that,
as we increase Wy, the difference between the k., attainable in the scaling and
bottlenecked regimes increases.

As was the case in the scaling regime, sufficiently small changes in the initial
conditions, or in the rates of individual processes, will not make a major difference
to the eventual number distribution. If we start with a small mass fraction of the

DN past the bottleneck, this will be equivalent to an injection spike at z = 0, and

so a bump at the end of the overall tail. If some of the rates for small + large
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fusions differ from the geometrical approximation, say for large DN of size k, then
this will affect all of the large DN that grow to sizes > k—as long as the reduction
in the rate is not large enough to cause a further bottleneck, there will be little

change in the qualitative form of the final distribution.

2.3 Aspects of dark sector phenomenology

So far, we have investigated the BBDN process, and the number distribution of DN
that may result from it. The DM self-interactions, and the extended hidden sector
needed to realise such models, mean that these theories generically have the possi-
bility of interesting hidden sector phenomenology, including non-standard indirect
detection signals, modifications of halo properties, and early-universe signatures
of extra species. Also, though not required in these models, it is possible that the
DN have sufficiently strong interactions with SM states to give signals in future
direct detection experiments. If that is the case, then such signals may differ from
those of usual WIMP DM, and have different relationships to collider bounds.
Additionally, such interactions may lead to the capture of DN in astrophysical
objects, and then self-interactions among captured DN could become important.
We will discuss the latter two possibilities in Chapter [3]

In standard ADM models, annihilations with the relic symmetric population
can lead to astrophysical energy injections, most detectably in the early universe,
putting a limit on how large this population can be. In nuclear DM models there
is additionally the energy injected by inelastic processes, particularly the release
of binding energy from fusions.

For simple ADM models with DM mass < 100 GeV, annihilation of the sym-
metric component generally needs to go into, or via, lighter hidden sector particles
rather than directly to the SM, to avoid constraints from direct detection and col-
lider experiments, as discussed in Section [£.2.4. We will see below that in the

case of DN, the constraints from direct detection on the SM couplings of individ-
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ual DN constituents are often even tighter, confirming the need to annihilate into
lighter hidden sector particles. In addition, there must exist some lighter state(s)
through which DN fusions can de-excite, as the limits on SM interactions are gen-
erally strong enough that we cannot de-excite fast enough via those alone. We
also need some mediator particle to transmit the binding force. If any of these ad-
ditional states are sufficiently light, strongly-interacting, or long-lived, then there

may be astrophysical constraints on their properties.

2.3.1 Post-nucleosynthesis energetics in the dark sector

Since we have been considering DM with strong self-interactions, an obvious ques-
tion is whether these self-interactions have late-time consequences. For elastically-
scattering DM with velocity-independent self-scattering cross section, the obser-
vational limit on the self-scattering cross section is oxx/mx < 1barn/ GeV, as

~Y

discussed in Section [1.1.4] For a population of A-DN,

1/3 -3\ 2/3
oaa , 0.0bbarn (1Ge\/> (%) : (2.18)

ma GeV m Pb

in the notation of equation [2.3 From the results of Section [2.1.1 if we scale
My — MMy, py — Ap, etc., then in the scaling regime, A — A"'?°A. Thus,
AL A1 °244 5o we would hit the observational limit at roughly 10MeV
scales for the constituents, assuming that we built up to the largest allowed sizes.
Realistically, the situation can be more complicated than this. Firstly, there
would be a spectrum of DNN values. However, for the scaling distribution, and
simple forms of the bottlenecked distributions, the area distribution £2/n; and the
mass distribution knj both receive most of their contribution from a single decade
or so of nucleon numbers, so the above calculations will hold approximately.
More interestingly, the fact that DN collisions may not be elastic could have

phenomenological consequences. Since, neglecting collisions, DN of different sizes

will have the same velocity distribution, with e.g. v ~ 1073¢ in the Milky Way,
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large DN will have kinetic energies much larger than the single-nucleon binding
energy scale. Thus, it is possible that DN-DN collisions will result in inelastic
collisions, including nuclear fragmentations, transitions to excited states, and fu-
sions.

Some types of collisions may be dissipative, reducing the average kinetic en-
ergy (KE) per nucleon of the final state DN. Examples include scattering to excited
states, in which some of the initial KE is lost into de-excitation products (fusions
with sufficiently small binding energy differences also lose KE overall). If these de-
excitation products interact with the SM, there may be indirect detection signals
from these processes. Independently, the inelastic form of the scattering will tend
to lead to the contraction of DM mass distributions, as compared to elastic scat-
terings. It may be the case that, in regions of sufficiently high DM density, there is
the possibility of run-away contraction (in particular, if the DM is self-gravitating,
then removing KE results in the distribution contracting and also heating up, due
to the negative heat capacity). More generally, the effects and constraints will be
different from the usual simulations of elastic DM self-interactions.

On the other hand, the presumed binding-energy-based stability of large DN
means that there may be exothermic collisions, in which the average KE of the DN
is increased (c.f. fusions in stars, in the SM). If the velocity kick given to the DN
is large compared to the velocity dispersion in the halo, exothermic collisions will
have the effect of clearing out the central high-density region, until the number
density is low enough that collisions occur once per particle per Hubble time.
Since smaller halos tend to have smaller velocity dispersions, small velocity kicks
may only modify structure on small scales (where there are problems with A-CDM
predictions for structure, as discussed in Section .

These general effects of inelastic DM self-interactions are not specific to nuclear
DM, and a number of models have been investigated in the literature. In particular,
models in which the DM transforms under some approximate symmetry can easily

realise small mass splitting, and the effects of illustrative cases corresponding to a
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Yukawa self-interaction have been considered in [125] [126].

Turning to the energy released in de-excitations; considering energy injections
once the aggregation process has frozen out, the injection rate is just set by the
local DM velocities and number density (which, in regions where only a small
fraction of the DN undergo self-interactions, will be the standard collisionless DM
values). Generally, if the rate is velocity-suppressed (as for large DN-DN colli-
sions), and freeze-out is before BBN, then present-day cosmic ray (CR) constraints
dominate those from earlier times, if the injection is to sufficiently energetic SM
particles [127, [128]. Velocity-independent processes with rate proportional to n?
have BBN, CMB and CR constraints within a few orders of magnitude of each
other, depending on the form of SM injections [127-129].

In regions where only a small fraction of DN undergo fusions, the proportion
of the DM mass density represented by the binding energy released in late-time

fusions is

My A2/30.01m4 | 0.3GeVem—3
1GeV fm™3 2/3 1GeV\Y? < v ) Lsys (2.19)
Db my 10-3 10 Gyr T

(where the ABE terms corresponds to the binding energy difference in A+A — 2A

ABE ABE
(V)N Aty —— ~ 1073 A72/3 { Pbu

fusions scaling as A%, in the notation of equation ; £ = 0.01m; is around the
SM value). This corresponds to a proportion ~ 0.1A71/3{ } of the DN undergoing
collisions, where { } indicates the term in curly brackets in equation , so the
total KE of the DN involved is ~ 7 x 1078A7/3{ } of the DM mass density.

As an illustration of a comparable indirect detection signal, for standard sym-
metric DM, the proportion of the DM mass density released in s-wave annihilations

is

_< (100 MeV (ov)x PDM
tgal ~ 3 x 1078 2.2
(ovntgn ~ 3 x 10 < my ) ( pb ) <0.3 Gchm—3> ’ (2.20)
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where we take £z, ~ 10 Gyr. Since the detectability of CR signals from annihilating
DM at ~ pb cross-sections depends on the SM injection channel etc. [I30], the
same applies for DN collisions within the A ranges of interest. Given the range
of initial DN masses, and the possibility of excited states of DN, such signals
may have a richer structure than the indirect detection signals usually considered.
Additionally, the geometric cross sections we have assumed give different velocity
dependence to the partial wave processes usually considered.

Also, as considered above, for dissipative collisions in sufficiently dense regions,
there may be the possibility of (run-away) contraction of the DN distribution,

which could significantly affect signals from e.g. the Galactic centre.

2.3.2 Light dark sector states

As mentioned above, DN models generally require additional lighter hidden sector
states. Since the assumption is that these do not make up the bulk of the DM,
they either need to never have a large abundance (generally difficult to realise in
thermal ADM histories), be sufficiently light and weakly interacting with the SM
to persist as dark radiation, or their abundance needs to be reduced.

Reducing the yield of a species can occur by transferring its energy density
to other hidden sector species, or to the SM. In the latter case, if this injection
occurs during or after BBN, there are constraints on its form and magnitude. For
injection to hadronic channels, the total energy density injected after 7', ~ 1 MeV
must be significantly below that of the DM. For electromagnetic (e or ) injection,
the dominant effect at times before thermalisation becomes inefficient, < 10*sec,
is alteration of the photon-baryon ratiofj] which constrains the amount of energy
injected to S 0.1p., [I31]. At later times, any energy injections, apart from those
to neutrinos, must again be significantly sub-DM [132-134].

For hidden sector particles of mass > 100 MeV, their (symmetric) chemical

' The other significant effect is increasing the photon temperature relative to that of neutrinos,
so decreasing Neg at later times compared to BBN.
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equilibrium abundance (at the SM temperature) by BBN times is significantly
sub-DM. The dominant constraints on their couplings to the SM generally come
from collider experiments, and permit decay times of < 1sec (e.g. [135]). So, in
these cases, if such decays are possible, then there are generally consistent scenarios
in which any initial abundance decays to the SM before BBN.B

On the other hand, for hidden sector particles with m < 100 MeV, astro-
physical, collider, and other observations place strong constraints on their SM

142k
(1003{1«3\/) +

couplings. These restrict their SM decay times to 2 1sec , where

k > 0 is set by the mass dimension of the decay operator (see e.g. [136], 137]),
and mean that direct interactions with the SM are frozen out below very high
temperatures (77, > m)H If m 2 10keV, purely SM decays occur at T, < m, so
the decay of a thermal abundance would transfer 2 p, energy density to the SM.
For smaller m, the decay time is > 10*sec, so the constraints on energy injection
to the SM are much more severe. In either case, limits on SM energy injection
generally imply that the majority of the initial thermal energy density needs to
be transferred to other, lighter hidden sector statesE Considering these states in
turn, we eventually require that there be long-lived hidden sector states, which will
act as dark radiation, at least during the early universe. Extra relativistic species
are compatible with current observations [138], and if the hidden sector is at a

lower temperature than the SM, its contribution to the effective number of such

species N.g may be small. Plausible candidates for these species within hidden

12As noted in previous sections, obtaining sufficiently fast annihilations (directly to the SM)
to reduce the energy density to sub-DM levels is generally difficult for m <« 100 GeV, without
involving lighter states or non-minimal flavour structures.

13Faster decay times may be possible with more complex dark sectors, but these generally
involve additional lighter dark states.

141t may be possible to realise alternative scenarios in which energy is transferred to the SM
indirectly, via other hidden sector states. If the hidden sector is at a slightly lower temperature
than the SM, and the transfer is before ~ 10% sec, this may be safe (sitting at the upper end of
the mass range, and transferring mostly before BBN, may also work). This would require that
number-changing interactions with other hidden sector states are sufficiently fast to keep the light
state in thermal equilibrium during the process. Three-body interactions with heavier hidden
sector states are suppressed by two factors of the heavy state number density (which is small for
DM of SM mass or higher), and inelastic two-body collisions are only relevant if such excitations
are accessible at low temperatures, imposing model-building constraints. Alternatively, models
in which SM energy injection is dominantly to neutrinos may also be viable.
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sector models include very light pseudo-Nambu-Goldstone bosons or Z’ states.

2.4 Summary

In this Chapter we have studied the “Big Bang dark nucleosynthesis” process
by which ‘nuclear’” bound states of DM may be built up in the early universe.
Specifically we focussed on the case of asymmetric DM models where the nuclear
binding energy per dark nucleon saturates in the large nucleon number limit.

We find that, if fusions between small dark nuclei (DN) happen sufficiently
fast, and fusion cross-sections between large DN scale on average geometrically,
the resulting number distribution generically takes on a universal form, illustrated
in Figures and This result is broadly independent of small changes to the
initial conditions or fusion rates, assuming that the DN are in kinetic equilibrium
throughout the process, as discussed in Section The average mass of the DN
built up during this process can be as large as ~ 108 GeV, for SM-like dark sector
parameters.

If fusion reactions between small DN are not large enough to reach this regime,
but large-small fusions still occur at an appreciable rate, then there is the counter-
intuitive possibility of building up even larger DN due to the higher velocities of
smaller particles, leading to larger fusion rates. The resulting number distribution
generally takes the form of a power law multiplied by an ‘injection profile’ pa-
rameterising the change of small-small fusion rates with time. Figures [2.4] and
illustrate this behaviour.

Given this possibility of building up large dark nuclear bound states, direct
detection signals may be modified in a number of ways—by the coherent enhance-
ment of SM-DM interactions, by dark form factors if the DN radius is significantly
larger than SM nuclear radii, and by inelastic interactions if there are sufficiently
low-lying excitations. We discuss some of these possibilities in more detail in

Chapter
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The possibility of inelastic collisions can also lead to interesting astrophysical
dark sector interactions as mentioned in Section[2.3.1l These include annihilation-
type indirect detection signals, which are usually absent from asymmetric DM
models (and here may have a richer structure, corresponding to the number
distribution of DN). Inelastic collisions may also modify the effects of DM self-
interactions on halo structure, especially at short distance scales. In addition, as
we discuss in Chapter [3] there are a range of possible consequences for the capture
of DN by astrophysical objects as well, from ejection by de-excitations, through
to fusions leading to a very dense DN core.

Finally, the discussion here has intentionally been as model-independent as is
practical, investigating idealised versions of the behaviour that classes of models
can display. The physics is inspired by that observed in the SM sector, with the
simple, but important, change that the Coulomb barrier is removed. Although the
example of the SM reassures us that a sufficiently complicated model can realise
the physics we discuss, it would be interesting to investigate, along the lines of
[75], 80l [139], specific simple toy models which realise all or some of the features
discussed in this Chapter. As with the SM, we would expect there to be additional
features in the dark nuclear spectroscopy and interaction cross sections, e.g. due to
shell structure, on top of the general scaling behaviour of nuclear properties that
we have utilised. In addition the extra hidden sector states required (to mediate
binding forces, carry away de-excitation energy, etc) beyond the dark nucleon itself
can be relevant for astrophysical phenomenology and constraints. In particular, if
some of these states have masses < 100 MeV, there is likely to be a need for extra
hidden sector states which act as dark radiation. Another avenue for further work

is the possibility of symmetric DM models.
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CHAPTER 3

Signatures of Large Composite Dark Matter

States

In this Chapter, we consider the consequences for present-day scattering processes
of the simple kind of DM compositeness discussed in Chapter [2| in which the DM
states are composed of a large number, A, of constituents, forming an extended
semi-uniform object, analogous to SM nuclei formed out of constituent nucleons.
Models that realise such a scenario include Q-balls (non-topological solitons car-
rying a conserved charge) [71], [72], and the kind of Nuclear Dark Matter models
that were the subject of the previous Chapter, in which dark matter is made up
of bound states of strongly-interacting constituents with short-range interactions
[75, [79]. Here, we do not concern ourselves with the possibly-interesting early-
universe cosmology of these models (see e.g. [72} [75] [79] 140]), and simply assume
that a late-time population of such states exists.

This large and extended compositeness affects elastic scattering and the associ-
ated direct detection phenomenology, as we noted in Chapter 2| and will discuss in
more detail in Section [3.1] Large composite states containing A constituents can
have low-momentum-transfer elastic scattering cross sections coherently enhanced
by a factor as large as A%. This case is realised if the radius of the state is not too
large compared to the inverse momentum exchange relevant in direct detection

scatterings. In this situation, and assuming that the mass of the composite state
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is o A, so the DM number density is oc 1/A, the event rate at direct detection
experiments will effectively be enhanced oc A for a given interaction strength be-
tween SM and DM constituents. From Chapter [2| and other studies (see e.g. [72]),
large values of A (2 108) could plausibly be realised, so the effective enhancement
can be significant.

In addition, if a high enough proportion of the DM states have radii larger
than SM nuclei, but not so large as to significantly suppress coherent scattering,
the spatial extension of the DM states leads to a dark form factor modifying the
momentum dependence of DM-SM scattering (as previously considered in [141]).
In the simplest case of a scalar interaction depending only on the density, this form
factor has a characteristic series of peaks and troughs, analogous to SM nuclear
form factors. In direct detection experiments with sufficiently good energy resolu-
tion, these could lead to the striking signature of rises in the energy recoil spectrum.
We find that significant features of this kind could be distinguished from point-
like elastic scattering after the observation of only O(50) events, independently
of assumptions about the DM halo velocity distribution. A distribution over DM
sizes may average out these peaks into a smoothly-falling effective form factor, in
many cases resembling that from e.g. the exchange of an intermediate-mass medi-
ator, but multiple direct detection experiments using different SM nuclear targets
would still be able to separate out the momentum dependence from halo velocity
distribution effects, as with other models of dark form factors [I41HI45].

As we discuss in Section [3.2] large composite states also generically give rise
to long-wavelength and low-energy collective excitations. We focus on the most
model-independent possibility of collective density excitations. We find that they
can be of sufficiently low energy to be excited in collisions with SM nuclei, lead-
ing to coherently-enhanced inelastic scattering. Although this is sub-dominant to
elastic scattering in the scenarios we consider, a non-negligible fraction of events
may be inelastic, and we calculate the associated form factor in the leading ap-

proximation.
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As is well known, couplings to SM nuclei may also lead to the capture of DM
by astrophysical objects. In Section we argue that, while the composite nature
of the DM may affect the overall capture rate, perhaps the most interesting qual-
itative effect is that the large local DM density inside the star, and the natural
possibility of inelastic DM self-interactions, could significantly modify the DM dis-
tribution inside the star. In particular, for either dissipative collisions or fusions,
there is the possibility that this process runs away to a state in which most of
the captured DM lies in a single very dense conﬁguration.r'_-] There may be model-
dependent consequences of the energy released by inelastic DM self-interactions,
which in the case of fusions could release large amounts of energy into small vol-

umes over short timescales.

3.1 Modifications to elastic scattering and direct

detection

3.1.1 Dark sector form factors

For elastic scattering between a point-like state and a spatially extended state,
interacting via short-range interactions sourced by some density p on the extended

side, the dependence on the spatial properties is summarised by the form factor

Fla) = [ drewmpe), (3.1)

i.e. by the Fourier transform of the density. For scattering of DM states off SM
nuclei, effective field theory arguments show that the scattering operator on the SM
side should take on one of a restricted number of forms (see e.g. [146] for a recent
comprehensive analysis). The dark sector density must have a complementary

tensorial structure, but could in general be determined by any properties of the

!Since the kind of large composite states we consider require some short-range repulsive
interaction between constituents, there is generally no danger of forming a black hole at the
centre of the star.
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state, e.g. density, spin, etc.

In the case of two spatially extended states scattering off each other, the ef-
fective density is the convolution of the separate spatial profiles, so the matrix
element is found by multiplying the form factors together. Thus, the overall form
factor for DM-SM scattering will be Fix(q)Fp(q), where Fyy and Fp are, respec-
tively, the SM nuclear form factor and the dark sector form factor (as we will
discuss below, in many experimental circumstances the SM nuclear form factor
is of limited importance). The specific density determining the form factor will
depend on the nature of the DM-SM interaction. For simplicity, in this Chapter
we will restrict ourselves to considering the case of a scalar form factor depending
only on the number density of the state, e.g. arising from the exchange of a heavy
scalar mediator coupling uniformly to all of the constituents. Taking, as discussed
in the previous Chapter, the composite DM states to consist of an approximately
uniform density of constituent matter, a first approximation for the density is a

spherical top hat function, leading to a spherical Bessel function form factor,

_ 3Aj1(gR)  3A(sin(qR) — qRcos(qR))
=R ThE ’ (32)

F(q)

where R is the radius of the top hat density, and A is the total volume integral of
the source across the distribution, so F'(0) = A.

SM nuclei provide an example of this kind of roughly-constant-density state,
and illustrate the kind of deviations from the top-hat form factor that might occur.
Figure [3.I]shows an example of the form factor corresponding to the nuclear charge
density for the particular isotope ™Ge [147], as inferred from electron scattering
data. Generally, and in this specific case, the first few peaks and troughs of SM

nuclear form factors are well-approximated by the ‘Helm’ functional form

_ 3Ajl (QR) €—q282/2

F(q) R

(3.3)

which is simply the top hat form factor modified to have a finite-width fall-off, over
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Figure 3.1: Form factor for nuclear charge density (black) of "°Ge nucleus, as derived
from electron scattering data [147]. Blue (dashed) curve is standard Helm parameteri-
sation, red (dot-dashed) curve is constant-density approximation.

the ‘skin depth’ s ~ 0.9 fm (comparable to the scale of the individual nucleons).
Importantly, in the case of interest to us where both a dark-sector and SM
form-factor are present, if the dark states have larger radii than SM nuclei, then
the first zeros, or more generally troughs, of Fp(q) will occur at smaller ¢ than for
Fn(gq). This means that, while the SM nuclear form factor is of limited importance
in most direct detection experiments, the dark form factor may have interesting

structure in precisely the momentum, and thus recoil energy, ranges being probed.

3.1.2 Direct detection recap

In this section, we briefly review the standard direct detection formalism leading
to the differential event rate (equation below), mainly to establish notation
for what follows. Readers familiar with this material may safely proceed to Sec-
tion B.1.3l

The differential scattering rate (event rate per unit target mass) at which
incident DM particles scatter off an initially-stationary target SM nucleus, giving

it recoil energy Fg, is given by

dR 1 doxn
_— = d? 3.4
dEr  my /|v|>vmin vaxfvye dEg |, (34)
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where my is the mass of the SM nucleus, nx f(v)d’v is the differential number

density of incident DM particles, vy, is the minimum velocity required to obtain

recoil energy Fg, and oxy is the DM-nucleus scattering cross section. For non-

Ermy
2“§(N ’

where puxy = X272 is the DM-

relativistic elastic scattering, vy, = e

nucleus reduced mass.

The momentum transfer in an elastic collision is ¢ = uxyv+/2(1 — cos6*),

where 6* is the scattering angle the centre of mass (CoM) frame. Since Er = %,

2u3 yv? dQ*

SN where dQ)* is differential solid angle in the CoM frame.

we have dEp =

Referring back to the discussion of Section [3.1.1] the matrix element for scattering

at angle #* will depend on the momentum transfer q, and possibly also on the

velocity v. Treating isotropic, velocity-independent scattering to start with, and
do

writing ;-oxn(¢) = 22, we have

dO'XN

dER

my

v a 2M§(N

UQO'XN((]). (35)

So, under the assumption of velocity-independent scattering, we can factor the

differential scattering rate as

Altering notation somewhat from Section[3.1.1] we can write oxn(q) = oxnFn(q)?Fx(q)?,
where oxy is the zero-momentum-transfer cross section (including any coherence
enhancement), so that |Fx(0)| = |Fx(0)| = 1.

The scattering rate is usually expressed in terms of the DM scattering cross
section with nucleons, instead of with full nuclei. For dimension-6 interactions
between the DM constituents and SM quarks/gluons, the zero-momentum-transfer
scattering cross section goes as |C 2/‘(—1, where C' is the coherence enhancement
factor, and A is the suppression scale associated with the interaction. Here, C'is the

product of the integrated densities relevant to the microscopic interaction for the

SM nucleus and the DM state, which we take to be simply the respective nucleon
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Figure 3.2: Recoil energy spectrum (black, solid curves) for Bessel-function form factor,
radius 50 fm, with DM velocity distribution as given by Standard Halo Model [148],
assuming Left: Germanium detector target, with Gaussian energy response (o(F) =
\/0.32 +0.062F/ keV keV), and Right: Xenon detector target, with Gaussian energy
response (o(F) = 0.6keV\/E/keV), assuming 5keV energy threshold for both. The
DM state is taken to be composed of 3 x 108 constituents, each of mass 20 GeV, with
constituent-SM nucleon cross section of 2 x 10713 pb. For comparison, blue (dashed)
curves show energy recoil spectrum for a 20 GeV WIMP, red (dot-dashed) for a 1TeV
WIMP, both with ox,, = 1072 pb. Energy response functions are taken from projections
for future experiments in [145].

numbers. Thus oxy = ‘IgN ‘lj ’; %‘N 0 xn, Where px, is the DM-nucleon reduced mass,
n Xn
and so [
dR nx |Cn|? 2 2
- - min nF F : 3.7
IE, = S o ey (@) (37)

3.1.3 Coherent enhancement of scattering rates

With the assumptions made in the previous section, the zero-momentum transfer
cross section between a DM state with A constituents and a SM nucleus with N
constituents is og ~ A2N2’§<—4N. Taking the mass of the DM state to be < A, the
DM number density is o ﬁ X %, assuming temporarily that all of the DM is
of the same size. So, the overall scattering rate in direct detection experiments
will, for mpym > my, be o< A for fixed SM-constituent interactions. This is true if

the DM radius R is small enough that typical momentum transfers do not probe

gR = 1 — otherwise, the scattering rate is suppressed by the DM form factor, as

2This equation describes what a detector with perfect energy resolution would see. If a
detector has some response function x such that the differential rate to detect events with true
energy Er, occurring at rate R, at measured energy E},, is Rk(Eg, Ef;)dEY,, then the differential
rate for measured events is Ry(Er) = [ dE k(ER, E}%)%.
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discussed in Section[3.1.1] While, as discussed in Section[3.1.4] there might be some
number distribution over DM states with different radii, if the mass distribution
and scattering-rate distributions are confined to a small range in logarithmic size,
then the o« A enhancement will hold approximately.

Figure [3.2| shows an example of the direct detection recoil energy spectra re-
sulting from a scenario of this kind, corresponding to DM particles with a Bessel-
function form factor of radius 50fm. These are compared to the recoil spectra
for standard momentum-independent (i.e. Fp = 1) WIMP scattering. Note that
the constituent-SM nucleon cross section required in the composite model is much
smaller than that required in WIMP models giving approximately the same event
rates. An additional point is that the much better energy resolution expected in
solid-state experiments would enable them to resolve the peaks and troughs of
a dark form factor corresponding to much larger radii than for liquid-phase (e.g.
Xenon) experiments.

The possible x A enhancement means that, for a given direct detection event
rate, the expected production of lighter single constituents in SM processes in
colliders is reduced. For the example of DM coupling through the Higgs portal,
the strongest collider constraint for DM states with mx < my/2 comes from the
Higgs invisible width. As described in [149], a bound of < 10% on the invisible
branching ratio of the Higgs puts constraints on the DM-Higgs coupling a factor
of a few better than current direct detection experiments for DM masses a small
factor lower than my, /2. Thus, only a modest relative suppression of collider rates
vs direct detection rates is needed to render the direct detection bounds more
constraining. Taking the example in Figure (3.2 with DM constituents of mass
20 GeV each having a nucleon scattering cross section o, = 2 x 1073 pb, we
would require Higgs invisible width bounds of ~ 1075 (below the SM level) to be

competitive with current direct detection experiments.
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3.1.4 Recoil spectrum from size distribution

The previous sections considered a dark form factor arising from DM particles hav-
ing a single, common size. However, in many models of large composite states, the
cosmological process through which a population of these states arises generates
a distribution over multiple sizes, which would lead to a smeared-out signature in
energy recoil spectra.

For dark matter consisting of a set of states X;, the recoil spectrum for elastic
scattering will be

2

i, = @Y e N L
where the subscripted quantities are those of equation for each species X;.
In the specific case of a spectrum of related states, this may simplify somewhat.
Absent astrophysical self-interactions (see Section , all of the states may be
expected to have the same velocity distribution, i.e. g; = g. From o, ~ |C 2’%”,
we expect the p;, dependence to cancel, and additionally, if all of the states are

heavy (m; > my), then p; v >~ my, so we can factor out the g dependent term

fully. Overall,

dR nx ) |C|? n; |Ci|? 9
dEn = ﬁFN((J) 9(Vmin) |Cn’2‘7n Z nx |C2 Fpi(q) (3.9)
nx |C’|2
= ﬁFN(qyg(Umin)WanFD(qya (310)

where ny = ). n;, and we have replaced the sum over individual states with a
single effective form factor, choosing C' appropriately so that Fp(0) = 1.

Figure 3.3 shows the effect of a distribution over DM states of the kind consid-
ered in Chapter 2] The sum over different sizes corresponds to adding together dif-
ferently scaled form factors, which smooths out the troughs of the Bessel-function

form factor. In this case, we end up with a form factor which is similar to that
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Figure 3.3: Left: Example (non-dimensionalised) number distribution of DM states
arising from nucleosynthesis-type process (from Chapter . Right: form factors for DM
sizes corresponding to points on left-hand plots (upper curve to blue circle, lower curve
to red square), and (black) effective form factor for whole number distribution. Dashed
line shows form factor for light mediator particle, F(q) oc 1/(¢?+m?), with m = 16 MeV.
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obtained from the exchange of a light mediator particle, F'(q) o but arising
entirely from contact interactions, without the need for a light state.ﬁ For a given
DM velocity distribution, this kind of dark form factor gives an energy recoil
spectrum with a shape different from that of standard momentum-independent
scattering, falling off more slowly at high energies than a low-mass WIMP, and
more quickly at low energies than a higher-mass one. In the next section, we dis-

cuss how such form factors could be distinguished from momentum-independent

scattering.

3.1.5 Dependence on DM velocity distribution

From the definition in equation of g(vmin) = f‘v|>v , d?’v@, it is clear that,

by choosing f(v) appropriately, we can make g any non-decreasing function of

3While it is possible that a model with an intermediate-mass mediator would have additional
phenomenology distinguishing it from the case of large composite DM, this would not have to be
the case. Though a light mediator will give rise to self-interactions between galactic DM particles,
for heavy (and thus dilute) DM these will not be frequent enough to have detectable effects on
halo shapes. The direct detection event rate is set by the product of the squared couplings for
the SM and the dark sector, so by making the dark sector coupling large, we could make the
required SM coupling very small. Current direct detection experiments are sensitive enough
that any future signals would imply a minimum value of the SM coupling small enough to be
significantly below any direct production constraints. Of course, the SM coupling may be above
this minimum if the dark sector coupling is also small, so direct production signals are not ruled
out. Also, as discussed in Chapter direct bounds on the SM couplings of light (m < 100 MeV)
states generally imply that they cannot lose any initial cosmological energy density they have to
the SM sufficiently fast (except possibly to neutrinos), requiring the introduction of additional
light hidden sector states that persist to the present day.
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Umin (With the physical constraint that it must fall off very fast past ve + vegc,
where v, is the velocity of Earth relative to the Galactic rest frame, and v is the
Galactic escape velocity at the position of the Earth). Although the Standard Halo
Model, which posits a Maxwell-Boltzmann DM velocity distribution, is commonly
assumed, it is highly plausible that the DM velocity distribution at Earth differs
from this, perhaps signiﬁcantlyﬁ

This has the consequence that, for elastic scattering, the energy recoil spec-
trum can be anything of the form Fy(q)?Fx(q)* multiplied by a non-increasing
distribution, as discussed in [I53]. So, even though the energy recoil spectrum for
the dark form factor looked different from that for a WIMP assuming the same
DM welocity distribution, by changing the velocity distribution we could make a
WIMP mimic the (averaged) form factor spectrum, since this is decreasing with
Eg.

However, if we have data from multiple experiments, each of which uses a dif-
ferent type of SM target nucleus, this degeneracy can be lifted. On the assumption
that there is no dark form factor, the event distributions (once we have compen-
sated for the different target nuclei) with respect to vy, should be the same for
each of the experiments [I54HI58] — any disagreement indicates the presence of
some extra effect. For a dark form factor, since q(vmin) = 2fxNVUmin, changing
ixn by changing my will change the range of Fp(q) that we sample (because the
DM mass is assumed to be comparable or larger than the mass of the SM target
nucleus). Ref. [T45] performs a multi-target analysis along these lines, considering
models which include DM coupling via a light mediator, which as noted above
can give a very similar form factor to that obtained via averaging Bessel-function
form factors. They consider the case of a F(q) o< q/(¢* + m}) form factor, as
well as a 1/¢* form factor. In particular, they consider a situation with Xenon,

Germanium, and Neon detectors. It is shown that, with order 100 events observed

4Simulations of dark halo formation indicate that non-Maxwell-Boltzmann velocity distribu-
tions may generically arise [I50], and also suggest the possibility of a co-rotating dark matter
disc [I51], along with sub-structure including cold streams [I52].
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in each detector, a DM signal arising from a model with a form factor F/(q) oc 1/¢?
and 1 TeV DM mass is incompatible at 30 with a form factor F/(q) oc 1/(q* +m3)
for my 2 20MeV. Since a DM model with no form factor corresponds to the
limit m, — oo this is also excluded. Though we have not performed a detailed
analysis, we believe that broadly similar results should apply to the case of an

intermediate-mass mediator form factor, F(q) o< 1/(¢* +m3).

3.1.6 Detectability of a rising energy recoil spectrum

While Sections [3.1.4] and 13.1.5] have considered the situation of a distribution over
DM sizes, the more striking scenario of DM states being concentrated around a
single size, giving rise to peaks and troughs in the energy recoil spectrum as per
Figure [3.2] has qualitatively different detectability in direct detection experiments.
As described in the previous section, the energy recoil spectrum for elastic scatter-
ing can be anything of the form F(q)? multiplied by a non-increasing distribution.
While this allows non-increasing sections of an energy recoil spectrum to be ex-
plained by a combination of form factor and DM velocity distribution, any rises
in the spectrum must come from the form factor (or from the presence of inelastic
scattering). Though summing over multiple Bessel-function widths will generally
smooth out the individual peaks into a falling distribution, if the particle sizes
were clustered mostly around a particular valueE] then the troughs/peaks of such
an effective form factor could give a rising recoil spectrum. Assuming a detector
has sufficiently good energy resolution so at not to smooth out the troughs in the
underlying recoil spectrum, it will be possible, with sufficiently many events, to
rule out point-like elastic scattering. Furthermore, if both the falling and rising
parts of a trough were visible, this would be a clear sign of a more complicated
momentum-dependent form factor, or of some combination of inelastic scattering

modes.

5For example, due to the binding energy per constituent reaching a maximum value at some
size, and decreasing after that (as for iron in the SM), rendering larger states unstable to fission.
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Figure 3.4: Left: Energy recoil spectrum (black) for a Bessel-function form factor
corresponding to radius 50 fm, with other parameters as per left-hand plot of Figure 3.2
Blue points (solid lines) are a particular sample of 50 events from this distribution,
binned with an energy width of 0.3keV. Red points (dashed lines) show the interval
of points that is worst fit by a non-increasing distribution (see text). The p-value for
the test described in Appendix [A-4]is 0.005. Right: Cumulative distribution functions
(CDFs) for p-value from test described in Appendix for 30 samples (blue), 50
samples (red), and 100 samples (yellow). Grey (dashed) curve shows the CDF for a
uniform underlying distribution. The upper and lower dashed lines shows the p values
corresponding to 20 and 3¢ significance for rejecting the hypothesis of a non-increasing
distribution.

We can test whether a given set of events came from a non-increasing distribu-
tion by locating the energy interval with the ‘worst’ bias towards its high-energy
end — here measured simply by the average energy of the events — and ask-
ing what the probability is that a given sample from a candidate non-increasing
distribution would have an interval that extreme (explained in more detail in Ap-
pendix [A.4)). Figure displays the results of applying this test to simulated data
from a model with a Bessel-function dark form factor, scaled so that a number
of the peaks/troughs are visible in the energy recoil spectrum. As illustrated,
around 12 expected events in the most significant rising section, corresponding
here to around 50 events overall, are sufficient to obtain a 20 exclusion of the non-
increasing hypothesis in the majority of cases. While a realistic analysis would
need to take into account the distribution of background events and other issues,
this illustrates that relatively few events from only a single detector may suffice

to give very interesting physical information about dark matter properties.
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3.2 Low-energy excitations & inelastic scatter-
ing

3.2.1 Properties of low-energy excitations

Another feature generic to large composite states is the presence of low-lying
modes, leading to the possibility of inelastic scattering in which these modes are
excited. Such modes can be broadly characterised as either of ‘single-particle’ or
‘collective’ type. We are most interested in the collective modes since, as we will
discuss, their excitation amplitudes can be coherently enhanced compared to the
single-particle excitations, and thus can dominate the inelastic scattering rate if
they are of low enough energy to be excited.

There are a number of forms such collective excitations could take. The sim-
plest and most generic type of collective excitations are simply vibrational modes
of either the bulk or of the surface of the large composite state. Alternatively, if
the constituents have spins, moments, or other intrinsic properties, then collec-
tive oscillations of these properties, such as spin waves, can occur. In addition, if
the ground state is not spherically symmetric, so the composite state is deformed
in shape as happens for large SM nuclei, then there will be low-lying rotational
modes as well. For definiteness, in this work we will focus on the inelastic scatter-
ing involving the most universal and model-independent of these collective modes,
namely, the surface and bulk vibrational modes that are of long wavelength com-
pared to the scale of the individual constituents.

For large composite states consisting of roughly uniform ‘nuclear matter’, the
lowest-energy density waves will generally be surface waves, i.e. volume-preserving
oscillations of the ‘nuclear surface’ [I59]. The reason for this is that the energy
of the lowest bulk compressional excitations is set by the speed of sound for such
waves, ¢, ~ \/% , where K parameterises the compressibility of the nuclear mate-

rial, and p is its density. Taking into account that the lowest possible wavenumber
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is k ~ 1/R, the energy of the low-lying compressional excitations is given by

K 1
E .~y ——=. A1

On the other hand, the speed of volume-preserving surface capillary waves is set
by ¢s ~ 4 /%, where o is the surface tension (this also holds in relativistic hydro-

dynamics [160]), so the energy of the low-lying surface excitations is given by

o 1

Using the facts that R ~ AY3R;, where R, is the length scale of a single con-
stituent, and that both the surface tension and bulk compressibility are set by the

same underlying interaction strength between the basic constituents so we have

o~ R K, leads to
0F,
0F,

~ ATYS (3.13)

Thus for large A the energy of the bulk compressional modes is well separated
from the lower-lying surface modes.

We now summarise the dynamics of the surface modes more quantitatively.
Classically, for small-amplitude surface waves of a homogeneous, incompressible,
sharp-edged fluid droplet, we have p(r,0,¢) constant inside R'(6,¢,t) and zero

outside, with

R(0,6,t)=R|[1+Y_ > am(t)Yim(0,0)] (3.14)

1>2 m=-I
for amplitude coefficients oy, (t). The [ = 1 modes are removed as they correspond
to oscillations of the CoM position, while the [ = 0 mode is removed as it is

just the monopole compression oscillationﬁ The total Hamiltonian of the surface

61f the amplitude of the surface waves were not small then volume-preserving oscillations
would require agg = — Zz>2 m |alm\2, but this constraint can be ignored at leading order in the
Al -
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excitations is

H=3 Y (Blaw®F +Cilom®)F). (3.15)

1>2,
m=—l,...,+l

where B, = pR’/l and C; = (I — 1)(I + 2)R?/o are the ‘mass’ and ‘stiffness’
parameters of each mode.

Quantising this system leads to each mode being an independent quantum
harmonic oscillator. The mode frequencies, wy,,, of the oscillations are independent

of the azimuthal spherical harmonic parameter m and are given by [160]

e\ V2

The overall excitation energy spectrum AEy,, = le? nyw; is thus set by the oc-
cupation numbers n; of the (21 4 1)-fold-degenerate [-modes. It will be important
for our discussion of the coherent excitation probability of these modes that the
simple harmonic oscillator-like wavefunctions associated to each mode are char-

acterised by a length scale, Re¢;, where the dimensionless parameter ¢; is given

by
1
vV 2Blwl '

(For an individual mode with occupation number n; > 1 the corresponding clas-

€ =

(3.17)

sical amplitude of oscillation simply scales as |oy| ~ €4/n;.) In terms of the

underlying parameters of the composite state

—1/4
e ox ATT/12 <ﬁ> : (3.18)

my

where 3 ~ o R? is the energy associated to surface tension, and m; is the single-
constituent mass. As discussed in [I61], the hydrodynamic values of B; and C) can
differ by factors of O(10) from those obtained experimentally for SM nuclei, due
to the effects of shell structure etc. However, the hydrodynamic approximation

should give a good qualitative guide to the properties of the low-lying modes of
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large composite states.

Finally, as mentioned above, as well as collective modes there may also be
modes corresponding to the excitation of ‘single constituents’. If the interior of
the state consists of degenerate fermionic matter, then excitations which move a
state from just below the Fermi surface, through a small change in momentum
q approximately tangential to the surface, will look like quasi-particles of energy
q’/(2m,), where the quasi-particle mass m, will often be of order the constituent
mass [162]. Since the smallest allowed momentum change is ¢ ~ 1/R, the lowest-

energy quasi-particle excitation will have energy w ~ +m* ~ A7Y3 /R, so for large

2R

A will be of lower energy than the collective surface modes. However, as discussed
in the next section, in the regimes of interest in this Chapter, the cross sections
for exciting them are much lower. Additionally, the properties of these modes are

model-dependent — for example, pairing interactions between constituents could

lead to superfluidity, as arises in forms of SM nuclear matter.

3.2.2 Inelastic scattering form factors

The presence of the low-lying modes means that even low-velocity scattering pro-
cesses may have sufficient energy to be inelastic. In particular, scattering off the
long-wavelength collective modes, since these involve all of the constituents, will
be coherently enhanced as for elastic scattering, and have their own momentum-
dependent form factors.

Generally, this form factor can be calculated from the overlap of initial- and
final-state wavefunctions. As derived in Appendix [A.2] if the scattering occurs
through a scalar contact interaction with the constituents of the DM state, then
(returning to the notation of Section the form factor for inelastic scattering

into a one-phonon surface mode of angular momentum number [ is, as given in

equation [A.14]
3A

Var

F(q) = (20 +1)aji(gR) (3.19)

69



(as compared to equation for elastic scattering), where ¢; is the natural ampli-
tude associated with oscillations in that mode. This result is correct to first order
in ¢, and valid for ¢R < 1/¢; (beyond that, the wavefunction overlap can be com-
puted numerically). Excitations of multiple phonons are associated with further
factors of ¢;. Comparing elastic to inelastic scattering, we see that the latter has
form factors corresponding to higher spherical Bessel functions, and is suppressed
by powers of the natural amplitude of the surface modes; as per equation [3.18|
this is parametrically small for large A.

The cross sections for scattering off single-particle excitations add incoherently,
giving o < A. There may also be further suppression factors. The case of degen-
erate fermionic matter may be well-approximated by scattering off a Fermi gas of
non-interacting quasi-particles — as discussed in Appendix [A.3] this is, for low
momentum transfers, strongly suppressed by degeneracy factors. Generally, inco-
herent scattering should only be significant for momentum transfers comparable
to the Fermi momentum (and energy transfers comparable to the Fermi energy),

or for very large composite states where scattering from collective modes is highly

suppressed (Appendix |A.3)).

3.2.3 Inelastic recoil spectra

If collisions are inelastic — say, the DM state is excited from mx to mx + 90 —

then the minimum velocity for which we can obtain a given recoil energy is|Z|

1 mNER )
Vmin = +45) . 3.20
V2myER ( XN (3:20)

We have dEr = ilp—’;%, where p and p’ are the initial and final momentum in the

CoM frame. The final state phase space available is also proportional to p’, so the

"Equation is accurate up to multiplicative correction of size at most ~ \/d/M — this
always gives a good approximation, since ¢ < % px NV2,.. is Tequired for any excitations to occur,
and galactic escape velocity is highly non-relativistic.
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differential rates for elastic and inelastic scattering are related by

do;  do. |[M;?
dEr  dEg |M.|?’

(3.21)

where My and M, are the matrix elements for elastic and inelastic scattering
respectively, while o. and o; are the corresponding cross-sections. Aside from
differences in the momentum-dependence of the matrix elements, giving different
form factors, the main qualitative difference from elastic scattering is that v, is
no longer monotonically increasing with Eg, instead having a minimum at Er =
dpxn/my. This is in contrast to elastic scattering, where the fact that that
Umin 18 monotonically increasing had important consequences (see Sections m
and for data analysis.

As per above, we generically expect large composite states to have low-energy
excitations, which may be excited by scattering with SM nuclei. The energy recoil
spectrum will then be a sum over the spectra for scattering into each of these
states (including the ground state, which gives elastic scattering). Labelling the

states by A,

|Cy[?

dR nX UXnFN( )2 Zg(vmin,)\(ER))|C 2

Fp, 3.22

Where A gives the ratio of matrix elements (c.f. equation , and the Fp  have
a common normalisation such that elastic scattering has F'(0) = 1.

Figure shows an example of the energy recoil spectrum arising from a
uniform-density composite state of the kind discussed in Section [3.2.1] in the
regime where elastic scattering, and inelastic scattering into the first few surface
modes, are the dominant effects. Due to the relative suppression of inelastic modes,
from both form factor effects and the small amplitude of surface oscillations, elastic
scattering generally dominates in such scenarios.

The above assumed that the DM particles are dominantly in the ground state.

If de-excitation times are long enough, there is a (model-dependent) possibility

71



dR/dER
(day kg keV)™*

1075 L
10—6 L
10—7 L
10—8 L
| | | | o . ER
0 10 20 30 40 keVv

Figure 3.5: Energy recoil spectrum (Germanium target) for a spherical DM state with
parameters as per Figure incorporating elastic scattering and inelastic excitations
of surface modes (black). Blue (dashed) and red (dot-dashed) curves show contributions
from elastic and inelastic scattering respectively. The energy of the first surface mode is
taken to be 28 keV, so a number of modes contribute at higher recoil energies, flattening
out the inelastic recoil spectrum. The amplitude of the inelastic modes is set a factor
~ 10 above the hydrodynamic estimate from Section for illustrative purposes.
Note that the form factor for the first excited mode is 90 degrees out of phase from that
for elastic scattering — this effect can be seen in inelastic SM-SM scattering, e.g.Figure
1 of [161].

that there may be a significant cosmological population of excited DM states,

altering the inelastic scattering phenomenology.

3.3 Astrophysical capture

In addition to potentially being visible in direct detection experiments, interactions
between DM and SM matter may also lead to the capture of DM by astrophys-
ical objects, the most interesting generally being various kinds of stars. Once
enough DM has accumulated inside the star, then either self-interactions among
the DM (annihilations, self-scattering, etc.), or more complicated DM-SM interac-
tions, may in some models lead to observable alterations of stellar properties. For
definiteness, we consider the case of asymmetric dark matter, in which DM may
build up in the star without being destroyed through annihilations.

For spatially-extended DM states, the possibility of large cross sections for in-

elastic DM-DM interactions may give rise to modifications of the distribution of
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captured DM inside the star, analogously to the possibility of effects on astrophys-
ical halo shapes mentioned in Chapter [2 In models with large velocity kicks after
exothermic collisions, these could take the form of ejecting captured DM from
the star, as discussed e.g. in [79]. Alternatively, other models could lead to the
contraction of the captured DM distribution, potentially all of the way down to
a very dense configuration at the centre of the star. Since we have been consid-
ering composite states composed of similar constituents, some kind of repulsive
self-interaction countering the attractive binding forces is already required in such
models, and will generally remove the danger of such a DM configuration collaps-
ing into a black holeﬁ In the absence of any further dynamics, there are no obvious
externally observable consequences of a high-DN-density central region. In partic-
ular, the release of binding energy from DN fusions will have no significant effect
on the star—for symmetric DM, almost all of the DM captured by the star can
annihilate with no observable heating, and we are only injecting a small fraction
of this energy. However, in the case of run-away fusions, there may be inelastic
collisions between extremely large composite states, which could result in the re-
lease of large amounts of energy, in small volumes and on rapid timescales. If some
of these de-excitation products couple to the SM strongly enough, the SM energy
injection resulting from these processes may have consequences, particularly in
meta-stable systems such as white dwarfs.

The composite nature of the DM may also affect the initial capture rate,
through the momentum-dependence of scattering cross sections. For kR < 1,
where k ~ myvUes 18 the typical momentum of SM scatterers in the initial colli-
sion, the momentum dependence will not have a significant effect. For kR 2 1, the
(elastic) capture rate will be suppressed by ~ (kR)™2min (1, m>, where U
is the typical DM halo velocity (this replaces the usualkinematic min <1, ’Zﬁ(—%)
factor). As an example, if we suppose that the Sun (escape velocity 0.002c) has

kR ~ 1, then capture in white dwarfs (ves. ~ 0.02¢) is suppressed by a factor of

8 As may occur in models of very heavy fundamental ADM [163)] [164]
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~ 2x 1073, and in neutron stars (ves. ~ 0.7¢) by ~ 5x 1075 compared to standard
elastic scattering (for white dwarfs, the SM nuclear form factor is also important).
These suppressions mean that inelastic scattering may be the dominant capture

process, though we leave the investigation of this to future work.

3.3.1 Self-interactions of captured dark matter

One possible effect of large DM self-interaction cross sections is to increase the
capture rate, in that incoming DM can scatter off already-captured DM as well as
off SM nuclei in the star. However, for heavy DM, and in locations of reasonable
astrophysical DM density, it is generally hard to accumulate enough captured DM
to have any significant effect on the overall capture rate. Supposing that the star
has effective capture cross section A, for DM particles streaming through it, the
total number of DM particles it captures in its lifetime is Nx ~ At ony, where
nx is the local DM number density and v is the characteristic relative velocity (of
order galactic orbital velocities, ~ 220 kmsec™!). Writing the DM self-scattering
cross-section as oyy, the total cross sectional area for DM-DM scattering is at

most

AX = UXXNX ~ (Oxx/mx)ts’liprs (323)
~ A, (xx/mx v L Px . (3.24)
barn/ GeV / 220 kmsec~! 5 Gyr 0.3 GeV cm—3

For elastically-scattering DM with velocity-independent self-scattering cross sec-
tion, the observational limit on the self-scattering cross section is oxx/myx <
1 barn/ GeV (see Section[L.1.4). That Ax can be of order A; for this value means
that there are possible dark matter models in which self-capture is significant (see
e.g. [165], 166]). However, as per Section [2.3.1], for large composite DM states, the
fact that oxx/myx m)_(l/ ® for uniform matter means that large states generally

stand little chance of having significant self-capture. Recapitulating equation [2.18],

evaluating oxx/mx for a composite state of interior density py, and constituent
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number A,

1/3 -3 2/3
0aa ., 0.0bbarn , (1GeV) (%) : (3.25)

ma GeV my Pb

we see that for SM-like or heavier constituents, large composite states are well
below elastic self-interaction bounds, so do not give interesting self-capture effects.

However, interactions between already-captured DM states could potentially
have interesting effects. Particularly interesting are interactions which may lead
to ‘run-away’ effects, in which the DM distribution inside the star contracts to
a very dense state. This could arise either from inelastic collisions which are
dissipative (i.e. some of the initial KE is lost into de-excitation products), or from

fusions, which result in heavier DM states that have a correspondingly smaller

equilibrium radius inside the star. In Sections|3.3.1.1}and |3.3.1.2 we will perform

some approximate calculations to demonstrate the feasibility of these scenarios.

3.3.1.1 Dissipative collisions

For dissipative collisions, the dynamics are governed by the rate at which DM-DM
collisions dissipate energy, versus the rate at which DM-SM collisions add it, re-
thermalising the DM. As an estimate, if some fraction « of integrated phase space
density for DM lies within a spatial radius r, then the rate of self-interactions is

set by

OxXX 3 GM*
I'xx ~oxxnxvx ~ 5 alNx—
r

A
T~ 10 day a2 | (3.26)
™ *

r2
where we have taken v3 ~ GMT(T), and Ay is as per equation m In thermal equi-
librium with the SM matter in the star, the DM states would have an isothermal

distribution,

3T 1/2
~ T2/ (2r3) Y et S 3.97
px ~ e o (mmxp*) , (3.27)
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where T, and p, are the temperature and density of the stellar core. Evaluating

I'xx for r = r,, and putting in values appropriate to the Sun,

_3\ 2/3
B Oxn/Mmx myx \2/3 (1GeV fm ™
Dyx ~ ! 2
xx ~ Oy a(lo—gpb/TeV> (Tev> ( Py ’ (3.28)

where we have used equation for the solar capture rate, and we have replaced
oxx by the geometrical cross section between two spheres of mass mx and internal
density p, H This interaction timescale is much less than the lifetime of the Sun. So,
as long as scattering with SM particles does not counteract the increase in the local
DM number density that comes about from losing energy in inelastic scatterings, it
is inconsistent for a large fraction of the captured DM to have a basically-isotropic
steady state phase space distribution with most of the density within a sphere of
isothermal or smaller radius. Thus, if the DM-SM cross section is large enough,
the DM distribution may contract down to a very dense configuration at the centre
of the star.

It remains to check that SM scatterings do not re-thermalise DM fast enough
to avoid this contraction. The viscous drag force on a DM state is approximately
firag ~ —mynyUNOXNVX = —ymxVy, Where my, ny and vy are the mass,
number density and average speed of the SM scatterers, oxy is the momentum
transfer cross section between X and the scatterers, and vy is the velocity of X in
the thermal rest frame of the scatterers. Thus, v gives the damping rate at which
scatterings return vy to the thermal distribution. For parameters relevant to the

solar core,

MNNMNUNOXN 41 an/mx
~————  ~3x10 _— | . 3.29
7 mx 8 v (108 pb/ Te\/) (3:29)

Thus, as long as each inelastic collision does not dissipate too small a fraction of

the initial KE (~ 107* for the parameters in equations and [3.29), SM-DM

9A 1TeV mass sphere of this density has radius ~ 6 fm, which is of the order of the inverse
momentum transfer in the initial DM-nucleus collisions (for solar capture), so there will not be
significant momentum suppression of the capture rate.
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thermalisation will be too slow to prevent contraction. Also, since the thermalisa-
tion timescale is much less than the lifetime of the star, we do expect to contract
down to isothermal densities in the first place (in particular, this means that we
will lose almost all of any net angular momentum the captured DM distribution
might have had initially, meaning that rotational support of the collapsing distri-
bution will not be a worry). The same separation between self-interaction rates
and thermalisation times may, for suitable parameter ranges, apply in the case of
white dwarfs and neutron stars as well (however, for neutron stars there is an issue

of whether thermalisation timescales are less than the lifetime of the star [167]).

3.3.1.2 Fusions

An alternative way to realise run-away contraction is for the DM states to progres-
sively increase in mass through fusions, and correspondingly for their isothermal
radius within the star to decrease. In contrast to the previous section, this sce-
nario relies on thermalisation through SM-DM scattering being fast enough. It
also relies on fusion cross sections being large enough, and on fusions remaining
energetically favourable up to very large sizes — these features may naturally be
realised in models of composite DM such as those discussed in Chapter [2]

As discussed in Appendix [A.3] we expect the coherent momentum transfer
cross section between DM and SM states to scale as o4n o A2/3 for states A with
pR4 > 1, where p is the characteristic momentum of the SM scatterers. Thus,
Va = (Ap/A) 3, for A> A,, where A, is the size for which the DM states are
of radius ~ 1/p, i.e. pRy, ~ 1, with v given by equation [3.29, In terms of the
size A; of states which have radius ~ 1/p;, where p; is the characteristic momen-
tum of SM scatterers in the initial collision (which occurs are around the escape

velocity), thermalisation is effective (assuming small enough injections of kinetic

3
energy on the DM side) for A < 10%0 4, <%> = Ay,. From equation [3.28]
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an isothermal distribution for states of size Ay, has

3 2/3 (1GeV fm >\ */*
P~ 108 yrlg | =2/, ( A ) Soev 3.30
4 e <108 pb/ TeV TeV Pb o (3:30)

If further fusions do not result in velocity kicks that substantially alter this dis-
tribution, then build-up can continue, with I's44 oc A=*A%/3 ~ A~1/3 from number
density and cross section factors respectively. Over the lifetime of the Sun, this
allows A ~ 1083 Ay, for the parameters in equation m — that is, most of the
DM would form into a very dense configuration.

For white dwarfs and neutron stars, we have a similar conclusion that fusions
are potentially fast enough to form a very dense configuration. In these cases, the
star is compact enough that even a DM distribution of radius comparable to the
entire star can still have a high enough self-interaction rate for fusions to combine
the majority of the DM into a dense state (though we would still need to worry
about dissipating energy and angular momentum, especially in the neutron star

case).

We note that the estimates in Section 13.3.1.1] and [3.3.1.2] should be viewed as
rough plausibility estimates — proper investigation of these issues would require
realistic modelling of the DM-DM collisions, and of the phase space distribution of
DM at each stage of the process. In particular, this section has ignored the possibil-
ity that DM collision types other than fusions are important (e.g. fragmentations
etc.), and also assumed that the velocity kicks imparted by fusion de-excitation
products are small enough to be re-thermalised quickly. However, the point was

merely to illustrate that run-away contraction is a plausible possibility.

3.4 Summary

In this Chapter, we have investigated some of the consequences that follow if a
proportion of dark matter is composed of large composite states — that is, states

consisting of a large number of constituents forming an extended, semi-uniform
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object.

The spatial extension of these objects introduces a dark form factor into scat-
tering amplitudes. This has two effects — coherently enhancing scattering rates,
as discussed in Section [3.1.3] and introducing momentum dependence, whose ef-
fects on direct detection energy recoil spectra (for DM states large compared to
SM nuclei) are considered through Section . In the most visible cases, such sig-
nals may be distinguishable from elastic scattering, in a halo-velocity-independent
manner, with only O(50) scattering events (Section [3.1.6)).

Large composite states will generically have long-wavelength collective excita-
tions, which give rise to the possibility of low-energy, coherently enhanced inelastic
scattering processes, as discussed in Section [3.2, Though such processes will gen-
erally be sub-dominant in direct detection experiments (Section 7 in specific
models they may have signatures, in direct detection or astrophysically.

Finally, we considered the capture of DM by stars (Section . While the
presence of dark form factors and inelastic scattering may alter the capture rate,
the main feature of qualitative interest that we investigated is the possibility of
inelastic interactions between captured DM states having an effect on the DM dis-
tribution inside the star. Most interestingly, for plausible types of self-interactions,

it appears to be possible for almost all of the captured DM to accumulate into a

very dense configuration (Sections [3.3.1.1{ and [3.3.1.2)).

Our calculations have aimed to compute the leading, model-dependent approx-
imations which we might expect to be valid for DM states much larger than the
scale of their constituents. It would be clearly be interesting to construct and

investigate specific models which realise such scenarios.
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CHAPTER 4

Dark matter distributions after velocity kicks &

decaying ADM

As noted in Chapters [2 and [3] an interesting possibility motivated by dark sector
structure, including but certainly not limited to composite models, is that dynam-
ics within the dark sector may result in inelastic processes among DM particles.

These could take many forms, including the dissipative phenomena discussed in

Sections [2.3.1] and [3.3.1.1] or exothermic interactions of the kind mentioned in

Section 2.3.11

Properly investigating the effect of such phenomena on DM distributions would
generally require numerical simulations. However, it is possible to make semi-
analytic estimates in many circumstances. In this Chapter, we do so for one of
the simplest scenarios, in which DM particles receive a non-relativistic velocity
kick, and so adopt new orbits within an wun-modified background gravitational
potential, where we also ignore the effect of any further collisions. This situation
could arise either from only a small proportion of DM particles receiving velocity
kicks, or from the gravitational potential dominantly being sourced by SM matter
(e.g. near the Galactic centre, or inside stars). Other scenarios, such as those
considered in Section [2.3.1], are also interesting, and may lead to more striking
phenomenology, but would require different (and more difficult) calculations.

As an example application of these calculations, we investigate a different kind
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of ADM model to those considered in previous Chapters. In this class of models,
some of the DM is meta-stable on cosmological timescales, so a small proportion
of it decays. We assume a two-species dark matter population with a small mass
splitting, in which decays of the heavier state have the lighter state’s anti-particle
as one of their products. This structure may arise from a dark sector with two ap-
proximately conserved quantum numbers, only the difference of which is conserved
by higher-scale physics (analogously to B— L in the SM). The lighter state emerges
from the decay with some velocity kick, depending on the mass splitting and on
the other decay products. Annihilations between the injected antiparticles and
the DM population of the lighter states can then give annihilation-type indirect
detection signals, which are not usually expected from ADM models. Particularly
strikingly, it could almost entirely eliminate signals from small-escape-velocity
systems such as dwarf galaxies, modifying the expected correspondence between
events rates from these and rates from larger galactic systems.

Mlustrating the kind of modifications to halo shapes such a velocity kick process
may bring about, Figure shows the post-injection distribution for galactic
NFW-type halo initial conditions. As expected, a velocity kick of order the initial
velocity dispersion is required to have a major effect on the final distribution — for
larger velocity kicks, the central core of the distribution is significantly flattened

out.

4.1 Effect of velocity kick on DM distribution

Suppose that we have a steady-state distribution of DM particles X, which we
treat as collisionless, in a gravitational potential ®. Some of these, labelled Y, are
given a non-relativistic velocity kick — for example, arising from a decay with a
small mass splitting. We wish to calculate the steady-state distribution of the Y
population, assuming that the gravitational potential ® is unchanged.

We could approach this in a brute-force way by sampling from a large number of
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Figure 4.1: Approximation to DM profile after injection at relative velocity v; as
listed, starting from a NFW-type initial distribution with shape parameter v = 1.2 (so
p o< 1121 4 r/ry) 718 taking ry = 20 kpc). The initial distribution is taken to have
isotropic velocity distribution, which implies velocity dispersion of ¢ = 94 km s™! at
r = 1 kpc. As described in the text, we approximate the final distribution as also having
isotropic velocity distribution, which will make the larger-v; profiles slightly less peaked
than they should be.

X starting positions and velocities, sampling from the possible relative Y velocities,
then calculating the resulting Y orbit and accumulating the time spent at given ¥
and ¥ in this orbit into the overall #, ¢ distribution (more sophisticated analyses
such as [I68] take some variation of this approach). However, we can simplify
the problem slightly by assuming that the X distribution, and the gravitational
potential, are both spherically symmetric, and that the X distribution is non-
rotating. Although this ignores various effects, their impact should be minor (see
Appendix .

By the Strong Jeans Theorem [169], the steady state phase-space distribution of
a system of collisionless particles moving in a spherical potential can be expressed
as f = f (z—:,[_:), where ¢ is the binding energy and L is the angular momentum
(both per unit mass). Furthermore, assuming that the X — Y + ... decay is
spherically symmetric, the distribution of the Y in phase space must be of the

form g = g(e, L?). So, if we start out with a distribution function (DF) f(Z,7) =
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f(e, L?) for the X, we can derive the ‘post-injection’ DF
W@ 7 = [ Ko DrET) (4.1)

for the Y, where K (Av) corresponds to the probability of injecting with a given
velocity change. In general, h will not be a steady-state distribution, as can be
seen by considering e.g. a high-central-density profile with a cool core, which will
be smoothed out by a large velocity boost. However, since € and L? are preserved
along particle orbits, the number of particles in a volume de dL? of (¢, L?) space will
be the same for h and for the steady-state distribution g. Then, since g depends
only on € and L2, we can recover it from the de dL? density p, via ¢gdV = pde dL?,

where dV = d3x d3v is phase space volume. Explicitly,

% = /d3x/d3v5 (5 - (1/1 - %vz)) S(L* — r*v?) (4.2)
v

() "
VIR — L2 ) 2 p(ui—e)
where v, is the perpendicular-to-radial velocity, and ¢(r) = —®(r) is the maxi-

mum binding energy at r. Similarly,

p(e, L?) = / d*z / d®v f(%,0)6 (5 — (w - %v2)> S(L* —r*?) (4.4)

and in particular, if the velocity distribution is everywhere isotropic (h(Z,v) =

h(&. [o])), then

vh(z,v)
p(e, L*) = 27T/d3a: (—) . (4.5)
VTRt = L2 gy —e)

From g(e, L?), we can find the number density p(r) by integrating over the appro-

priate ranges of ¢ and L2,

p(r) = /d?’f}’g(r, v) = /2 » )d%’g(qﬂ(r) —v?/2,7*v?sin” §) . (4.6)



To find a plausible initial DF for X, we can assume that the velocity distribu-
tion is everywhere isotropic. This implies that the DF depends only on € (it is said
to be ‘ergodic’). Starting from a number density p(r) in a potential ¢(r), there is

a unique ergodic DF f(e) giving p [169)], described by the Eddington formula

Ld [ dp
V8n2de Jy Ve —vdy

fle) = (4.7)

For the figures in this Chapter, we also (for ease of implementation) make the
approximation that the Y distribution g is ergodic, i.e. that it does not depend
on L2 This can be a poor approximation for large velocities, as can be seen by
considering a cool, high-density centre subjected to a large velocity kick, where
this results in most trajectories at large distances being approximately radial.
However, for the not-too-large velocity kicks we will consider (as required for
observable annihilation signals), and for the smaller-radius regions we are most
concerned about, the approximation is acceptable. For example, taking the X
profile to be the NFW ~ = 1.2 one considered in Figure 4.1} and working out the
full Y distribution function g(e, L?) (for Av = 109 kms™') at some representative
values, we can estimate that the error in p at r = 10rge, (in the notation of

Figure will be at most a few percent.

4.2 Annihilation signals from ADM

Indirect detection signals of DM can arise if the DM decays or annihilates, pro-
ducing cosmic rays containing high energy photons, electrons, positrons or an-
tibaryons. Usually, the event density associated to signals of decaying DM depends
linearly on the DM density npy, whereas for annihilating DM the signal has an
n#,; dependence. If astrophysical gamma-ray signals from DM were detected,
then their profile on the sky would let us determine which process produced them,
see e.g. [I70, I71] (the propagation of charged cosmic rays is affected by galactic

magnetic fields, so a signal in these channels would not be so helpful). Whilst
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decay signals of ADM can readily arise, see e.g. [I72], in general, we do not expect
late-time annihilation signals from ADM, since the symmetric component is as-
sumed to have annihilated early on. However, if the symmetric component is later
‘regenerated’, this may give rise to annihilation signals. Previous proposals along
these lines include slow DM-antiDM oscillations [I73HI76], and intermediate-time
decays (in the higher DM-mass regime, e.g. [108]). Alternatively, there are scenar-
ios in which an asymmetry plays a role in determining the DM relic density, but
the DM itself is not asymmetric [84, 177, [178]. Here, we investigate the prospect
of regenerating a symmetric component via decays in the low DM-mass regime,
i.e. for mpy < 20 GeV.

As discussed in Chapter[I] a challenge in building viable models of ADM, which
freeze out of the SM thermal bath, is obtaining a high enough annihilation cross
section so that the relic density is set by the asymmetry and not by a frozen-out
symmetric DM component. For this to occur the cosmologically stable states in
the dark sector typically must have annihilation cross sections a factor ~ 10 times
larger than the symmetric freeze-out value (which is ~ 3 x 10726cm3s™1). Experi-
mental limits on this scenario arise from a variety of sources. Direct searches rule
out large regions of parameter space where the interaction with the visible sector
is through heavy portal states that can be parameterised as effective operators, see
e.g. [L11) 114, 179, 180 [] although viable models remain if the mediating states
are light. Unitarity also often limits the cross sections that can be obtained in
viable models. Additionally, indirect detection constraints are limiting in some
regions of parameter space.

Generally, the strongest astrophysical constraints on the DM annihilation cross
section (if the population is entirely symmetric) are close to or below the lower
cross-section bound from the ADM relic annihilation constraint. In particular, if

a sizeable symmetric component is regenerated before the recombination era, then

IFor contact operators with preferential coupling to specific SM states, such as neutrinos [181],
or appropriate flavour dependence, some of the tension with experimental constraints can be
alleviated.
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the limits on the annihilation cross section from CMB observations [129] 182
184] are around the thermal freeze-out value, for DM masses < 20 GeV (see
Chapter . Since the CMB limits are mostly a function of energy injection, rather
than the particular annihilation products, and are not subject to uncertainties
regarding DM distribution, they leave very little parameter space for early decays,
for annihilation cross-sections large enough to meet the ADM relic annihilation
requirements.

One way of circumventing these constraints is for the annihilation cross section
at late times to be suppressed relative to earlier times, e.g. via velocity-suppression.
If the symmetric population is regenerated after freeze-out, but early relative to
astrophysical timescales, then the phenomenology of this scenario is much like
symmetric DM with a velocity-suppressed cross section, although with the anni-
hilation rate decoupled from the thermal value. An alternative possibility, with
distinctive phenomenology, is the case in which the DM remains predominantly
asymmetric up to the present time (or at least through the recombination era),
with only a small symmetric component regenerated. If the decay timescale is
significantly longer than the time at recombination, then CMB constraints are
significantly weakened, which can open the possibility of present-day annihilation
signals without corresponding CMB signals. As noted at the start of this Chapter,
another interesting feature of regenerating the symmetric component through late
decays is that its density profile may be modified significantly by the velocity kick
from the decay process. Obtaining a sufficiently small velocity kick to keep the re-
generated population concentrated in galaxies motivates DM models with a small
mass splitting between different components. For these models, the annihilation
profile may be different to those arising from conventional models, and could be
entirely absent from systems with low escape velocities such as dwarf spheroidal
galaxies.

As mentioned, coupling ADM to the SM without violating direct search con-

straints requires some model-building, and we consider two scenarios in detail. In
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one case the annihilation portal to the SM is through a pseudoscalar; this allevi-
ates the direct detection constraints, as the DM-proton scattering cross section is
significantly suppressed. If the pseudoscalar mass is just above the value needed
for an s-channel annihilation resonance, then annihilations during the freeze-out
process (when temperatures are high) are enhanced relative to annihilations at
later times. This is essentially an example of the velocity dependence discussed
above. The second scenario we consider is where annihilation occurs to two on-
shell hidden sector vector bosons, which decay relatively slowly to SM states. The
small coupling of the vectors to the SM suppresses direct search constraints, and
the rate at which we regenerate the symmetric component controls the strength
of CMB and late-time annihilation constraints. These models act as a proof of
principle that annihilation signals can be generated from certain models of ADM,
but the constraints that we discuss are more generally relevant to other models of

annihilating DM in the low mass region.

4.2.1 Regeneration of symmetric component from models

with two dark asymmetric species

To construct a model with late time decays, regenerating a symmetric component
of DM, requires some hidden sector structure. By simple analogy to the complex-
ity of the visible sector it is quite conceivable that the hidden sector consists of
multiple states and approximately conserved global currents. As a model building
example we consider a particular setup, but the constraints and possible signals
we find in Section [£.2.2] are more generally applicable.

Let us suppose that two states B’, L’ in the hidden sector carry (approxi-
mately) conserved quantum numbers which we suggestively call dark baryon num-
ber B’ and dark lepton number L’. In the SM, baryon and lepton number are
approximately conserved; EW instantons and sphalerons, and GUT scale physics,
do not respect these global symmetries, however these processes still conserve the

combination B — L. In direct analogy, we propose that both B’ and L’ are acci-
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Hidden Sector

Visible Sector

Figure 4.2: Schematic illustration of steps leading to annihilation signal. Initially, B’
and L’ are the only states in the hidden sector with non-negligible abundances. At some
later time, such that it occurs in the current era, B’ decays to L’ along with additional
light states labelled N. The L’ subsequently (on galactic time scales) annihilate with L’
to visible sector states leading to potentially observable signals.

dental symmetries of the low energy theory and are violated at some intermediate
scale, however the combination B’ — L’ is conserved by these intermediate scale
interactions. We further assume that there are additional effects in the theory that
link the asymmetries in the dark and visible sector, so that the true symmetry of
the theory is B — L — (B’ — L'). Since it is expected that all global symmetries
are violated by Planck-scale suppressed effects, the combination B — L — (B’ — L)
may either be gauged in the ultra-violet or violated only by Planck-scale effects
that are not important for phenomenology.

Various potential genesis mechanisms have been outlined in the literature,
which could be employed to generate the particle asymmetries e.g. [102], [104] [105].
We shall suppose that the asymmetries in B’ and L’ are of comparable magni-
tude. For sufficiently high annihilation cross-sections, the B” and L’ states remain
chemically coupled to the thermal bath long enough for Boltzmann suppression
to remove most of their symmetric components. This results in B’ and L/ having
highly suppressed relic abundances, whilst the yields of B’ and L’ are set by the
particle-antiparticle asymmetries

np nr

— = Np, — =N . (48)
Ny Ny

We will also assume that np ~ 1./, so that we end up with a relic population of
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B’ and L' rather than their anti-particles. Asymmetries with different signs and
magnitudes are also possible (and may be brought about dynamically, as discussed
below), but we will not consider such models in this Chapter.

For such a scenario to lead to annihilation signals we propose that B’-violating
operators, suppressed by some intermediate scale, induce the decay of B’ to L/,
which subsequently annihilate with the population of L’ resulting in observable
signals. This scenario is illustrated schematically in Figure 4.2, This is inspired
by proton decay due to GUT scale physics [185], inducing a decay p — e* + 7°
which is B and L violating but B — L conserving. The proton lifetime is thus
dependent on the GUT scale, the scale at which B is perturbatively violated,

M4
_GUT (4.9)

" O‘%}Ung .

We expect a similar expression for the lifetime of B’ decaying to L/, dependent on
the scale of B’ violation (to some appropriate power, set by the dimension of the
decay operator).

The case of particular interest is when the decays B’ — L/ + --- (where the
ellipsis denotes additional, relatively light, decay products) are slow, so that this
process occurs after the dark matter has coalesced into galaxies and clusters. If
the decay products acquire too much kinetic energy, they will travel faster than
galactic escape velocity. In this case, as discussed later, they are unlikely to
annihilate on their way out of the galaxy, resulting in either decay-type profiles
or no observable signals. The maximum kinetic energy available is determined by
the mass splitting Am = mp — my,, and a natural way to ensure that the final
velocities are low enough, enabling observable annihilation signals, is to have Am
small relative to the DM mass. Such small mass splittings can arise for instance
through radiative mass splitting between different DM ‘flavours’. We discuss this
constraint more generally in the next section, and outline a model which exhibits

small mass splittings in Appendix [A.9] Additionally, the small mass splitting
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will suppress the B’ decay rate. For example, if the decay is via a dimension-6
operator induced by B’-violating physics at the scale Mps, the lifetime will be

(parametrically)
Mp,

A (4.10)

TR ™~

where « is the coupling associated to the B’-violating physics.

The fact that the B’ decay rate is suppressed (by powers of Am) relative
to symmetry-violating processes at higher energies means that it is necessary to
check that the processes in the early universe do not alter the B’ and L' asymme-
tries in undesirable ways. Indeed, as discussed in Appendix [A.7] if these interac-
tions are in equilibrium after the asymmetries have been established, they force
ngr = —nr, rather than the same-sign asymmetries required for the models dis-
cussed here. Consequently, the asymmetry must be set sufficiently late, such that
these symmetry-violating processes are always out-of-equilibrium. Additionally,
we assume that these asymmetries are set before freeze—outﬂ leading to an upper
limit on I' (equivalently, a lower limit on Am). We shall examine these constraints

shortly and demonstrate that viable models can be constructed.

4.2.2 General constraints and signals

Having introduced the general structure of the models considered, we now examine
the relevant constraints and highlight particular features required for observable
annihilation signals to arise in such models. For a given B’ — L’ + --- decay
rate I', the L’ population builds up (essentially) linearly over time until a sig-
nificant fraction of the B’ have decayed (unless the annihilation cross section is
extremely high, only a small proportion of the L’ population that is regenerated
ever annihilates). This L’ population translates into an upper bound on the L'L’
annihilation cross section from astrophysical indirect detection signals (both late-

time and recombination-time). A lower bound on the annihilation cross section

2The alternative case of the asymmetry being set by decays after freeze-out is potentially
interesting, however we will not examine such models here.
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Figure 4.3: Constraints on B’ — L/ + --- decay rate I' and L'L’ annihilation cross
section og, with my, = 10 GeV, assuming annihilation to muons. The perturbativity

bound corresponds to the model of Section where L'L’ annihilate into a pair of
hidden sector vector particles, which then decay to the SM. Here, tg is the current
age of the universe. The relic annihilation bound corresponds to the annihilation cross-
section needed to annihilate all but 1 percent of the symmetric component, i.e. to obtain
Too = Zg < 0.01. The CMB bound corresponds to the limit on energy injection from
L'L’ annihilation derived from CMB perturbations [17] 129, 182-184], while the gamma-
ray bound is derived from FERMI observations [I86] (assuming an NFW profile for
the DM halo). We assume that the L’ injection velocity is small enough that the L/
distribution is similar to the L’ one for the purposes of the gamma-ray constraints; we
use the FERMI diffuse observations rather than the galactic centre observations, which

would be less robust to profile modifications (see Section {4.2.3)).
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comes from the requirement that the relic symmetric component is sufficiently de-
pleted due to annihilations in the early universe. Further, demanding perturbative
couplings places an additional upper bound on the cross sections.

These constraints fit together as illustrated in Figure [£.3] which shows the
allowed regions in terms of the (velocity independent) annihilation cross-section
(ov) = 09, and the B’ — L/ +- - - decay rate I. The indirect detection constraints
will depend on the DM mass (which sets the number density, and energy injection
from annihilation), and on the annihilation channel (here, we show annihilation to
muons — alternative channels will generally improve the CMB bounds by a factor
of less than 3, and the gamma-ray bounds by less than a factor 10). The per-
turbativity bound corresponds to a particular choice of model (see Section ,
while the relic annihilation bound is weakly dependent on the DM mass. We ob-
serve that there is a significant amount of parameter space in which viable models
can implemented. The potential signal region is the area close to the current
gamma-ray limits, which can be probed by current and future experiments. Also,
it can be seen that relatively slow decays are required to evade CMB limits. If

I'ty > tctISIB ~ 4 x 10* (where t; is the current age of the universe, and tcyp is the

age at the recombination era), corresponding to the region at the far right of the
diagram, then there is typically no allowed parameter space.

A further possible constraint arises from DM self-scattering bounds (see e.g. [I87-
190]). The relationship between the annihilation cross section and the self-scattering
cross-section is model-dependent, so may or may not introduce constraints within
the perturbative region. In the model with a light hidden sector mediator con-
sidered in Section the scattering cross section can be sufficiently large to
introduce limits. If we drop the assumption of perturbativity, then since the
self-scattering cross section will generally be comparable to or larger than the
annihilation cross section, we obtain an upper bound on oy of at most around

0.04 barn x 72*%. This is low enough that, if the L’ is ejected from the galaxy,

only a small fraction of it will annihilate on the way out — consequently, the spa-
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tial distribution of annihilations will be approximately o ny/, so will resemble a
decay profile. Thus, large annihilation cross sections do not remove the need for a
small velocity kick if we want to generate an annihilation-type gamma-ray profile.

As we will discuss in Section [£.2.4], some model-building is required to make
sure that direct constraints (from collider and direct-detection experiments) do not
place strong upper bounds on oy. For DM-SM interactions via contact operators,
these bounds are generally (for mpy < 30 GeV) below the lower bound from
relic annihilation, so would leave no allowed parameter space. Figure 4.3 can be
thought of as corresponding to the model of Section , where L'L/ annihilate to
a pair of hidden sector particles, which then decay to the SM. In this case, direct

constraints can be largely evaded.

4.2.3 B’-L' mass splitting and L’ distribution

Unless the velocity of the decay-produced L’ is low enough, these states will
be ejected from the galaxy, and not sufficiently concentrated to give detectable
annihilation-type signals. The escape velocity for the Milky Way is ~ 500 kms™!,
so the fractional B’-L' mass splitting (assuming two-body decay, with the other

product having much smaller mass) should satisfy

A 500 km s~
no< M5~ 2x1073. (4.11)

mr, C

For mass splittings much smaller than this, the B’-to-L’ velocity change will be
small compared to the velocity dispersion of the B’, so the distribution of the L’
will be close to that of the B’, and annihilation signals will have the standard
o n%, profile. However, for intermediate mass splittings, the extra velocity will

be significant, and will result in an altered distribution for the ? Qualitatively,

3As relaxation times for galaxies such as the Milky Way are large enough that stellar en-
counters are generally unimportant [I69], the extra energy will not be removed by gravitational
interactions. Also, the bounds on DM self-scattering [I87HI90] mean that a given particle can
interact at most a few times over galactic timescales, so it is only at the upper end of the allowed
scattering cross section region that appreciable energy is lost this way. Such large self-scattering
cross-sections also have consequences for the dominant component of the DM distribution (push-
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the distribution will be ‘puffed out’, with clumpiness being smoothed out and,
moreover, systems with low escape velocities (e.g. dwarf galaxies) will not develop
a bound population of L’ states.

Going beyond the two-body decay case, we will obtain a distribution of L/
velocity kicks, so some fraction of the L will be given higher-than-escape velocities.
However, in general it is still the case that, as long as the other final or intermediate
states do not have masses close to Am, very few of the L’ end up with significantly
smaller velocities than Am/my,. For example, if Am = 0.1m/, then the fraction
of the L’ getting velocity kicks of less than 2 x 1073 is generally smaller than
5 x 107 (see Appendix for details). So, in the absence of other ‘coincidences’
assuring a small velocity kick, a small mass splitting is needed to obtain significant
L’ bound populations. As discussed in Appendix , instead of tuning the B’
and L’ masses to be close to each other, we could also tune the masses of the other
decay products or intermediate states; however, a small mass splitting is more
natural in many model-building contexts.

Quantitatively, Figure shows an approximation to the L’ profiles obtained
for different injection velocities, starting from an NFW-type B’ profile. As de-
scribed in Section |4.1] we calculate these by convolving the initial DM phase-space
distribution function with a velocity-kick kernel, then reparameterising to find the
new steady-state distribution function, and integrating over this to find the new
spatial number density. We see, as expected, that the deviation from the dis-
tribution of the parent particle is small for injection velocities smaller than the
B’ velocity dispersion, with the profile being flattened out for larger v;. For the
example in Figure the profiles of states produced with v < 50 km s~ remain
approximately NFW and for increasing injection energies the profiles are smooth
deformations away from the profile of the parent particle. In Section [4.2.7] we
study the effect of this on the observed annihilation profile and the compatibility

with tentative signals that may have recently been observed.

ing the halo towards isothermality), and we will not consider the details of such models here.
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Figure 4.4: Constraints on the B’ — L/ +--- decay rate I' (compared to the age of the
universe tg) from X-ray observations, for mp = 10 GeV, assuming that all decays are
B’ — L’ + vy and that the DM profile is NFW; constraints from the HEAO-1 (blue),
INTEGRAL (red), and COMPTEL (yellow) experiments [I127] are shown. The green
region corresponds to velocity kicks (assuming v; &~ Am/mp/) ruled out by structure
formation constraints [30, 31]. The region above the dotted line is not viable in the
model of Appendix since B and L’ violating interactions stay in equilibrium until
T < 50GeV (see Appendix .

There is also the possibility of indirect signals from the B’ — L/ + --- decays
themselves, if the other decay products include SM states [191]. In Figure we
show conservative (‘worst-case’) constraints on the decay rate in this scenario; we
assume that all decays proceed via B’ — L’ + 77, producing a sharp spectrum
of photons and maximising the detectability of the signal. Note that, since the
bounds from decays to electrons are at most a factor of around 100 worse than
from those to photons [I91], then in the absence of a small (< 0.1 MeV) mass
splitting, if annihilation signals are to dominate over decays it is a requirement
that most of the energy from decays is dumped into other hidden sector states
(or into neutrinos). Otherwise, since only a small proportion of the emitted L/
have annihilated by the present day, the SM states emitted in every decay will
be a stronger signal. This can impose an extra constraint on our model building
from the requirement of having additional light stable hidden sector states, and
ensuring these have sufficiently small relic abundance. Such light states can arise
through small Dirac or Majorana masses, or as pseudo-Goldstone bosons.

If the B’ lifetime is not much longer than the age of the universe, then suf-
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ficiently large velocity kicks from its decay can affect the structure formation
process. The strongest constraints on small velocity kicks (v; < 100kms™!) come
from their effect on the population of Milky Way satellite galaxies [30} B1]. Such
constraints depend on modelling of the highly non-linear regime of structure for-
mation, but constraints from Lyman-a observations (which probe much earlier
times) are almost as limiting [32]. Figure shows the galactic bounds in the
(Am,T") plane (assuming vy = Am/mp).

As commented on in the previous section, the requirement that the asymme-
tries in B’ and L’ are not disrupted through symmetry-violating processes in the
early universe places a lower bound on Am (equivalently, an upper bound on T').
In Figure [4.4 we also show the approximate bound from requiring that symmetry-
violating interactions decouple sufficiently early, as discussed in Appendix [A.7]
The mass splittings in Figure [4.4] are related to the velocity kicks, e.g. as studied
in Figure by equation (4.11f). For example, taking mp = 10 GeV, the value
used in the figure, Am ~ 2 MeV (7.2 MeV) corresponds to a velocity kick in
the region of v = 54 km s™' (218 km s™!). We can see that there is a significant
allowed region for all cosmologically-slow decay rates and mass splittings in the
range of interest. However, in combination with the velocity kick bounds described
in the previous paragraph, cosmologically early decays are generally excluded, in-

dependently from the previously mentioned direct detection bounds.

4.2.4 Direct and indirect detection

In addition to the gamma ray constraints arising from late-time annihilations,
there is also the prospect of signals coming from annihilation products in charged
cosmic rays (for the low DM mass range we consider, annihilations into neutrinos

will generally be beyond the reach of near-term experimentﬁ). DM annihilation

41f the DM is sufficiently strongly self-interacting, and has some scattering cross-section with
nuclei, there is the possibility of building up a large population within the Sun, annihilations
within which may be detectable by neutrino observatories [165, 192]. Up to some threshold,
lower annihilation rates will actually increase this signal (by allowing a larger equilibrium DM
population in the Sun), so such signals could arise for decay rates much slower than the age of
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into quarks results in cosmic ray antiprotons, the population of which has been
measured by the PAMELA experiment (and will also be measured by AMS-02)
[193]. Since antiprotons are charged particles, whose trajectories are affected by
galactic magnetic fields, their direction of arrival is not simply related to the
location of their source, and very little can be inferred about the galactic DM
distribution from such measurements. In addition, there is a considerable degree
of uncertainty as to exactly how this propagation through the galaxy occurs, and
different models result in significantly different derived constraints on DM anni-
hilation rates [194]. Figure illustrates how the antiproton limits compare to
those from gamma-ray observations, under three different propagation scenarios
(MIN/MED/MAX) that are standard in the literature, see e.g. [193]. The limits
range from significantly less constraining than those from gamma-rays, to very
significantly more so. Consequently, depending on the true propagation, it is pos-
sible that annihilation signals may first be observed in either antiprotons or photon
signals.

Similar considerations apply to cosmic ray positrons, which are produced by
annihilation into leptons (and also by annihilation to electroweak gauge bosons).
For annihilation into electrons or muons, the constraints on the DM annihila-
tion cross section from positron observations (for mpy < 100 GeV) are generally
significantly stronger than those from gamma-ray observations (see e.g. Figure 3
of [195]) and CMB perturbations. For annihilation to taus, the constraints are
comparable.

In addition to the limits from indirect detection, models of ADM are con-
strained by direct detection experiments and collider searches for events with
missing energy. Specifically, in order for a particle asymmetry to set the relic
density, and thus to obtain ADM, the symmetric component must annihilate ef-
ficiently (with a cross section larger than that required for symmetric freeze-out)

and since these couplings also set the production and scattering cross sections this

the universe.
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Figure 4.5: Limits on symmetric DM annihilation cross section to bb from (blue, red,
yellow) PAMELA cosmic ray antiproton measurements [193], under different assump-
tions with respect to propagation of charged particles through the galaxy. The MIN,
MED, MAX scenarios correspond to models giving the minimal, median and maximal
DM antiproton flux consistent with cosmic ray observations [196]. FERMI gamma-ray
constraints are in green [I86]. (Note that the PAMELA bounds correspond to assuming
that the DM halo has an Einasto density profile, while the FERMI bounds assume a
NFW profile; however, the difference will be minor [194].)

can lead to tension with experimental searches. In particular, if the annihilation
of the symmetric component is directly to SM states and can be described via con-
tact operators (i.e. from integrating-out some heavy mediator) then this generally

results in fairly strong constraints:

e Annihilation via contact operators involving SM quarks was studied in [114]
(see also [IT1]). It was argued that direct detection experiments and LHC
monojet limits typically exclude such models of ADM with minimal flavour

structure for mpy < 100 GeV.

e LEP searches for mono-photon events [179] constrain couplings between DM
and electrons. For universal couplings of DM to charged leptons they exclude
the ADM parameter region for mpy S 30 GeV. Preferential annihilation to
p or 7 leptons is not constrained. Direct detection experiments [197] extend

this exclusion to multi-TeV masses.

e Ref. [I80] considered the limits from collider observations of DM interactions

with electroweak gauge bosons, excluding ADM models for mpy < 40 GeV.
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These collider limits can be circumvented if the model features a ‘light” mediator
state [114], 163, 198, 199] (relative to collider energies i.e. < 100 GeV for LHC
searches). In the remainder of Section , we study two illustrative examples
in which we can build perturbative models that significantly alleviate these con-

straints:

e Annihilation of the symmetric component to (on-shell) metastable vector
boson L'’ — VV, with V subsequently decaying to SM states (similar

to [200]).

e Annihilation via the s-channel process L'L’ — ¢ — SM involving a pseu-
doscalar mediator ¢, with mg ~ 2m, such that the cross section is resonantly

enhanced, cf. [114].

4.2.5 Annihilation via L'l — VV

Let us consider the case where L’ is a fermion and there is a hidden sector vector
boson V' which acts as a mediator state. For my < my,, annihilation to a pair of
on-shell vectors is possible, L'L’ — V'V, and if V has a small coupling to the SM,
this channel will dominate. As an explicit example of this scenario, we consider

the following interaction
LD XLV, + By*B'V,) | (4.12)

with V' subsequently decaying to light SM states. In Figure we illustrate how
the constraints on A\ vary with my, for my, ~ 10 GeV and assuming that V' decays
dominantly to muon pairs (this assumption is for ease of comparison to experi-
mental constraints). We assume here that the V' lifetime is short enough that it

does not travel an astronomically significant distance before decaying — if it is

>The simple alternative with a scalar mediator ¢ (and L’ a fermion) is not viable, as in this
case the annihilation channel L'L’ — ¢¢ is suppressed by v2. Whilst the symmetric component
can be regenerated through early decays without conflict with CMB observables, as the DM
velocity in the galaxy is around 1073, observably high galactic annihilation rates cannot be
obtained for perturbative couplings in this model.
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Figure 4.6: Constraints on A\ for m;, = 10 GeV, with V decaying to u*p~. The red
curve corresponds to the lower limit on my from DM self-scattering [187], the blue curve
shows the lower limit on A required for 7o, < 0.01 (i.e. for efficient annihilation of the
ADM symmetric component), the dashed black curve shows the upper bound on A from
FERMI gamma-ray bounds assuming that all of the B’ have decayed by the present
time (I'tp > 1), and the green region shows the gamma-ray bounds for the case where
only a fraction I'tg = 1072 of the B’ have decayed. See Figure for discussion of the
gamma-ray bounds. Decays of V to eTe™ would result in broadly similar gamma-ray
constraints, and would allow my down to the self-scattering bound (note that, close to
the self-scattering bound, the gamma-ray limits would be altered, since the assumption
of a NFW halo is not self-consistent here [I87-I190]).

longer lived, then the drift of the V from the annihilation point can modify the
observed profile, as discussed in [201] (though in that case, we would need to worry
about its relic abundance and decays in the early universe). The cascade struc-
ture of the annihilation means that the resulting gamma-ray spectrum is softer
than that arising from direct annihilations to muons [202] (as taken into account
approximately in Figure , but since the low-energy part of the spectrum is
important in setting bounds on the annihilation rate at DM masses this low [186],
this does not affect the constraints very significantly. Note that V' exchange con-
tributes to DM-DM scattering and, since the self-scattering cross section increases
with decreasing my, limits on the DM self-interaction [187] (see also [188-190])
give a lower bound on my, as indicated in Figure [4.6, Further constraints on
this example are encapsulated in Figure [£.3} for the models shown the decays are
cosmologically slow in order to evade CMB bounds. Notably, for a wide range of
decay rates and mediator masses, models consistent with experimental constraints

exist.
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If my is sufficiently small, then the long-range V' exchange between L’ and
L’ can give rise to Sommerfeld-type low-velocity enhancement of the annihilation
rate. However, the lower limit on my from self-scattering implies that this is
not significant here. Also, as discussed in Section [£.2.3] DM self-scattering cross
sections near to the observational limit (as sometimes invoked to solve problems
with small-scale structure formation [203]) have consequences for the shape of the

DM halo, though we do not consider the details here.

4.2.6 Annihilation via L'l — ¢ — SM

We now turn to the second model, in which L'L’ annihilation proceeds through
the s-channel exchange of a mediator ¢, where my is close to resonance. For the
case where my > my,, the L' L’ annihilations cannot produce on-shell ¢ pairs and
rather proceed directly to SM states via a ¢-mediator. Since we expect L' to be
roughly GeV or greater, the DM-proton scattering cross section is well described
by an effective operator and if ¢ is a scalar or a vector, coupling to quarks, then
large regions of parameter space are excluded by direct detection experiments,
see [1 14]E| Whilst the effective theory is valid for DM-proton scattering, kinematic
effects can be important to the annihilation process and can potentially lead to
regions of parameter space which are not excluded by direct searches, as we discuss
below.

Given ¢-DM and ¢-SM couplings, the L'L/ — SM annihilation cross section is
dramatically increased if m, ~ 2my,, such that the s-channel annihilation is close
to resonance. This does not make the direct search constraints tighter, so gives us
more parameter space for the model. In particular, if m, is slightly above 2m,,,
then at higher temperatures the thermal averaging samples more of the resonance
peak, increasing the annihilation cross section. Effectively an enhancement of (ov)

at high temperatures occurs, as required for the early-decay case to be viable.

SMore complicated portal interactions can alleviate some direct detection constraints, see
e.g. [204H207].
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To illustrate the allowed parameter space around the resonance region, we

consider an explicit model with a pseudoscalar ¢ coupling to quarks via
— m
LD iNgDNL Nyg—2 637 - 4.13
iINGLTy +;z Yo 90" (4.13)

Figure 4.7| shows the constraints in the (mg, A) plane for X' = 0.14 (the behaviour
is mostly dependent on AN, so we only plot variation with \). As discussed above,
there is a strong distinction between m, just above vs below 2my/,. Above, the
enhancement of the annihilation cross section with temperature means that there
is a large allowed region between the couplings necessary for relic annihilation and
those ruled out by astrophysical constraints. For m, < 2my,, on the other hand,
higher collision energies result in ¢ being more off-shell. Consequently, in this
region, the relic annihilation constraint rules out everything until \ is very large.

The figure shows the strongest bounds, when the decays are early enough to
maximise the limits from both CMB and galactic timescales. Since this still leads
to viable parameter space, early decays are permitted (unlike the previous models,
which as seen in Figure are very constrained if there are early decays). Note
that, as we increase the decay time past recombination time, the CMB limits
become less constraining relative to the gamma-ray bounds (cf. Figure 4.3), so
(depending on assumptions about antiproton propagation, cf. Fig there is a
large parameter space in which gamma-ray signals may realistically be seen before

other signals.

4.2.7 Tentative signals and morphology

Recently, there have been suggestions [209] (see also [210-214]) of a gamma-ray
excess from the galactic centre and its vicinity, compatible with DM of mass ~
10 GeV DM (approximately NFW-profile) annihilating to leptons (with (ov) ~
2 x 107*cm?®s™!) or with ~ 50 GeV DM annihilating to quarks (with (ov) ~

8 x 107*cm3s™!). Both models discussed above can reproduce a signal of this
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Figure 4.7: Constraints on A for my, = 10 GeV, for coupling to quarks as described
in section m The blue curve shows the lower limit on A required for ro, < 0.05 (i.e.
for efficient annihilation of the ADM symmetric component), and the green region is
excluded by gamma-ray bounds (see Figure for details), assuming that all of the B’
have decayed by the present time. The black dotted curve shows the exclusion bound
from CMB perturbations, assuming that all of the B’ have decayed by recombination
time. The relic abundance and annihilation cross-section calculations were carried out
using the micrOMEGAs package [208].

kind, but only with a sufficiently small B’-L’ mass splitting such that the L’
profile remains sharply peaked towards the galactic centre. It was claimed in [209]
that, for symmetric annihilating DM, the signal is fit well by a generalised NFW
type profile with shape parameter v ~ 1.2, and with some systematic uncertainty
possibly allowing 7 to vary around this value to a maximum of ~ 2 (see also [215]).

Figure shows the profile shapes resulting from different B’ — L/ + ---
injection velocities, starting from a NFW-type (v = 1.2) B’ profile. These are
calculated as described in Section [4.1] utilising the properties of the steady-state
DM phase space distribution function. As it illustrates, we need v; < 120 kms™!
to match a symmetric annihilation signal with 1.1 < v < 1.3, corresponding to a
fractional B’-L' mass splitting of < 4 x 107* (subject to the caveats mentioned in
Section and Appendix . If the mass splitting is not much smaller than
this limit, then the DM gamma-ray signals from structures with lower velocity
dispersions than the galaxy will be modified compared to what we expect from
standard annihilating symmetric DM. At present, the nature of these structures

(e.g. DM clumps in the galactic halo) is poorly constrained, so it is hard to
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Figure 4.8: Left: The py/ py; profile for different L' and L’ profiles (in arbitrary units,
normalised to a common value at 7 = 1074e,, Where a distance of rqeg above the galactic
centre corresponds to b = 1°). The blue dots indicate the v = 1.2 L’ profile, and a
L’ profile obtained by starting with a NFW ~ = 1.2 profile and applying a velocity
kick of 1 kms™'. The red and yellow dots correspond to the same situation, but with
velocity kicks of 76 kms™! and 163 kms™! respectively. The shaded region corresponds to
generalised NFW profiles (for L’ and L’) with 1.1 < v < 1.3 required to best match the
apparent gamma-ray excesses near the galactic centre [209]. Right: For a given model
the signal size is determined by the integral J(0) = [ dlprpr along the line-of-sight as a
function of angle from galactic centre. Colours and shading as in left panel.

pick out any definite differences, but since the escape velocity for most dwarf
galaxies is below ~ 50 kms™! [216], and the velocity dispersion is ~ 10 kms™! [217],
if v; is high enough then we will almost completely suppress the annihilation
signal from dwarf galaxies due to most of the L’ population escaping. It is not
obvious whether, once astrophysical uncertainties are taken into account, near-
term gamma-ray observations of dwarf galaxies will be able to place constraints
on such low DM annihilation cross section [218-220][]

In addition to the modified L’ distribution in space, the main possibly-observable
difference from a standard annihilating symmetric DM scenario is the change in
L’ population over time. However, due to the small (symmetric) annihilation
cross section required to match the signal, the effect on the CMB from symmetric
annihilations would be below cosmic variance [129] [I82HI84], so it would not be
possible to detect the difference between this and a smaller effect in the L’ case.

This is not a completely general statement — there do exist viable symmetric

"However, there are current suggestions that a small gamma-ray excess seen from the Retic-
ulum IT dwarf galaxy could, assuming suitable DM properties for that galaxy, correspond to the
galactic centre excess [221I] — futher FERMI observations should clarify this.
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DM models which have observable annihilation effects on the CMB, and in these
cases the late-decay ADM model would make different predictions. Also note that
possible collider signals of an ADM model may differ from those of a symmetric

DM model (though in neither case are we guaranteed to have such signals, e.g. the

models of Section in our case, and the symmetric model of [222]).

4.3 Summary

This Chapter has presented an approximate method of computing the modifica-
tions to DM halo distributions arising from non-relativistic velocity kicks (in a
static gravitational potential), and as an example application of this, has outlined
a new class of ADM models in which annihilation signals are generated. In par-
ticular, we discussed a scenario involving two states B’, L’ with comparable relic
densities, stabilised by two different approximately conserved quantum numbers.
Subsequently, processes which violate these approximate symmetries lead to de-
cays of the heavier state B’, regenerating the symmetric component of the lighter
species L'. This allows for the prospect of observable indirect detection signals
with annihilation-like profiles via L’L’ annihilations.

One of the principal model-building challenges for producing observable signals
in this manner is that, unless the mass splitting between B’ and L’ is small, most
of the L’ generated via B’ decays are immediately ejected from the galaxy and do
not give rise to annihilation-type signals. The desire for observable annihilation
signals constrains the parameter space of the model, as discussed in Section
and illustrated in Figure 4.3 Moreover, if the mass splitting is moderate then
the symmetric component of L' may escape galactic structures with low escape
velocities. Thus a distinctive signature of this class of models is that annihilation
signals could be observed in our galaxy and conspicuous by their absence in dwarf
galaxies.

There is a range of further experimental constraints on these models both from
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direct and indirect probes, as encapsulated in Figs. [4.3] .4 and In order to
evade the strong direct detection bounds we studied two particular scenarios: in
the first case annihilations occur on resonance, and in the second the DM anni-
hilates to pairs of meta-stable hidden sector states. We highlighted the prospect
for indirect detection signals in the near future — see for instance Figs. and
— and commented on tentative signals of DM annihilations near the galactic
centre [209-214] in Section [4.2.7]

To conclude, we find that whilst models of low-mass ADM with a symmetric
component regenerated by decays can produce observable annihilation signals, and
satisfy the various experimental bounds, these models are typically required to
possess some specific properties and thus exhibit some predictive features. Several
experiments have hinted at the possibility of DM in the 1 GeV to 50 GeV range,
both direct detection [223, 224] and indirect signals of DM annihilation [209-214].
If experimental evidence were to point towards annihilation-type signals consistent
with light DM, annihilation cross sections differing from the thermal freeze-out
value, and a lack of signals from low-escape-velocity structures, these would be

suggestive of the kind of models we have discussed.
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CHAPTER 5

Conclusions

As discussed in Chapter [I] there are many strands of astrophysical and cosmo-
logical evidence that, taken together, cannot be explained by the Standard Model
alone, but fall neatly in place on the assumption that there exists some new form
of matter, which interacts only weakly with the SM, but accounts for 5 times the
mass. The nature and origin of this ‘dark matter’ is one of the central mysteries
of fundamental physics — as emphasised in Chapter [I, there are many possible
models for its microphysics and history, and distinguishing between these will re-
quire further experimental evidence. However, recent and near-future experiments
have the ability to probe some of the predictions of theoretically well-motivated
dark matter candidates. In this Chapter, we will review the status and prospects
of some of the experimental areas that constrain DM candidates, primarly fo-
cussing on how they relate to the simplest thermal dark matter scenarios, and on
how the kinds of models we have considered in previous chapters can affect such
observations and the relationships between them.

Couplings between dark matter and the SM often imply signals in more than
one type of experiment — as per the standard ‘complementarity’ diagram, Fig-
ure , a given DM-SM coupling has consequences for DM-SM scattering (direct
detection experiments, astrophysical capture, etc.), for DM annihilation (in the

early universe, or at later times), and for DM production in initially-SM-only pro-
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Figure 5.1: Schematic representation of how interactions between DM states X and
SM states can lead to signals in different types of experiments.

cesses (such as at colliders, or astrophysically). If we try to assume the ‘simplest’
scenario, in which the coupling is contact-like at all scales involved, without non-
minimal flavour structure, and the cosmological abundance is set by freeze-out
from the SM thermal bath, then these three types of constraints are all at the
stage of ruling out DM masses below a few tens of GeV. The next obvious step is
to consider coupling via SM mediators — the Weakly Interacting Massive Particle
scenario — for which there is more parameter space available, but much of which
should be within the reach of medium-term experiments[| Beyond that, one can
introduce extra light states into the theory, which affect the momentum depedence
of cross sections, and open up additional channels in annihilations.

The DM models that we considered in Chapters 2, 3 and 4 highlight further
possible modifications. The coherent enhancement of DM-SM scattering rates
arising from the large composite states of Chapters 2] and [3| can suppress collider
signals relative to direct detection rates, as well as introducing characteristic mod-
ifications to direct detection signals. In the model of Chapter [ the regeneration
of a small symmetric component from initially asymmetric DM allows astrophysi-
cal annihilation signals which are decoupled from the standard symmetric thermal
freeze-out cross section, and can also change the relationship between astrophysical

signals from different eras and targets.

LCouplings to only the Z boson imply a direct link between freeze-out annihilations and direct
detection scatterings, with the latter required to be much more frequent than observed. However,
couplings to the Higgs, which has small interactions with the u and d quarks, or to W, where
scattering is loop-suppressed, can decrease the direct detection rate for a given annihilation cross
section, rendering such scenarios currently safe, but potentially within the reach of medium-term
experiments [225], [226].
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Experimentally, each of the three areas will see significant improvements in
the coming years. Direct detection experiments have perhaps the most impressive
roadmap, summarised in Figure [5.2] which shows how experiments planned for
within the next 5 years should improve today’s upper bounds on DM-SM cross
sections by over 100 times over a large mass range, covering large portions of the
WIMP parameter space. The figure also illustrates how, beyond that generation
of experiments, the flux of neutrinos from the atmosphere, from supernovae, and
from the Sun will start to impose a background floor on the event rate. Directional
detection methods could potentially resolve this degeneracy [227], but involve am-
bitious, as-yet-untested technologies.

Turning to astrophysical observations, for both annihilating DM (with standard
velocity dependence) and decaying DM, the strongest constraints come from the
recombination era, as measured via the CMB, and from present-day cosmic ray
observations. The Planck satellite recently improved the constraints on ionising
energy injection at the recombination era, as shown in Figure |5.3 For simple
symmetric DM scenarios, these rule out thermal DM below masses of ~ 10 GeV.
Future satellite proposals (e.g. CMBPol [230]) would essentially be able to reach
the cosmic variance limit, raising this limit to ~ 50 GeV.

While effects on the CMB basically just depend on the total energy injection,
and its average ionising efficiency, cosmic ray constraints depend significantly on
the specifics of the injection. Taking the example of gamma rays, the most sensitive
constraints at energies below ~ TeV come from the FERMI satellite. Figure
shows recent limits, from 6 years of FERMI data, on the gamma-ray emission from
Milky Way dwarf galaxies, interpreted as a constraint on the annihilation of DM
to bb quarks. These limits rely on assumptions about the DM profile shape in such
systems — the figure assumes NFW profiles, which as discussed in Section [1.1.5
are possibly too centrally concentrated, so the constraints should be viewed as
optimistic. However, even the constraints from the Milky Way halo, for which the

distribution is less uncertain, rule out symmetric thermal DM of this kind below
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Figure 5.2: Limits on WIMP-nucleon spin-independent cross sections from current and
near-future direct detection experiments — figure reproduced from [228]. The green area
is ruled out by experiments up to 2013 — since then, LUX has reported results consistent
with no DM signal, expanding the excluded region [229]. Coloured regions within this
area are reported signals which conflict with other reported exclusions.
band indicates the approximate level at which the background from solar, atmospheric,
and supernovae neutrinos will start to degrade direct detection sensitivity. The light
shaded ovals show approximate expected signal regions in various theoretical models, as

indicated at the bottom left.
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~ 20 GeV. Future observations will, especially in low-background systems such as
dwarf galaxies, be able to probe to even lower cross sections.

Cosmic ray signals from charged particles have their directional information
affected by galactic magnetic fields, so do not allow specific targets to be picked
out, and generally suffer from more uncertain astrophysical backgrounds than in
gamma rays. However, there is still the prospect that interesting spectral features
may be observed in experiments such as AMS-02 and follow-ons (see e.g. [231]).

With the recent observation of extra-solar neutrinos by the IceCube exper-
iment [232, 233], an additional window into the high-energy universe has been
opened up. While events rates are at present low, future upgrades should im-
prove this [234], and in many models, neutrinos provide a very useful probe of DM
annihilations or decays, especially for larger DM masses [235].

Generally, astrophysical energy injection constraints are relevant to standard
asymmetric DM scenarios only through bounding the DM decay rate. However,
the previous Chapters have illustrated how, in dark sectors with extra structure,
annihilation-type signals could arise in ADM models, either through the regenera-
tion of a symmetric component (Chapter|4]), or through inelastic DM-DM collisions
(Chapter [2)). This would change the link between the freeze-out annihilation cross
section and late-time event rates, as well as potentially altering the temporal,
spatial and spectral properties of such signals.

The constraints from collider experiments are more model-dependent than
those obtained from direct detection experiments or astrophysical observations.
At the high energy frontier, the LHC second run will soon begin, and should ex-
tend the constraints on many electroweak scale DM candidates significantly (see
e.g. [236]). In addition to these constraints on more massive particles, there is
also the prospect of high-luminosity, lower-energy experiments giving better con-
straints on lighter, weakly coupled particles, as reviewed in [237]. Such states act as
DM-SM mediators in many models of lighter DM (relevant to the models of Chap-

ter 4)), and may also be expected in dark sector models featuring self-interactions,
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Figure 5.3: Constraints on dark matter annihilation, from energy injection during the
recombination era as measured by the Planck satellite via the CMB — figure produced
from [I7]. The quantity constrained is feg(ov), where fog is the ionising efficiency of
energy injection from annihilations. The blue area is excluded (at 95% CL) by Planck
measurements. The green dotted curve is the best possible bound that could be obtained
from CMB measurements (the ‘cosmic variance’ limit). The red band shows the range
of fefr(ow) corresponding to different annihilation channels, for cross sections giving the
correct relic abundance from symmetric freeze-out (Section [1.2.3). For further details,

see [17].
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Figure 5.4: Constraints on gamma ray emissions from dark matter annihilation to
bb quarks from the FERMI satellite — figure reproduced from [220]. The solid black
curve is the limit from observations of dwarf spheroidal galaxies, assuming that these
have NFW dark matter profiles. The solid grey curve is the limit from diffuse Milky
Way halo emissions [186], while the dashed grey curve is the annihilation cross section
corresponding to symmetric freeze-out with the correct relic abundance (Section .
Curves at upper right are constraints from ground-based atmospheric Cherenkov detec-
tors, and horizontal dotted line is annihilation cross section giving correct relic density
from symmetric freeze-out. For more details, see [220)].

as discussed in Chapter 2] In particular, as emphasised above and in Section [4.2.4]
asymmetric DM models either need to annihilate away their symmetric abundance
to the SM, which for light (< 100 GeV) DM cannot occur through contact interac-
tions without non-minimal flavour structure, or annihilate into/via lighter hidden
sector states. These must either decay or annihilate into the SM, or imply the
existence of extra light dark species through to the present day (cf. Section .
Thus, constraints on light, weakly coupled states are very useful for constraining
DM models.

Light mediators are one way of modifying the relationship between low-momentum-
transfer processes, such as direct detection scatterings, on the one hand, and pro-
cesses such as particle annihilation or creation, on the other. Chapters [2 and
present another, in the form of coherent enhancement of scattering from large com-
posite DM states, with its accompanying momentum-dependent form factors. As

outlined, this can enhance direct detection event rates relative to collider rates by a
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factor of up to A, the compositeness number of the DM state, while the extended
dark sector required to bind together the composite states can provide natural
candidates for the lighter states required to annihilate away the early-universe
symmetric abundance.

There are, of course, many other ways in which dark matter could depart from
simple thermal models. In particular, its cosmological history and experimental
signatures could be drastically different, as for e.g. axion-like particles. With many
reasonably well-motivated DM candidates, it is clearly important to look for dark
matter in as many ways as possible. However, with multiple lines of experimental
evidence converging to narrow down the parameter space for simple models of
thermal DM, understanding how extra structure in the dark sector — motivated
from a number of theoretical directions — could change observable phenomenology
in generic ways, may help in understanding the implications of both null results
and any future detections.

It is an exciting time in the experimental hunt for dark matter. While there
are no guarantees of positive results, new areas of model space are being probed
at a rapid pace. Whatever the results, we will learn more about what makes up
our universe, hopefully taking us further down the path towards understanding

physics beyond the Standard Model.
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APPENDICES

A.1 Transition from equilibrium to aggregation

In chemical equilibrium, detailed balance for the k + (A — k) <+ A process implies

that

L assea-myfia = (00) (k,a-r)—ATkTia-k (A1)

where the 7y are the equilibrium number densities, I'4_x,4-¢) is the rate of
A — (k, A — k) dissociations for a single A-DN (in general, this depends on the
abundances and velocities of other species), and (ov)(x a-k)—a is the thermally
averaged fusion cross section (we assume, as is almost always the case, that mean
free paths are long enough so that velocity rather than diffusivity is important).
If we assume that the fission rate is purely determined by the temperature, then
when we are in kinetic equilibrium at (non-equilibrium) number densities ny, etc.,

r= <av>ﬁkﬁ’4_k . (A.2)

na

This assumption about the fission rate will be violated if DN-DN collisions often
lead to ‘prompt’ fragmentations, rather than either elastic scatterings, or inelastic
collisions that result in a thermally-equilibrated excited state (c.f. the ‘compound
nucleus’ model for SM nuclear collisions [I19]). The same is true for DN collisions

with other baths that do not have their chemical equilibrium abundance.
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Assuming ideal gas behaviour, the equilibrium number densities are related by

~ 2 3/2

na _ ga ( 21 ma ) e(mk+mA—k_mA)/T 7 (A3)
na—k  grga—k \maT mypma_g

where gj is the number of effective degrees of freedom of k-DN. Writing m; =

km, — By, and assuming that binding energies are a small fraction of the mass,

this is

na ga A 3/2 ( )/
— — ~ A3eBa=Be=Ba-i)/T A4
NA-kT  GkGA—k (k?(A — k)) (A4)

where A = /27 /(m;T).

The overall forward rate for the k + (A — k) <> A process is

<av>nknA_k - FnA = <0v>nkn,4_k (1 - nk,,:LA_k e > . (A5)
na  NEpNa—k
Thus, as long as
NENA_E NENA—E AB/T NaA grkgA—k k(A — k) 32
> — & AleRrBT s ( ) . (A.6)
nA nA Nak  9ga A

dissociations will give only a small correction to the fusion rate. For the 1+1 <> 2
process, we start building up when nA3eP2/T > 1. More generally, if we assume
that typical binding energy differences rise fast enough with size difference (for
example, in a liquid-drop type model B, = ak — Sk*/3, the surface tension term
B gives By — By_y — By, ~ Bk*® for A > k), then if ngA%e®” > 1 (where
ng is the number density of nucleons), the inequality should hold for all of our
fusion processes between k, A — k states with reasonable density, with the possible
exception of anomalously low (or wrong-sign) binding energy differences for small-
number states.

Since ngA® < 1 (the DM is a dilute gas), noA%e®” becomes = 1 at T' < a.

After that, and assuming that _d‘ﬁ)‘;gaT = O(1), we have dlgfogljs ~ &> 1. So, with

the possible exception of small-k Bj. values being much smaller than expected, we

go from being near-equilibrium, to dissociations being very suppressed, in a time
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that is parametrically H *15.

Furthermore, during this time the build-up of DN proceeds at most as quickly
as a fusions-only aggregation process, like that considered in Section As
explained there, in many regimes this progresses fairly uniformly over the first
Hubble time, so a modification to the fusion rates during a small initial fraction

of this time will have a small overall effect on the result.

A.2 Matrix elements for inelastic scattering

Suppose that we have a scattering process in which a state ¢, with initial mo-
mentum k, scatters off a state I with initial momentum p (all non-relativistic),
resulting in final states f and F' with momenta k” and p’ respectively. The matrix

element for this, in the Born approximation, is

A= (£, K F,p'|Hinli, k; I, p) (A.7)
= (f,k; F,ple’ " r—) Hyy i,k 1, p) (A.8)
= /dreiq'r%ﬁs(nv) : (A.9)

where k' — k = p — p’ = q is the momentum transfer, v is the relative velocity
of i and I, and (x;;xp|Hiw|k;p) = (27) *Veg(xy — Xp, v)e®*reP>*F That is,
the matrix element is given, as a function of the momentum transfer q, by the
Fourier transform of a (possibly velocity-dependent) effective potential Vg, whose
form will depend on the interaction Hamiltonian. If the initial or final states have
directional properties (polarisations), Vg may also depend on those.

As discussed in Section the surface modes of an incompressible liquid
drop can be obtained by quantising the classical surface oscillations, in which
the surface is displaced as in equation Classically, for a scalar interaction

between a plane-wave scatterer and the nuclear matter, the Fourier transform of

117



the interaction potential is given by

Flay,) = / d*r "4V, (A.10)
r<R!(0,6)

R/(0,0)
— VO/dQ/ rdr Z(Ql' + 1)i" jy (qr) Py (cosb) | (A.11)
0

l/
where we have taken q to be in the z direction. Recalling the definition of R'(6, ¢)

in equation this integral is clearly zero for m # 0. Expanding to first order

in a given «yg, and eliding Vj,

F(au) = F(0) + Vi / Qoo R* Yio(0) > (20 + 1) ju(qR)Yio(6)  (A.12)

l/

A
5 (21 4+ 1)Y2i'5,(¢R) . (A.13)

7

= F(O) + oo

Treating each mode as a harmonic oscillator, we have &, = ¢,(a; + ELZT), where ¢ is
the dimensionless amplitude from equation m, and d; is the creation operator
for the [,0 mode. So the matrix element between the ground state and the first

excited state is, to first order in ¢, given by

(11| F(&)|0) = %(21 + 1)Y%le15,(qR) (A.14)

Higher phonon number states are associated with further factors of ¢ (for the
appropriate [ numbers), and more factors of ¢R in front of the spherical Bessel
function. For the expansion to make sense, we must have that j;(¢r) varies slowly

over the interval R(1 + ¢), so we need ¢R < 7/€;,. Beyond this approximation,

(WF@0) = [ davi(@)u(a)Fla). (A.15)

where the v, are the oscillator wavefunctions (for a harmonic oscillator, Hermite
polynomials multiplied by an exponential), and F(«) is from equation (note

that the oscillator properties derived in Section [3.2.1] are also to first order in
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€;). In particular, comparing equation to the elastic scattering form factor
3451(qR)/(¢R) from equation [3.2] both scale as Ae} at gR ~ 1/, but the correct
form of the inelastic form factor from equation drops off faster than the
elastic form factor beyond this, since the wavefunction for the surface displacement

integrates over multiple, cancelling, Bessel-function periods.

A.3 High-momentum scattering from large com-
posite states

In this Appendix, we consider the scattering behaviour of large composite states
when the momentum p of the incoming scatterer is such that pR > 1, where R is

the radius of the composite state.

A.3.1 Coherent scattering

Taking the composite state to be much heavier and much larger than the scatter-
ing state, we can approximate the scattering as being against an infinite uniform
medium (assuming that p is small enough that it does not resolve structure on the
scale of individual constituents). Since the collective modes are linearly dispersing,
w = c.k, then by the usual pseudo-momentum and energy conservation consid-
erations, scatterers can only excite these if their velocity relative to the medium
is greater than ¢, (as per superfluids). Putting in some illustrative numbers, the
speed of CNO nuclei inside the Sun is v ~ 3 x 10~*¢, while the speed of sound for
compressional modes of SM-like nuclear matter is around 0.1c.

For a composite state of finite radius, this corresponds to the fact that the
modes of small enough energy to be excited have k < ¢, so the wavefunction
overlap in the form factor is very small (the ¢ wave oscillates much faster than the
k wave, giving a large cancellation). With collective surface modes, as explained
in Appendix for ,gR > 1 there is again a large cancellation.

The above comments assume that the composite state is in its ground state.
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If there is some non-zero occupation number for high-wavenumber modes, then
down-scatterings of these are energetically permitted, and will not suffer from
the cancellation suppression described. We do not consider the case of scatter-
ing against excited states here, assuming that the de-excitation times are much
shorter than the times between composite-SM collisions (for this to be the case,
de-excitation will generally have to be to hidden sector states).

The elastic scattering form factor should fall off at least as fast as (qR)™2.
For thermalisation-type processes, we are most interested in the rate at which
SM scatters exchange energy-momentum with the composite state, which for
dominantly soft scattering will be set parametrically by the momentum trans-
fer cross section oy, = [(1 — cos 0) %2 dQ). Writing %2 = 2 f(¢R)/(qR)*, and using

¢* = 2p*v*(1 — cosf) in the CoM frame,

1 f(gR) o0 [*"dg
tr = = d (1 — 0 —f(qR) . A.16
o 500 / cosf(1 — cosb) /0 (qR) ( )

1
(qR)* 2 (uwR)*
The dimensionless integral on the RHS provides a logarithmic factor A, giving

A A
Oty ™~ WUO = WUQ . (A].?)

Since oy o< A%, we have o, ~ A*3 for A large enough that kR > 1 (with A
changing only logarithmically with kR), as used in Section [3.3.1.2]

The above assumed that the form factor was that appropriate for plane-wave
scattering. If both the composite state and the SM scatterer are more localised
than the size of the composite state, then the wavefunction overlap in the form

factor will not probe the full composite state, giving different results.

A.3.2 Incoherent scattering

As discussed in Section[3.2.1] as well as the collective modes, there may also be low-
lying modes corresponding to the excitation of ‘single constituents’ — in the case

of degenerate fermionic matter, excitations in which particles just below the Fermi
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surface are scattered to just above it. By the usual Fermi-liquid theory, ignoring
interactions and approximating the scattering as occurring from a non-interacting
Fermi gas should provide a good first approximation. Ref. [167] discusses scatter-
ing from a degenerate Fermi gas, finding that the scattering rate for low-energy
scatterers is independent of the Fermi momentum (as can be seen from geometrical
considerations). This can result in large suppression factors compared to the naive
scattering rate given by onv — for scatterers with momentum k£ < pg, and also

low velocity compared to the Fermi velocity, we have an effective suppression (for

4 3
energy transfer rates) of ~ (-2 ;2 where my is the mass of the scatterer
pr ) wmx’ ’

my, is the effective mass of the quasi-particle, and pu = mxm,,/(mx + m,) is the
reduced mass.

Since the cross sections for scattering off single-particle excitations also add
incoherently, o < A, coherent scattering should dominate unless the size of the
state is very large, so that as reviewed in the previous sub-section, the coherent
transfer cross section grows slower than A. Making an estimate for SM-like nu-
clear matter (individual constituents of mass m; = 1GeV, bulk nuclear matter
density p = 1 GeV/ fm?) scattering off solar material, we would need, very roughly,
A > 10%? for incoherent scattering to start dominating the transfer cross section
(corresponding to R 2 40 um). This is well above the size beyond which thermal-
isations were found to be ineffective in Section [3.3.1.2] However, it does illustrate
why, for example, scattering of DM in neutron stars is dominated by incoherent

scattering.

A.4 Statistical identification of rising distribu-
tions

Suppose that we have some (one-dimensional) data points, which we assume are
independent samples from some probability distribution. We wish to test the hy-

pothesis that this distribution is non-increasing, with respect to some appropriate
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function of the parameter.

If we expect plausible alternative distributions to feature only one prominent
rising segment (for example, the recoil spectra considered in Chapter |3| have suc-
cessive Bessel function peaks suppressed by both the natural fall-off of the Bessel
function, and the velocity distribution), a sensible approach is to locate the inter-
val with the ‘worst’ bias towards its right-hand end, and ask what the probability
is that a given sample from a candidate non-increasing distribution would have an
interval ‘that extreme’ [l

A simple measure of how biased an interval is towards its right-hand end is
simply the average position of the points within it. The non-increasing distribution
maximising the probability of right-biased points is clearly the uniform distribution
on the interval. If observations are binned, we can find the exact distribution
for the average of bin mid-point positions, for some number n of samples, by
performing the convolution of the (binned) uniform distribution on the interval
with itself n times. In particular, if the bins are of uniform widths, this distribution
can be computed analytically. If observations are not binned, then the distribution
for the average of the positions is the (rescaled) Irwin-Hall distribution for n points.
In both the discrete and continuous cases, the null distribution is approximately
normal for large n, with variance 1/v/12n (on the interval [0, 1]).

So, if we have n samples with a mean position of x (rescaling the interval to
be of width 1), we can use the appropriate distribution to find the probability of
a mean position > x arising from a uniform distribution on that interval. The
test statistic for the whole sample is then the minimum such p-value for each sub-
interval within the sample (since it is clear that the worst sub-interval will always
terminate either at the left sample end, or at the location of a point, there are a
finite number of sub-intervals to test). To determine the distribution of this test

statistic under a candidate non-increasing distribution, Monte Carlo simulation

!This would be a poor approach if we expected the rises in the distribution to be e.g. a
small periodic signal super-imposed on some larger background, or more generally any small but
structured deviation from a larger background.
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can be used. A uniform distribution is clearly the non-increasing distribution most
likely to produce fake rises, and while the data may indicate that the underlying
distribution is far from uniform, for reasonably small numbers of samples the p-
values obtained by adopting a uniform null distribution are only slightly worse
than those obtained by allowing a free null distribution constrained by the fit to
data. In particular, we adopt a uniform null distribution for the calculations in
Figure [3.4] and find that the p-values are generally no more than a factor ~ 2
worse.

One issue is that, in many physical cases, there will be some resolution associ-
ated with our points. Then, the distribution that our samples are drawn from is
some (positive) underlying distribution convolved by a (positive) detector response
function, so must be smooth on scales of order the resolution. This means that
rightwards bunching on such scales must be spurious, so should not be considered
in our test. The simplest way to solve this issue, if we expect rising features in
plausible alternative distributions to be on scales larger than the resolution, is to
bin the points on around the resolution scale.

Quantitatively, the variance for the average of n uniform random variables on
[0,1] is \/%7, and the expected average position from a linearly rising distribution
is % + %, so we would expect to exclude the uniform distribution at a significance
of ~ 0.64/n sigma. In the example from Figure , with 100 events overall, we
expect around 26 in the first rise, so we would expect to obtain an exclusion of
around 30, assuming that the worst intervals arising from the null distribution are
of approximately that many events. This is indeed what we observe, with the p-
value CDF in the 100-sample case following very closely this normal approximation
(the yellow curve in Figure[3.4] lying almost entirely underneath the yellow points).

The CDFs for the 30 and 50 sample cases are not so well approximated, since the

‘worst interval’ is more variable with small numbers of events.
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A.5 Solar capture of heavy WIMPS

Here, we give a very brief review of the capture of weakly-interacting, massive dark
matter particles by the Sun. For X particles much heavier than any of the relevant
SM nuclei within the Sun (here, this means myx = 400 GeV), the rate of capture by
the Sun scales as Cs ~ O'anxm;(z, where oy, is the scattering cross section with
SM nucleons (assumed to be elastic and spin-independent) [238, 239] ] Summing
over capture rates from the various elements in the Sun (the main contributions

are from the CNO elements) using a standard solar model [240], we obtain

_ Oxn 1TeV?
C@ ~ 3 % 1019 Sec 1 (10—)8(pb) ( o > , (A18)

(taking the couplings to protons and neutrons to be the same). We have as-
sumed that the DM velocity distribution follows the Standard Halo Model—
since, for high-mass WIMPs, only the low-velocity part of the distribution can
be captured by scattering events, modifications that affect the low-velocity dis-
tribution will alter the capture rate. Direct detection experiments imply that
oxn S 1078 pby2s [241], and the age of the Sun is te ~ 5 Gyr, so the number of
X particles captured is < 5 x 103¢ (%) As a fraction of the total flux of X

oxn/mx )

particles hitting the Sun, we capture ~ 3 x 1077 <—10—8 b/ TeV

Here, ‘captured’ means that the X particles are in gravitationally bound orbits
passing through the Sun. Subsequent scatterings with material in the Sun will
reduce the size of these orbits further, and eventually the X particles will (ignoring

other interactions) settle into an isothermal distribution py ~ e~/ with [242]

3T,  \'? » TeV\ 2/ Ty \"? /150 gcm=3\ "/
’r* e _— ~ 2 X 10 R@ ?
ArGmx pe my 107K 06

(A.19)

20ne factor of m)_(1 comes from the number density nx = p Xm)_(l, while another arises from
the fact that heavier particles lose a smaller fraction of their kinetic energy in collisions with SM
nuclei, so only the low-speed part of the WIMP velocity distribution can be captured. This also
assumes that ox, is low enough that the Sun is optically thin to X particles, which is the case
for oxn, <1073 pb.

~
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(where the temperature and density are appropriate to the solar core). If my <
100 TeV, then the initial orbits will be small enough that planetary perturbations
can be mostly neglected, and then thermalisation occurs in less than the lifetime
of the Sun if ox, = 3 x 1073 pb (mx/ TeV)*? [243]. For larger my, most of the
initial orbits are large enough that the effect of Jupiter perturbs them so that they
no longer pass through the Sun, resulting in most of them never thermalising [243].

The above calculations apply to the case of capture by elastic, momentum-
independent scattering with SM nuclei. If scattering is momentum-dependent, or
there are sufficiently low-lying excitations that inelastic scatterings are possible,

this may alter the possible parameter space.

A.6 Effect of approximations to DM halo distri-
butions

In Section[4.1} which considered effects of a non-relativistic velocity kick on a small
proportion of DM particles in galactic halos, we made the approximation that both
the starting distribution and the gravitational potential were spherically symmetric
and static (and that the starting distribution was non-rotating). Though this
ignores various effects, their impact should be minor for the case of DM in galactic

halos:

e The evolution of the galactic potential with time: most obviously, particles
injected before matter has collapsed into galaxies will not behave as outlined,
and may be captured into galaxies later if their velocity is sufficiently low.

These will then have the same distribution as the ‘parent’ particles.

We can put a rough upper bound on this effect, for the particular case of
particles emitted by X decay, by estimating the proportion of the early-
emitted Y that are captured into galaxies. Free-streaming with a velocity

u suppresses perturbations on conformal scales with k& > H(t)a(t)/u(t), as
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such particles will escape potential wells. Since Hubble expansion reduces the
velocity of non-relativistic particles as 1/a, we have u(t) = u(ty)a(t)/a(ty),
where ¢; is the time of injection, and wu(t1) is the velocity kick. So, the
critical k£ at the present time is k. = HS?T(S) If k. < 100 kpc, the scale
relevant to galaxies, then the injected particles will never have clustered into
galaxies. Conversely, only states emitted with a(t;) < Hou(t;)™'/(100kpc)

will cluster. During matter domination, a ~ t*?, and since Hy/(100kpc) ~

7kms™!, it follows that for a Y to be captured it must be produced prior to

7Tkms 1\ 2

Taking example velocity kicks from earlier plots, if u(t;) ~ 70 kms™!, around
3% of the Y emitted cluster in this way, and taking u(¢;) ~ 220 kms~! gives
~ 5 x 1073 of the L’ with the ‘parent’ distribution. From inspection of
Figure [4.1] the modified distribution is always a significantly larger fraction

of the original density than those values.

The shape of the DM halo: simulations and observations favour ellipsoidal
halos, but with a ratio of longest /shortest axes around 0.6, rather than more

extreme values (see e.g. [244] 245]).

Angular momentum of the DM halo: simulations indicate that the velocity
bias due to net rotation is insignificant compared to the velocity dispersion

(see e.g. [246]), so should not give a large effect.

The potential of the galactic disk: there is a degeneracy between the con-
tribution of the halo and the disk to the mass of the inner few parsecs of
the galaxy [169]. As a result, in the cases where the velocity kick has most
effect (i.e. DM profiles with a central density cusp to be smoothed out) the

contribution of the disk is less important.
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A.7 Rates of B’ and L' violating processes

In Chapter [4] we assumed that all B’ and L’ violating processes apart from the
(slow) B' — L/ + --- decay can be neglected. Here, we justify this assumption
and estimate the rates of various processes.

Suppose that B’ and L’ are good symmetries at low energies, and are only
violated at some high scale Mp/. The decay of B’ is then described by a contact
operator 1z B'L'Oj.11, where we assume that B’ and L' are fermions, and so Oy
is a dimension k + 1 operator. The small mass splitting Am between B’ and L’
will result in a phase-space suppression of the decay width, and there may be
additional Am factors depending on the operator Of,;. Dimensionally, a dim-

2k+1

(4 + k) operator will give a total width going parametrically as (Am) (or

(Am)?*+3 if the B'L’ current gives another (Am)?). For example, a dimension-6
operator will, in the former case, give a total width of

(Am)

'~ Ad

(A.21)

In contrast, symmetry-violating annihilations (for instance B+ L’ — ---) at high
temperatures will not be suppressed, and for a dim-(4 + k) operator will have

2k—2 . . . . .
o~ TAT Hence, in the early universe, the rate of such interactions will be

np(ov) ~ % So, for T" much larger than Am, there is the possibility that
these will be fast enough to affect the asymmetries in B’ and L’ (if these are
established above that temperature).

Specifically, since B’ — L' is a good symmetry (ignoring processes that only

respect the full B — L — (B’ — L)), we will have ng — 1y, = constant. By

symmetry, the Boltzmann equation for the other linear combination ng + 17/ is

d(np + )

o =~ @)+ ) (A.22)

to leading order in the small asymmetries, where x oc 1/7". So, if A is large enough,
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the asymmetries will be driven towards ng: = —ny/, corresponding to a population
of B and L’ (or the reverse, depending on the sign of ng — n7/). This would
not permit the scenarios we discussed in the main text, where the asymmetries
have the same sign. It may be possible to build models in which B’ and L’
populations give rise to the decay-followed-by-annihilation signals considered in the
phenomenological sections of this paper (for example, through B’ — L' +vv+ - --
type decays which conserve B — L — (B’ — L')), but we do not go into any model-
building details here.

To check more quantitatively whether this asymmetry-reversal will be impor-
tant, we take as an example the model of Appendix , which has (schematically)
the symmetry-violating operator 45 (B'L’ )(NINI). This leads to a three-body de-

cay, with differential width

1

QmB/

2 dQen [Pov| 1 dQy [P

dT = —
1672 mp 2m 1672 /2

|A*dgq

(A.23)

where ¢ is the total 4-momentum of N; and N,, and the subscript-N quantities
are in the frame where ¢ is purely timelike. Neglecting the masses of Ny and No,
and assuming that Am is small, we have gy &~ (Am)? —¢%. Also, |A|? = ym%.¢?

(summing over final spins), so overall,

1 (amp* 1 J(AmP — ¢ 1 4
I~ dp —Y"—" 1~ 2 A.24
47Tm3//0 q 47 mp 8 A4mBq ( )
1 8 (Am)®
S A (A.25)

In the early universe, symmetry-violating processes of the form B’ + L' —
Ny + N,, B'+ Ny — L'+ Ny, etc. will be active. The associated annihilation cross

sections are

ey (A.26)

where E > mp is the energy of each particle in the CoM frame, and C is a

numerical constant depending on which legs are ingoing and outgoing. Thus, in
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a thermal bath at temperature T' > mpg/, we have the thermally averaged cross

section [247]
3 17 T2
(ov) ~ 39001 = =Co1— T (A.27)

where T7 is some (high) temperature. The Boltzmann equation is then (to leading

order) of the form

T2

1
7

= [aS((nB/—np)ﬂL(nL/—nﬁ))} = —C'ny, (T)oy

[ =)+ (na =)

(A.28)

Sl

where C” is a numerical constant obtained from summing over all of the leg order-
ings, with the appropriate weights (its value is O(10)). Converting to conserved

variables Y; = n;/s, and letting @ = T1/T, this becomes

d(np + Ny A
Mo £00) 2o e+ s (A.29)
with
A~1.32 x C/TlMpl(Tl , (ABO)

where we have used that during the radiation-dominated era, the Hubble rate is

given by H = +—, where My, = Mp 2— So, in terms of the B’ decay rate
MP 72 g, (T)

I', we find that

5 ,T2M 1F
A=3 3\/7 = : A31
So, if T3 > 1073 , then ng + n will be suppressed by multiple e-folds.

Taking some representative values, for I' ~ 1/ty and Am ~ 10 MeV, we find that
this corresponds to T' 2 3 TeV. For the models proposed here to be successfully
realised, it is required that the B’ and L' asymmetries are established at some
point after the universe has cooled below this temperature.

Further, our assumption that the asymmetries are set before B’, L’ freeze-out
from the thermal bath, i.e. roughly before they become non-relativistic, implies

a lower limit on Am, or equivalently, an upper limit on I". For example, for
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I' = 1/tcup it is required that Am 2 7MeV, otherwise symmetry-violating in-
teractions do not decouple until 7' < 50 GeV. This limit is plotted in Figure [£.4]
demonstrating that there is viable parameter for all cosmologically slow decay
rates.

There is also the possibility of symmetry-violating interactions at late times,
but the number densities then are small enough to make these completely negligi-
ble. The most frequent will be those involving a N particle, since (in the simplest
case) these decouple from the thermal bath when the symmetry-violating inter-
actions discussed above decouple, forming a dark radiation component (the large
difference between g, at the time of decoupling and later means that this does
not conflict with constraints on Neg from BBN and the CMB). The N will have
a number density of ~ n./8, where n, ~ 400 cm™ ~ (107'° MeV)? is the photon
number density today, so the rate of e.g. B’ + Ny — L’ + N, interactions will be
much smaller than the rate of B’ — L'+ N; + N decays, since (Am)3 > n.. Note
that this scenario is only viable for small enough N masses — if the mass were
large enough that early decoupling would give too large a relic density, we would
need some other mechanism to reduce the eventual abundance (e.g. annihilation

to lighter states).

A.8 DB’-L' mass splitting and L’ injection velocity

As discussed in Section m, if the B’ — L' + --- decay has more than two
decay products, then we will obtain a distribution of final velocities for the L’. In
particular, a fraction of them will obtain velocities higher than some critical value
v (e.g. the escape velocity of a bound structure). Here, we estimate this fraction,
and confirm that for mass splittings mpg —my = Am larger than m v, it is very
close to 1, assuming that none of the final or intermediate states (other than L)
have masses close to Am.

In the B’ — L'+ -- decay, if the other decay products carry away 4-momentum
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q, the velocity given to L’ corresponds to a Lorentz factor 7 of

(Am)* — ¢°

A.32
ZmB/mL/ ( )

v-1=

so if Am = mp — my, is small, the velocity is

U2:§éﬂ§§1i+4)<(éﬁ>%)+(X¢)_ (A.33)

mL/ mL/

For a two-body decay B — L + X, assuming that my is small compared to Am
gives v ~ %' For a higher-multiplicity final state, some fraction of the decays
will result in v < wv,, i.e. those for which ¢* is only just below (Am)% We can

write the differential decay width to a n-body final state as

o (27T)4 2 .
dl' = i |A|7d®,,(P;p1,...,pn) , (A.34)

where M is the mass of the decaying particle, A is the amplitude for that particular
decay, and d®,, is the differential phase space element for initial momentum P and

final momenta py,...,p,. Also, we have

d(I)n<P7p1a s >pn> - (27)3dq2d@2(p;p17 Q)dq)n—l(qap27 s 7pn) ) (A35)

splitting the decay into an initial two-body step and then a fragmentation of the
second body. In the rest frame of the decaying particle, the two-body phase
space element has the form d®, o dQ%. From above, for small Am we have
P12 &~ (Am)? — ¢?, so writing ¢ = (Am)? — §¢?, the leading order behaviour of
d®, with 6¢? is \/W Since the mass dimension of d®,, is 2n — 4, if the total mass
of the other decay particles is small compared to \/W , then d®,,_; must vary like
(6¢*)"~3. So overall, d®,, will vary as (d¢*)"3/2.

The phase space volume with v < v, corresponds to that with d¢? below a

critical value, and we want to compare the total width for that volume to the
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total width overall. If we do not have intermediate states with masses close to
Am (heavier states have a roughly constant effect on |.A|, while lighter states
enhance it towards smaller ¢?), then we can obtain an approximate upper bound
on the ratio of widths by comparing the phase space volumes. From above, as
long as the other final state masses are small compared to Am, this will be well
approximated by (%)ngm.

To take an example, suppose that mg = 20 GeV, m, = 10 GeV, and v, =
500 kms~!, and that the decay is B’ — L' + ¢ + ¢, where the ¢ are massless

states. Then, v < v, corresponds to 6¢> < 5.6 x 102 GeV?, which is 1.27 x 1078

3/2
of the three-body phase space, while (%) = 1.31 x 1078, Since v? ~ 24
in general our volume ratio is (Z—”mc)%fg (for Am > mu,; otherwise, the whole of

the phase space volume corresponds to a velocity kick < v,).

A.9 Model-building the B’,L’ splitting

It was argued in Section that a small mass splitting is a natural way to obtain
observable annihilation signals. Here, we highlight a motivated setting in which
such a scenario may occur, in a model based on broken flavour symmetries in the
hidden sector.

We present a simple implementation involving (fundamental) matter that ob-
tains Dirac masses, with a small mass splitting generated from radiative break-
ing of a flavour symmetry. The hidden sector has a Z; symmetry, an exact
B — L — (B'— L) symmetry, and accidental approximate B’ and L' symmetries[]
The matter content of our (example) model is displayed in Table [A.1} it features
a heavy complex scalar ¢ and fermion matter, which is written as two component

left-handed Weyl spinors. The typical mass hierarchy of the states is displayed to

the right of Table

3The couplings studied here actually respect B’ — L', however once a mechanism to cogenerate
or share asymmetries with the visible and hidden sectors is included, the true symmetry is
B—-L—- (B -L.
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spin || Zy | B’ L | B-I > GeV ¢

0 [ 1] - — 0
Bro| 3 1| 1/2 0 1/2
il L 1] -12] o —1/2 B
U | Y00 |12 —1/2 ~GeV L
vl S lo| o [-12] 12

1
%lz ; (1) 8 8 8 < MeV N

Table A.1: Left: hidden sector fundamental matter content. Right: hidden sector
mass hierarchy.

The Lagrangian involving the light fields can be expressed as
L>-—mpB,, B% —myL, L' T+ he. (A.36)

Note that Majorana mass terms for L', B" are forbidden by the exact B—L— (B’ —
L’) symmetry and mixing between these states is forbidden by the Z, symmetry.
It can be seen that B’ and L’ arise as approximate symmetries since there are no
renormalisable terms in the low energy effective theory that violate them. However,

the heavy scalar ¢ has couplings of the form
LD y1¢ (B} L + BraL$y) 4 y2¢N{* Nag + h.c. (A.37)

As a result, this can mediate decays of B’ to L’ as shown in Figure [A.1] We shall
assume that the scalar ¢ gains a mass well above B’ and L’ and hence can be
integrated out, leading to a four-fermion operator. The lifetime of B’ is given in
equation , setting Mp = my and hence, for a given model, one can compare
with the limits indicated in Figure [4.3

The fields N; and Ny are assumed to gain Majorana masses M; and Mo,

LD —MlNlaN{l - MQNQQN; + h.c. s (A38)
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Figure A.1: L’ are generated via B’ decays and then annihilate with the asymmetric
population of L.

which are parametrically smaller than the B” and L’ (Dirac) mass scaleﬁ Further,
we assume that mp = my at leading order, exhibiting an approximate ‘lavour’
symmetry which is only radiatively broken. This breaking could be due to the
differing Z, parities of these states, resulting in the B’ and L’ having different
couplings to some additional (possibly heavy) matter content in the theory. Alter-
natively, we could introduce an additional gauge group to the low energy theory,
under which the B’ and L’ have differing charges. Such a soft breaking of the Z;
flavour symmetry will lead to a small mass splitting between B’ and L', similar to
that employed in models of inelastic DM [248] and eXcited DM [249].

To provide a portal to the SM, we can introduce an additional gauge boson, 2,
under which the states L' (and B’) are charged. Provided this has the appropriate
mass (through an additional scalar, that we do not specify, gaining a vacuum
expectation value) annihilation of L’ and L’ proceeds to two on-shell Z’. If the
states Ny and N, are uncharged under this symmetry, and there are no other lighter
hidden sector states to which the Z’ can decay, then it will be approximately stable.
Decay of the Z’ to the SM can then occur through, for example, a small amount of
kinetic mixing with the SM hypercharge U(1). Alternatively, it is straightforward
to introduce an additional pseudoscalar in the theory that couples to the states
L'. This can then act as a portal if it also couples to the SM quarks, leading to a

model of the form of Section [4.2.6

4As mentioned in Appendix if N7 and N> do not have other interactions, then their
masses must generally be (< O(eV)) to avoid having too large a relic density.
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While in the model presented here the decay of B’ to L’ + --- is mediated
through a heavy scalar, there are also well motivated scenarios where this occurs
through a heavy vector. In particular, if B’ and L/ appear in the same multiplet
in a (spontaneously broken) GUT theory, this decay may be mediated through a
gauge boson charged under the Z; symmetry, analogous to the X, Y bosons that
appear in SM GUTs. In this case, the Z; symmetry must also arise as a discrete
remnant of part of the hidden sector GUT gauge group, so that the states B’ and

L' can have differing charges under this.
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