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ABSTRACT: In the simplest models of asymmetric dark matter (ADM) annihilation signals
are not expected, since the DM is non-self-conjugate and the relic density of anti-DM is
negligible. We investigate a new class of models in which a symmetric DM component,
in the ‘low-mass’ 1-10 GeV regime favoured for linking the DM and baryon asymmetries,
is repopulated through decays. We find that, in models without significant velocity de-
pendence of the annihilation cross section, observational constraints generally force these
decays to be (cosmologically) slow. These late decays can give rise to gamma-ray signal
morphologies differing from usual annihilation profiles. A distinctive feature of such models
is that signals may be absent from dwarf spheroidal galaxies.
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1 Introduction

Asymmetric dark matter (ADM) provides a well motivated framework for light DM and
is an intriguing alternative to the usual WIMP scenario. In such models the DM, which
we denote here B’, has an (approximately) conserved quantum number (which we also
call B'). The relic density is determined by a particle-antiparticle asymmetry between B’
and B’, in direct analogy to baryons [1-3]. If the DM has a similar mass to the proton
mp ~ m, and the hidden and visible sectors are connected via portal operators which
violate B, L and B’, but conserve some linear combination, then this can explain the
cosmological coincidence Qpy ~ 5Q2p. In contrast, the accidental proximity of 2py and
Qg in conventional DM scenarios seems unreasonable given that the relic density of DM
is determined by freeze-out, whereas the baryon density is set by CP-violating decays of
out-of-equilibrium states and these two mechanisms are typically unrelated.

While we shall not specify the UV physics that produces these particle asymmetries,
there are several mechanisms that can cogenerate equal magnitudes for ng/, np and/or
nr (see e.g. [4-8]). Alternatively, an asymmetry could be generated in a single quantum



number and subsequently shared via processes that violate the individual global symme-
tries, leading to comparable asymmetries. For the case np' ~ np, to account for the DM
relic density one requires the DM mass to be around 5 GeV. Inefficient sharing, or bias
generation, of the DM and baryon asymmetries may easily lead to O(1) deviations be-
tween np: and np and hence the DM mass could reasonably lie in a relatively large window
0.1-100 GeV. However, arguably the most natural mass region is 1-10 GeV.

Indirect detection signals of DM can arise if the DM decays or annihilates producing
cosmic rays containing high energy photons, electrons, positrons or antibaryons. Usually,
the event density associated to signals of decaying DM depends linearly on the DM density
npm, whereas for annihilating DM the signal has an nzDM dependence. If astrophysical
gamma-ray signals from DM were detected, then their profile on the sky would let us
determine which process produced them, e.g. [9, 10] (the propagation of charged cosmic
rays is affected by galactic magnetic fields, so a signal in these channels would not be
so helpful). Whilst decay signals of ADM can readily arise, see e.g. [11], in general, we
do not expect late-time annihilation signals from ADM, since the symmetric component
is assumed 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 [12-15], and intermediate-time decays (in the
higher DM-mass regime, [16]). Alternatively, there are scenarios in which an asymmetry
plays a role in determining the DM relic density, but the DM itself is not asymmetric [17—
19]. In this paper, we investigate the prospect of regenerating a symmetric component via
decays in the low DM-mass regime.

A challenge in building viable models of ADM is obtaining a high enough annihilation
cross section so that the relic density is set by the asymmetry and not by a frozen-out sym-
metric DM component. For this to occur the cosmologically stable states in the dark sector
typically must have annihilation cross sections some factor larger than the thermal value
(~3x10720ecm3s7!). Experimental 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 opera-
tors, see e.g. [20-22, 27],! although viable models remain if the mediating states are light.
Perturbativity 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 compo-
nent is regenerated before the recombination era, then the limits on the annihilation cross
section from CMB observations [29-32] are typically only a small factor above the thermal
freeze-out value, for DM masses < 20 GeV. 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

'For contact operators with preferential coupling to specific SM states, such as neutrinos [28], muons,
or taus, some of the tension with experimental constraints can be alleviated.



decays, for annihilation cross-sections large enough to meet the ADM relic annihilation
requirements.

One manner 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 astrophysi-
cal timescales, then the phenomenology of this scenario is much like symmetric DM with
a velocity-suppressed cross section, although with the annihilation 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 an-
nihilation signals without corresponding CMB signals. Another interesting feature of re-
generating the symmetric component through late decays, which we will discuss in some
detail, 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 regenerated
population concentrated in galaxies motivates DM models with a small mass splitting be-
tween 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 Standard Model (SM) without violating direct
search constraints requires some model-building, and we consider two scenarios in detail.
In one case the annihilation portal to the SM is through a pseudoscalar; this alleviates
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 an-
nihilation resonance, then annihilations during the freeze-out process (when temperatures
are high) are enhanced relative to annihilations at later times. This is essentially an ex-
ample 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 rela-
tively 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. The observation of signals in this mass region may suggest
that the DM relic density is set by an asymmetry, and that the hidden sector dynamics is
correspondingly more complicated than often assumed.

Turning to the structure of the paper, in section 2 we begin by discussing an example
class of models that regenerates a symmetric component through decays. Subsequently,
in section 3 we explore the constraints on models of annihilating ADM and identify the
parameter space for which successful models can be constructed. Additionally, we study
the modification of signal morphologies due to the decays. Section 4 explores the hidden
sector model-building necessary to satisfy the constraints obtained.



2 Regeneration from models with two dark asymmetric species

To construct a model with late time decays, regenerating a symmetric component of DM,
requires a more complicated hidden sector. By simple analogy to the complexity 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 3 are more
generally applicable.

Let us suppose that two states B’, L' in the hidden sector carry (approximately)
conserved quantum numbers which we suggestively call dark baryon number 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 accidental 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
Mp-effects, the combination B — L — (B’ — L’) may either be gauged in the UV or violated
only by Mp; 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. [33-35]. We shall suppose that
the asymmetries in B’ and L’ are of comparable magnitude, and that there is no overall
asymmetry in the quantity B — L — (B’ — L'). 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,
Ty v

~ L (2.1)

We will also assume that ng ~ 17/, so that we end up with a relic population of 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 paper.

For such a scenario to lead to annihilation signals we propose that B’-violating oper-
ators, suppressed by some intermediate scale, induce the decay of B’ to L, which subse-
quently annihilate with the population of L’ resulting in observable signals. This scenario
is illustrated schematically in figure 1. This is inspired by proton decay due to GUT scale
physics [36], from exchange of an X,Y boson, 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
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Hidden Sector

Visible Sector

Figure 1. 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.

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 such 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 — mys,, and a natural
way to ensure that the final velocities are low enough, so to enable 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 two models which exhibit
small mass splittings in section 4. Additionally, the small mass splitting 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 Mp, the lifetime will be (parametrically)
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TR ~ 4T

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’ asymmetries in undesirable ways. Indeed, as
discussed in appendix A, if these interactions are in equilibrium after the asymmetries have
been established, they force ng: = —nps, rather than the same-sign asymmetries required
for the models discussed 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-out,? 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.

3 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’ 4 --- decay rate I', the L’ popu-
lation builds up (essentially) linearly over time until a significant 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 I’ population translates into
an upper bound on the L’'L’ annihilation cross section from astrophysical indirect detec-
tion signals (both late-time and recombination-time). A lower bound on the annihilation
cross section comes from the requirement that the relic symmetric component is sufficiently
depleted due to annihilations in the early universe. Further, demanding perturbative cou-
plings places an additional upper bound on the cross sections.

These constraints fit together as illustrated in figure 2, 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 perturbativity bound corresponds to a particular choice of model (see section 3.3),
while the relic annihilation bound is weakly dependent on the DM mass. We observe 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 T'tg 2> tCtl\(;[B ~ 5x 1075 (where tg 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 only a very small region of allowed parameter
space. Current CMB observations are far enough above the cosmic variance limit [29-32]
that future experiments should be able to close this gap for most decay channels.

A further possible constraint arises from DM self-scattering bounds (see e.g. [40-43]).
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 re-
gion. In the model with a light hidden sector mediator considered in section 3.3, the
scattering cross section can be sufficiently large to introduce limits. If we drop the as-
sumption 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

oo of at most around 0.04barn x 58 This is low enough that, if the L’ is ejected from

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

the model of section 3.3, where L’'L’ annihilate into a pair of hidden sector vector particles, which
then decay to the SM. Here, ¢y 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 r, = Zz < 0.01. The CMB bound corresponds to the limit on energy

injection from L’'L’ annihilation derived from CMB perturbations [29-32], while the gamma-ray
bound is derived from FERMI observations [37] (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 3.1).

the galaxy, only a small fraction of it will annihilate on the way out — consequently, the
spatial 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 3.2, some model-building is required to make sure that
direct constraints (from collider and direct-detection experiments) do not place strong
upper bounds on og. 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 2 can be thought of as corresponding to the
model of section 3.3, where L/L’ annihilate to a pair of hidden sector particles, which then

decay to the SM. In this case, direct constraints can be completely absent.

3.1 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

3Such models in which annihilations produce decay-type gamma-ray profiles may be interesting in them-
selves, though we have not investigated them in any detail.



signals. The escape velocity for the Milky Way is ~ 500kms~!, so the fractional B’-L’
mass splitting (assuming two-body decay, with the other product having much smaller
mass) should satisfy

Am < 500 kms~!

~

mip, C

~2x 1073 (3.1)

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 nQB, profile. However,
for intermediate mass splittings, the extra velocity will be significant, and will result in an
altered distribution for the L/.* Qualitatively, 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 I’ 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/mps. For example, if Am = 0.1my/, then the fraction of the I/ getting velocity kicks
of less than 2 x 1073 is generally smaller than 5 x 107 (see appendix B 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 B, 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 3 shows an approximation to the L profiles obtained for differ-
ent injection velocities, starting from an NFW-type profile. As described in appendix C,
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 func-
tion, and integrating over this to find the new spatial number density. We see, as expected,
that the deviation from the distribution of the parent particle is small for injection velocity
smaller than the B’ velocity dispersion, with the profile being flattened out for larger v;.
For the example in figure 3 the profiles of states produced with v < 50kms~' remain
approximately NFW and for increasing injection energies the profiles are smooth deforma-
tions away from the profile of the parent particle. In section 3.5, we study the effect of this
on the observed annihilation profile and the compatibility with tentative signals that may
have recently been observed.

4As relaxation times for galaxies such as the Milky Way are large enough that stellar encounters are
generally unimportant [45], the extra energy will not be removed by gravitational interactions. Also,
the bounds on DM self-scattering [40-43] 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 (pushing the halo towards isothermality), and we will not
consider the details of such models here.
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Figure 3. Approximation to L’ profile after injection at relative velocity v; as listed, starting from
a NFW-type B’ distribution with shape parameter v = 1.2 (so p o 7= 12(1 + r/rg) 1, taking
rs = 20kpc). The B’ distribution is taken to have isotropic velocity distribution, which implies
velocity dispersion of ¢ = 94kms™! at 7 = 1 kpc. As described in appendix C, we approximate the
L’ distribution as also having isotropic velocity distribution, which will make the larger-v; profiles
slightly less peaked than they should be.

There is also the possibility of indirect signals from the B’ — L/+- - - decays themselves,
if the other decay products include SM states [47]. In figure 4 we show conservative
(‘worst-case’) constraints on the decay rate in this scenario; we assume that all decays
proceed via B’ — L/ 4 vv, 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 ~ 100 worse than from those to photons [47], 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 sufficiently large
velocity kicks from its decay can affect the structure formation process. The strongest con-
straints on small velocity kicks (v; < 100kms~!) comes from their effect on the population
of Milky Way satellite galaxies [48, 49]. Such constraints depend on modelling of the
highly non-linear regime of structure formation, but constraints from Lyman-« observa-
tions (which probe much earlier times) are almost as limiting [50]. Figure 4 shows the
galactic bounds in the (Am,I") plane (assuming v ~ Am/mp/).
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Figure 4. Constraints on the B’ — L’ + -+ decay rate I' (compared to the age of the universe t)
from X-ray observations, for mp = 10 GeV, assuming that all decays are B’ — L’ 4+ v and that
the DM profile is NFW; constraints from the HEAO-1 (blue), INTEGRAL (red), and COMPTEL
(vellow) experiments [46] are shown. The green region corresponds to velocity kicks (assuming
v; &= Am/mp/) ruled out by structure formation constraints [48, 49]. The region above the dotted
line is not viable in the model of section 4.1, since B’ and L’ violating interactions stay in equilibrium
until 7' < 50 GeV (see appendix A).

As commented on in the previous section, the requirement that the asymmetries in B’
and L' are not disrupted through symmetry-violating processes in the early universe places
a lower bound on Am (equivalently, upper bound on I'). In figure 4 we also show the ap-
proximate bound from requiring that symmetry-violating interactions decouple sufficiently
early, as discussed in appendix A. The mass splittings in figure 4 are related to the velocity
kicks, e.g. as studied in figure 3 by eq. (3.1). For example, taking mp = 10 GeV, the value
used in the figure, Am ~ 2MeV (7.2 MeV) corresponds to a velocity kick in the region of
v = 54kms™! (218 kms™!). 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, cosmolog-
ically early decays are generally excluded, independently from the previously mentioned
direct detection bounds.

3.2 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 cosmic rays (for the low DM
mass range we consider, annihilations into neutrinos will generally be beyond the reach of
near-term experiments5). DM annihilation into quarks results in cosmic ray antiprotons,

SIf 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 [54, 55]. 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 the universe.

~10 -
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Figure 5. Limits on symmetric DM annihilation cross section to bb from (blue, red, yellow)
PAMELA cosmic ray antiproton measurements [51], under different assumptions with respect to
propagation of charged particles through the galaxy, and (green) FERMI gamma-ray observa-
tions [37]. (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 [52].)

the population of which has been measured by the PAMELA experiment (and will also be
measured by AMS-02) [51]. 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 annihilation rates [52]. Figure 5 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. [51]. 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 possible that annihilation signals may first be observed in either antiprotons or gamma
signals.

Similar considerations apply to cosmic ray positrons, which are produced by annihi-
lation into leptons (and also by annihilation to EW gauge bosons). For annihilation into
electrons or muons, the constraints on the DM annihilation 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 [53]) and CMB perturbations. For annihila-
tion to taus, the constraints are comparable.

In addition to the limits from indirect detection, models of ADM are constrained by
direct detection experiments and collider searches for events with missing energy. Specifi-
cally, in order for a particle asymmetry to set the relic density, and thus to obtain ADM,
the symmetric component must annihilate efficiently (with a cross section larger than that

- 11 -



required for symmetric freeze-out) and since these couplings also set the production and
scattering cross sections this 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 contact 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 [22] (see
also [21]). It was argued that direct detection experiments and LHC monojet limits
typically exclude models of ADM for mpy < 100 GeV.

e LEP searches for mono-photon events [20] constrain couplings between DM and elec-
trons. For universal couplings of DM to charged leptons they exclude the ADM
parameter region for mpy < 30 GeV. Preferential annihilation to g or 7 leptons is
not constrained.

e [27] considered the limits from collider observations of DM interactions with elec-
troweak gauge bosons, excluding ADM models for mpy < 40 GeV.

These collider limits can be circumvented if the model features a ‘light” mediator state [1-
3, 22] (relative to collider energies i.e. < 100 GeV for LHC searches). In the remainder of
section 3, we study two illustrative examples in which we can build perturbative models
that significantly alleviate these constraints:

e Annihilation of the symmetric component to (on-shell) metastable vector bosons®

L'’ — VV, with V subsequently decaying to SM states (similar to [56]).

e Annihilation via the s-channel process L'L’ — ¢ — SM involving a pseudoscalar
mediator ¢, with mg ~ 2mp/ such that the cross section is resonantly enhanced,
cf. [22].

3.3 Annihilation via 'L - VV

Let us consider the case that L’ is a fermion and there is a the 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 XNLML'V, + By*B'V,,) , (3.2)

with V' subsequently decaying to light SM states. In figure 6 we illustrate how the con-
straints on A\ vary with my-, for mp, ~ 10 GeV and assuming that V decays dominantly to
muon pairs (such a coupling can arise due to kinetic mixing as we discuss in section 4). We
assume here that the V lifetime is short enough that is does not travel an astronomically

5The 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 v?. Whilst the symmetric component can be regenerated
through early decays without conflict with CMB observables, as the DM velocity in the galaxy is ~ 1073,
observably high galactic annihilation rates cannot be obtained for perturbative couplings in this model.
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Figure 6. Constraints on A for my, = 10GeV, with V decaying to uTu~. The red curve cor-
responds to the lower limit on my from DM self-scattering [40], the blue curve shows the lower
limit on A required for ro, < 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'ty = 1073 of the B’ have decayed. See
figure 2 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 [40-43]).

significant distance before decaying — if it is longer lived, then the drift of the V from
the annihilation point can modify the observed profile, as discussed in [38] (though in that
case, we would need to worry about its relic abundance and decays in the early universe).
The cascade structure of the annihilation means that the resulting gamma-ray spectrum
is softer than that arising from direct annihilations to muons [39] (as taken into account
approximately in figure 6), but since the low-energy part of the spectrum is important in
setting bounds on the annihilation rate at DM masses this low [37], this does not affect
the constraints very significantly. Note that V' exchange contributes to DM-DM scattering
and, since the self-scattering cross section increases with decreasing my , limits on the DM
self-interaction [40] (see also [41-43]) give a lower bound on my, as indicated in figure 6.
Further constraints on this example are encapsulated in figure 2; 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.

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 3.1, DM self-scattering cross sections near to the observational limit
(as sometimes invoked to solve problems with small-scale structure formation [57]) have
consequences for the shape of the DM halo, though we do not consider the details here.
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3.4 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
mg > mys, 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 [22].” 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 dramat-
ically increased if mgy ~ 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 my, 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.

To illustrate the allowed parameter space around the resonance region, we consider an
explicit model with a pseudoscalar ¢ coupling to quarks via

LN L + Zi)\/yq%zqﬁ@’y%. (3.3)
q

Figure 7 shows the constraints in the (mg, A) plane for A’ = 0.14 (the behaviour is mostly
dependent on A\, so we only plot variation with ). As discussed above, there is a
strong distinction between m, just above vs below 2mp/,. 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 mg < 2mp,, 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 X 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 2
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 2), so (depending on assumptions about antiproton propagation, cf.
figure 5) there is a large parameter space in which gamma-ray signals may realistically be
seen before other signals.

"More complicated portal interactions can alleviate some direct detection constraints, e.g. [23-26].
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Figure 7. Constraints on A for my, = 10 GeV, for coupling to quarks as described in section 3.4.
The blue curve shows the lower limit on A required for o, < 0.05 (i.e. for efficient annihilation of the
ADM symmetric component), and the green region is excluded by gamma-ray bounds (see figure 2
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 [58].

3.5 Tentative signals and morphology

Recently, there have been suggestions [59, 60] (see also [61-65]) of a gamma-ray excess
from the galactic centre and its vicinity, compatible with ~ 10 GeV DM (NFW-profile)
annihilating to leptons (with (ov) ~ 2 x 10727 cm®s~!) or with ~ 50 GeV DM annihilating
to quarks (with (ov) ~ 8 x 1072 cm®s~!). Both models discussed above can reproduce a
signal of this 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 [59, 60] 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 v
to vary around this value to a maximum of ~ 2 (see also [66]).

Figure 8 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 appendix C, utilising the properties of the steady-state DM phase space distribution
function. As it illustrates, we need v; < 120kms™! to match a symmetric annihilation
signal with 1.1 < v < 1.3, corresponding to a fractional B’-L’ mass splitting of < 4 x 10~*
(subject to the caveats mentioned in section 3.1 and appendix B). 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 pick out
any definite differences, but since the escape velocity for most dwarf galaxies is below
~ 50kms~! [67], and the velocity dispersion is ~ 10kms~! [68], if v; is high enough
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Figure 8. Left: the pr:prr profile for different L’ and L’ profiles (in arbitrary units, normalised to
a common value at 7 = 1074c,, Where a distance of rgqee 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 [59, 60]. Right: for a given model
the signal size is determined by the integral J(0) = f dlprpy along the line-of-sight as a function
of angle from galactic centre. Colours and shading as in left panel.

then we will almost completely suppress the annihilation signal from dwarf galaxies due to
most of the I/ population escaping. However, with present and near-future experiments,
gamma-ray observations of dwarf galaxies place significantly weaker constraints on DM
annihilation cross sections than galactic centre observations [69], without the assumption
of large boost factors due to DM clustering or velocity suppression. As a consequence, for
annihilation cross sections at the sub-thermal level required to replicate the signal under
discussion, we would not expect to see the corresponding signals from dwarf galaxies in the
near future.

In addition to the modified L’ distribution in space, the main possibly-observable dif-
ference from a standard annihilating symmetric DM scenario is the change in I/ 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 [29-32], 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 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 3.3 in our case, and the symmetric model of [70]).

4 Model building

It was argued in the previous section that a small mass splitting is a natural way to obtain
observable annihilation signals. Hence, next we highlight a motivated setting in which such
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Table 1. Left: hidden sector fundamental matter content. Right: hidden sector mass hierarchy.

a scenario may occur. Specifically, we outline a model based on broken flavour symmetries
in the hidden sector. Further, drawing on analogies with nuclear (proton-neutron) mass
splitting, we sketch an alternative realisation of such a set-up in models of composite DM.

4.1 An implementation with fundamental matter

We first present a simple implementation involving (fundamental) matter that obtains
Dirac masses, with a small mass splitting generated from radiative breaking 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 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 1.

The Lagrangian involving the light fields can be expressed as
LD —mpBr B —mp L L%+ hee. (4.1)

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 Zs 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

L5 y1¢(BFLra + BraLl$) + y2¢N{'Nog + hec. (4.2)

As a result, this can mediate decays of B’ to L’ as shown in figure 9. 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 eq. (2.3), setting Mp = my and
hence, for a given model, one can compare with the limits indicated in figure 2.

8The 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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B!

Figure 9. L’ are generated via B’ decays and then annihilate with the asymmetric population
of I'.

The fields N7 and Ny are assumed to gain Majorana masses M; and M, which are
parametrically smaller than the B’ and L’ (Dirac) mass scale.”

LD —MlNlaNfé — MQNQQNS[ + h.c. (43)

Further, we assume that mpg = mj, at leading order, exhibiting an approximate
‘flavour’ symmetry which is only radiatively broken. This breaking could be due to the
differing Zs parities of these states, resulting in the B’ and L’ having different couplings
to some additional (possibly heavy) matter content in the theory. Alternatively, 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 Z5 flavour symmetry will lead to a small
mass splitting between B’ and L', similar to that employed in models of inelastic DM [71]
and eXcited DM [72].

To provide a portal to the SM, we can introduce an additional gauge boson, Z’, 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) annihi-
lation of L’ and L’ proceeds to two on-shell Z’. If the states N; 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).
This is particularly well motivated from the perspective of a string theory UV completion.
In a IIB model, the hidden sector can arise as a theory on branes at a singularity of the
compactification that is geometrically separated from the SM branes. If the distance be-
tween the two sectors is large, there are typically no couplings in the low energy theories,
except for kinetic mixing which is unsuppressed by such a separation [73]. 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 3.4.

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,

9As mentioned in appendix A, if N1 and N2 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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constituents | B’ | L' | B’ — L’
B’ QQ 1]o 1

L E'E’ 0 1 -1
| QQ, FE 010 0

Table 2. Lightest bound state singlets of the hidden sector gauge group (plus their anti-partners).

symmetry, analogous to the X, Y bosons that appear in Standard Model 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.

4.2 Comments on composite-type models

Alternatively, a small mass splitting between states can be accomplished in models of
composite DM, in analogy to the proton-neutron mass splitting. The phenomenology of
such composite models is, while potentially interesting, generally rather complicated, and
it is not obvious that all of the necessary constraints can be satisfied in a simple model.
Nevertheless, we sketch one such model below, without investigating phenomenological
details.

Consider a simple hidden sector with a confining gauge group, say SU(2), and left-
handed chiral matter content consisting of @/, and E!,. Suppose the hidden sector SU(2)
runs into strong coupling at about 5 GeV, then the theory will confine. As a result calcula-
tions of the dynamics in this region are unreliable, hence, we shall simply assume that the
lowest mass states which arise as 2 x 2 are E’E’ bound states, and identify these with L',
and the next lightest is the Q'Q’ composite which we call B’, as given in table 2. There are
also mixed meson states e.g. Q'Q’, E'E’, %(Q’ E'+ E'Q"), which unfortunately complicate
the phenomenology.

Again, the theory is assumed to have an exact B— L — (B’ — L’) symmetry, which leads
to approximate B’ and L’ symmetries in the low energy effective field theory. The mass
splitting between B’ and L’ can arise due to radiative corrections, as in the previous ‘flavour’
example. For instance, suppose the states Q' and E’ are charged under an additional hidden
sector gauge group; then the typical size of the B’-L’ mass splittings due to these extra
gauge interactions (with coupling constant g) is parametrically [74, 75]

2

9
Am 167r2A’ (4.4)

where A is the confining scale of the hidden SU(2).

Further complications arise due to the composite nature of the DM, in particular
the annihilation and scattering cross sections can be modified, possibly involving intricate
form factors, and it is likely that ‘dark pion’ 7’ exchange will lead to DM self interactions
fairly close to current limits. Notably, this potentially also allows for enhancements in the
annihilation rates which determine the relic density or indirect detection signals. For some
related discussions of composite DM see e.g. [76-80]. Thus, whilst composite models are an
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interesting setting for realising a small mass splitting, given these complications we shall
not pursue this scenario in further detail here.

5 Conclusion

ADM is a well motivated framework in which to examine proposals of light DM, as if
the baryon and DM asymmetries are comparable, then the fact that Qpy ~ 5825 implies
that the DM mass is similar to the proton. Annihilation-like indirect detection signatures
are typically not expected if the DM relic density is determined by a particle asymmetry,
but can arise in models with more complex hidden sectors. We have outlined a new class
of ADM models in which annihilation signals are generated, and presented a number of
concrete examples. In particular 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
decays 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’-pair annihilation.

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 pa-
rameter space of the model as discussed in section 3.1 and illustrated in figure 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. Further, we outlined two scenarios in which such small mass splittings
can arise, in the context of broken flavour symmetries, and composite models analogous to
the proton-neutron mass splitting.

There is a range of further experimental constraints on these models both from direct
and indirect probes, as encapsulated in figures 2, 4, 6. 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 alternative the DM annihilates to pairs of meta-stable hidden
sector states. We highlighted the prospect for indirect detection signals in the near future,
see for instance figures 2 & 5, and commented on tentative signals of DM annihilations
near the galactic centre [59-65] in section 3.5.

To conclude, we find that whilst models of low-mass ADM with a symmetric compo-
nent 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 1-50 GeV range, both direct detection [81, 82] and indirect
signals of DM annihilation [59-65]. The confirmation of annihilation signals consistent with
light DM (possibly with an annihilation cross section different from the thermal freeze-out
value) could be an indication of the class of annihilating ADM models proposed here.
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A Rates of B’ and L’ violating processes

In this work, we have assumed that all B’ and L’ violating processes apart from the (slow)
B’ — I/ + --- 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 Mps. The decay of B’ is then described by a contact operator ﬁB’ L'Oyq,
where we assume that B’ and L' are fermions, and so O 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 will be additional Am factors from any fermionic wavefunctions
from Op41. Dimensionally, a dim-(4 + k) operator will give a total width going paramet-
rically as (Am)%+1 (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)?
A4

'~ (A.1)
In contrast, symmetry-violating annihilations (for instance B’ + L' — ---) at high temper-
atures will not be suppressed, and for a dim-(4 + k) operator will have o ~ % 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: — n; = constant. By symmetry, the Boltzmann
equation for the other linear combination ng + 1/ is

d(np + 1)

. = —\@)(np + 1) , (A.2)

to leading order in the small asymmetries, where x o< 1/T. So, if A is large enough, the
asymmetries will be driven towards ng: = —ny/, corresponding to a population of B’ and
L’ (or the reverse, depending on the sign of 3/ —17/). 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.
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To check more quantitatively whether this asymmetry-reversal will be important, we
take as an example the model of section 4.1, which has (schematically) the symmetry-
violating operator 15 (B'L’ )(N;r NQT ). This leads to a three-body decay, with differen-

tial width ) )
2dQcm |[pom| 1 dQy [P

1672 mp 2w 1672 /2’

dl' = ——|A|*dq

QmB/ (A.3)

where ¢ is the total 4-momentum of Ny and No, and the subscript-IV quantities are in
the frame where ¢ is purely timelike. Neglecting the masses of N; and N,, and assuming
that Am is small, we have gy, ~ (Am)? — ¢>. Also, |A]* ~ 17 3:m%,¢® (summing over final
spins), so overall,

1 @am? 1 JAmZ -2 1 4
I~ 2 N % A4
Irmy /0 A e g B (A.4)
1 8 (Am)®
_ 8 A
(4m)3 15 A4 (A.5)

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

11
~C— — g4 A6
7= 8E2 T (8.6)
where E > mps 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 a thermal bath at

temperature T > mps, we have the thermally averaged cross section [83]
(A.7)

where T} is some (high) temperature. The Boltzmann equation is then (to leading order)
of the form

2
5550 (=) + (=) = ~Cn (T 5

[(npr—ngr)+(np—ng7)],  (A8)
where C’ is a numerical constant obtained from summing over all of the leg orderings, with
the appropriate weights (its value is O(10)). Converting to conserved variables Y; = n;/s,
and letting x = T1 /T, this becomes

d r+ngr A
U ) A oo T Yo, (i + ). (A9)
with
A~1.32 x C,TlMplo'l R (AlO)

where we have used that during the radiation-dominated era, the Hubble rate is given by
H = AE—;, where Mp, = Mp, /W So, in terms of the B’ decay rate I', we find that

ST
)\:37r3\/;0' (Am")‘ (A.11)
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So, if T3 > 10_3%, then np + 1 will be suppressed by multiple e-folds. Taking some
representative values, for I' ~ 1/tg and Am ~ 10MeV, we find that this corresponds to
T 2 3TeV. 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 I' = 1/tcup it is required
that Am 2 7MeV, otherwise symmetry-violating interactions do not decouple until T° <
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 negligible. 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 interactions discussed above decouple,
forming a dark radiation component (the large difference between g, at the time of decou-
pling 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™3 ~ (10719 MeV)?
is the photon number density today, so the rate of e.g. B’ + N; — L’ + N interactions will
be much smaller than the rate of B’ — L'+ Ny + N» decays, since (Am)? > 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).

B B’-L’ mass splitting and L’ injection velocity

As discussed in section 3.1, 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
mp — myp = Am larger than mp/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 g,
the velocity given to L’ corresponds to a Lorentz factor v of

(Am)? — ¢

(B.1)
2mprmy,

y-1=

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

02— w o) ((Am>3> +O(wY). (B.2)

mi. mrp,

For a two-body decay B — L + X, assuming that my is small compared to Am gives

v R ﬁ—m. For a higher-multiplicity final state, some fraction of the decays will result in
L/
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v < v, i.e. those for which ¢ is only just below (Am)2. We can write the differential decay
width to a n-body final state as
(2m)*

I =-"2|APd®,(P;p1,....pn), B.
d M ‘A‘d ( 3 P1, 7p) ( 3)

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
D1y .., Pn. Also, we have

d®,(P;p1,...,pn) = (2m)3dg*d®o(P;p1, ¢)dPr—1(q; P2, - - -, n) , (B.4)

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®y dQ‘%‘. From above, for small Am we have |p]? ~ (Am)? — ¢2, so writing
¢®> = (Am)? — 642, the leading order behaviour of d®y with d¢? 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 (5¢%)"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 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 ((Acsgj)z)n—S/Q‘

To take an example, suppose that mpg = 20 GeV, mp = 10GeV, and v, = 500km s,
and that the decay is B’ — L’ + ¢ + ¢, where the ¢ are massless states. Then, v < v,
corresponds to g% < 5.6 x 1072 GeV?, which is 1.27 x 1078 of the 3-body phase space,

. 2 \3/2 8 2, D 2n—3
while ((gfn)g) /2 —1.31 x 10~®. Since v2 ~ i‘é,, in general our volume ratio is (%) "
L

(for Am > muw,; otherwise, the whole of the phase space volume corresponds to a velocity
kick < v.).

C Calculating the Galactic L’ distribution

Suppose that we have a steady-state distribution of (collisionless) DM particles B’ in a
gravitational potential ®. A small fraction of these then decay, with the decay products
including a particle L’ of only very slightly smaller mass, whose relative velocity is conse-
quently non-relativistic. The problem is to calculate the steady-state distribution of the
resulting decay product population.

We could approach this in a brute-force way by sampling from a large number of B’
starting positions and velocities, sampling from the possible relative L’ velocities, then
calculating the resulting L’ orbit and accumulating the time spent at given Z and ¥ in this
orbit into the overall Z, ¥ distribution (more sophisticated analyses such as [44] take some
variation of this approach). However, we can simplify the problem slightly by assuming
that the B’ distribution, and the gravitational potential, are both spherically symmetric
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(and that the B’ distribution is non-rotating). Although this ignores various effects, their
impact should be minor [45]:

o 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’ B’ and L’ particles.

We can put a rough upper bound on this effect by estimating the proportion of
the early-emitted L/ that are captured into galaxies. Free-streaming with a velocity
u suppresses perturbations on conformal scales with & > H(t)a(t)/u(t), as such
particles will escape potential wells. Since Hubble expansion reduces the velocity of
non-relativistic particles as 1/a, we have u(t) = u(t1)a(t)/a(t1), where ¢; is the time

of injection, and w(t1) is the velocity kick. So, the critical k at the present time
Hoa(t1)

u(ty) °
particles will never have clustered into galaxies. Conversely, only states emitted with
a(t1) < Hou(t;)~'/(100 kpc) will cluster. During matter domination, a ~ t2/3, and

since Hy /(100 kpc) ~ 7kms™!, it follows that for an L’ decay product to be captured

is k. = If k. < 100kpc, the scale relevant to galaxies, then the injected

it must be produced prior to

Tkms 1\
t1,§<ur(r;s) ) to - (C.1)

Taking example velocity kicks from earlier plots, if u(t;) ~ 70kms~!, around 3% of
the L’ emitted cluster in this way, and taking u(t1) ~ 220kms~! gives ~ 5 x 1073
of the I’ with the ‘parent’ distribution. From inspection of figure 3, the modified
distribution is always a significantly larger fraction of the original density than those
values.

e The shape of the DM halo: N-body simulations appear to favour ellipsoidal halos,
but with a ratio of longest/shortest axes around 0.6 rather than more extreme values.

o Angular momentum of the DM halo: simulations indicate that the velocity bias due
to net rotation is insignificant compared to the velocity dispersion, so should not give
a large effect.

e The potential of the galactic disk: there is a degeneracy between the contribution of
the halo and the disk to the mass of the inner few parsecs of the galaxy. 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.

By the Strong Jeans Theorem [45], the steady state phase-space distribution of a system
of collisionless particles moving in a spherical potential can be expressed as f = f(e, E),
where € is the binding energy and L is the angular momentum (both per unit mass).
Furthermore, since the B’ — L/ + --- decay is spherically symmetric, the distribution of
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the I’ in phase space must be of the form g = g(e, L?). So, if we start out with a distribution
function (DF) f(Z, ) = f(e, L?) for the B’, we can derive the ‘post-injection’ DF

h(Z,7) = /d3v’K(|v — V) f(@,7), (C.2)

for the L/, where K (Awv) 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 (e, L?) space will be the same for h and for the steady-state
distribution g. Then, since g depends only on ¢ and L?, we can recover it from the de dL?
density p, via gdV = pde dL?, where dV = d3z d3v is phase space volume. Explicitly,

% - /d3:r/d3v5<5 - <¢ - ;v2>> §(L? = r?v?) (C.3)

_ Qw/d?’x(t}) , C4
V2w — L2 ) 2 o) —e) o

where v is the perpendicular-to-radial velocity, and ¥ (r) = —®(r) is the maximum binding
energy at r. Similarly,

p(e, L?) = /d3 /d%fxv (5—(1/)—1))) (L? —r*0?), (C.5)

and in particular, if the velocity distribution is everywhere isotropic (h(Z,9) = h(Z, |v])),

then "
5L2—27r/d3<v (z,0) > . (C.6)
V22 — L2 ) oo i) —e)

From g(e, L?), we can find the number density p(r) by integrating over the appropriate
ranges of ¢ and L2,

p(r) = /d?’l_fg(r, v) = /2<2¢( )d3z7'g(1/1(r) —v%/2,7%0? sin? 9). (C.7)

To find a plausible initial DF for B’, we can assume that the velocity distribution 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(¢)
giving p [45], described by the Eddington formula

LA
f(z—:)—\/gﬁdé_/o Ve (C.8)

For the figures in the main text, we also (for ease of implementation) make the approx-

imation that the L’ distribution ¢ is ergodic, i.e. that it does not depend on L?. 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, as this results in most trajectories at
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large distances being approximately radial. However, for the not-too-large velocity kicks we

consider here (as required for observable annihilation signals), and for the smaller-radius

regions we are most concerned about, the approximation is acceptable. For example, tak-

ing the B profile to be the NF'W ~ = 1.2 one considered in figure 8, and working out the

full I/ distribution function g(e, L?) (for Av = 109kms~!) at some representative values,

we can estimate that the error in p at 7 = 1074eg (in the notation of figure 8) will be at

most a few percent.
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