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The relic abundance of particle and antiparticle dark matter (DM) need not be vastly different in thermal
asymmetric dark matter (ADM) models. By considering the effect of a primordial asymmetry on the
thermal Boltzmann evolution of coupled DM and anti-DM, we derive the requisite annihilation cross
section. This is used in conjunction with cosmic microwave background and Fermi-LAT gamma-ray data to
impose a limit on the number density of anti-DM particles surviving thermal freeze-out. When the extended
gamma-ray emission from the Galactic Center is reanalyzed in a thermal ADM framework, we find that
annihilation into τ leptons prefer anti-DM number densities 1%–4% that of DM while the b-quark channel
prefers 50%–100%.
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I. INTRODUCTION

The dominant contribution to the matter density of
the Universe is nonluminous and has so far only been
conclusively detected via its gravitational interactions. The
weakly interacting massive particle (WIMP) paradigm
[1] postulates that in the early Universe this dark matter
(DM) was kept in equilibrium with the thermal bath via
nongravitational interactions, and that weak-scale annihi-
lation cross sections yield a thermal relic with the correct
observed abundance of DM. The WIMP paradigm thus
gives hope for a nongravitational detection of this DM in
three avenues: (1) producing it at a collider, f̄f → X̄X,
where X is DM and f is a Standard Model (SM) particle;
(2) direct detection of the recoil imparted to a SM particle
from scattering, Xf → Xf; and (3) the indirect detection of
DM annihilating to SM final states, X̄X → f̄f. This final
possibility is the only one requiring the presence of both
particle X and antiparticle X̄ (having equal densities in the
WIMP picture).
However, the fact that the abundances of the dark and the

baryonic matter densities are within a factor of a few of
each other could be an indication of a common origin. This
curious fact has stimulated a substantial body of theoretical
work in which DM carries a particle/antiparticle asymmetry
(see [2,3] for reviews). A feature common to many such
models is the need to ensure a sufficiently large annihilation
cross section such that the symmetric component does not

yield too large a mass density. However, in the presence of
an asymmetry, the thermal Boltzmann evolution of DM
reveals that the symmetric component of DM need not be
small [4–6] and may thus render ADM amenable to indirect
detection searches [6].
Annihilation signals of DM are unique in their sensitivity

to the present density of anti-DM. Given that ADM
annihilation rates are suppressed by the small anti-DM
fraction, nX̄, this requires a concomitantly larger annihila-
tion cross section relative to the symmetric WIMP case.
This implies a fundamental degeneracy in indirect searches
between the annihilation cross section, hσvi, and the
number density of anti-DM, nX̄. This degeneracy can be
broken however by requiring that hσvi be sufficient to
account for the correct thermal relic abundance of X and X̄.
Thus with the input of an annihilation signal from DM
one can infer both the annihilation cross section and the
DM asymmetry, with direct consequences for DM model
building and phenomenology.
Such a signal may already have been found: the extended

gamma-ray emission from the Galactic Center (GC) is
consistent with annihilating DM in the ∼10–40 GeV mass
range [7–9,9–14]. This has led to a large body of theoretical
work to account for the observed signal while remaining
consistent with collider and direct searches [15–40]. We
leave the analysis of a complete model for the Galactic
Center in the light of ADM for future work.
In this paper we study the model-independent impact of

indirect searches on thermal ADM. In Sec. II we describe
the limits obtained from the gamma-ray data of the Fermi-
Large Area Telescope (LAT) satellite and the cosmic
microwave background (CMB), as well as the possible
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signal of annihilating DM from the Galactic Center.
In Sec. III we derive the key requirements for thermal
ADM and show how to map indirect constraints and signals
into the parameters relevant for ADM and applied to
present data. In Sec. IV we discuss near-term prospects
for improving the constraints on thermal ADM. We
conclude in Sec. V.

II. ANNIHILATION CONSTRAINTS

DM particles pair-annihilate into SM particles with
model-dependent final states and branching ratios. Since
the interaction involves a pair of particles, the annihilation
rate scales as the DM density squared, motivating searches
in regions of high DM density. Strong limits have been
placed by a variety of searches using various DM sources
and messenger particles. In some cases, excess signals
remain after subtracting known backgrounds, leading to
DM interpretations. In this section we summarize the
current status of limits and detections, and we discuss
implications in the next section.
The flux of particle species, i, from DM self-annihilation

generally follows the form [1]

ϕiðEÞ ¼
1

4πm2
X
hσannvreli

dNi

dE

Z
l:o:s:

dsρ2DMðrÞ; ð1Þ

where mX is the DM mass, hσannvreli is the averaged
annihilation cross sectionmultiplied by the relative velocity,
dNi=dE is the spectrum of particles i resulting from
each annihilation, and the integral takes the line of sight
integral of the DM density squared. In the absence of
detection, observational data set upper limits on the size
of ϕiðEÞ that can come from DM annihilation and still be
compatiblewith data,which can then be interpreted as a limit
on hσannvreli as a function of the DM mass. Complicating
this process is the presence of non-DM foregrounds and
backgrounds that must be modeled and subtracted.
Additional uncertainties arise since dNi=dE can be affected
by astrophysics, in particular for charged particles that can
rapidly lose energy and/or propagate diffusively depending
on the environmental parameters. Multiple sources, meth-
ods, and analyses help break some degeneracies [41].
We focus on two constraints, one arising from searches

using gamma-ray data from the Fermi-LAT satellite, and
the other using the indirect effects of DM annihilation on
the CMB. Figure 1 summarizes constraints arising from
searches in satellite dwarf galaxies of the Milky Way [42],
nearby galaxy clusters [43], and analysis of combined
WMAP, Planck, ACT, SPT, BAO, HST, and SN data [44].
Only the annihilation channel 100% bb̄ (solid lines) or
τþτ− (dashed lines) are shown for clarity. A variety of
additional constraints, not shown, are within the range
of limits shown in the figure. These are from, e.g., analysis
of the Milky Way halo [45], the extragalactic diffuse
gamma-ray emission [46,47], analysis of gamma-ray

anisotropies [48], and cross-correlations with distribution
of DM structures [49].
The dwarf limits of Ref. [42] combines Fermi-LAT

observations in the directions of a total of 15 satellite
galaxies of the Milky Way, and are an update of previous
estimates [50–52] in both data and analysis. The closest
dwarfs are treated as extended sources, kinematic data are
used to estimate the DM contents of the galaxies, and a
joint likelihood is performed marginalizing over other
parameters. Due to the negligible astrophysical back-
grounds in these galaxies, the DM limits are among the
most robust. The cluster limits of Ref. [43] provide stronger
limits, but additional uncertainties in the precise DM
content, density profiles, and contaminations from cos-
mic-ray induced gamma-ray emission exist. We elect to
adopt the limits from the Virgo cluster, which are among
the strongest, and show the most conservative limit that
does not subtract a cosmic-ray contribution. Nevertheless,
the limits are susceptible to significant systematic uncer-
tainty. For example, [43] uses a boost factor of ∼103; more
recent estimates suggest values closer to ∼35 [53], which
would weaken the cluster limits by a factor of ∼30.
The CMB limits of Ref. [44] constrains the energy

deposition at very high redshifts (1400 > z > 100) by
using the temperature and polarization anisotropies of the
CMB. The current (WMAP9þ Planckþ ACTþ SPTþ
BAOþ HSTþ SN) 95% C.L. limit on self-annihilating
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FIG. 1 (color online). 95% C.L. upper limits on the DM
annihilation cross section from the CMB (bold red), satellite
galaxies of the Milky Way (bold black), and the Virgo cluster
(thin blue). The solid lines are for a 100% bb̄ annihilation
channel, while the dashed lines are for τþτ−. These limits are
obtained under the assumption of self-annihilating DM. The
green data points denote the DM parameters that can account for
the extended gamma-ray emission from the Galactic Center,
where the ∼10ð40Þ GeV data point corresponds to the τþτ− (b̄b)
channel. The bold lines denote robust limits, while the thin lines
denote limits which are subject to larger systematic uncertainties.
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DM is fhσviSDM=mX < 1.2 × 10−27 cm3 s−1 GeV−1 [44],
where f is a function that describes the fraction of energy
that is absorbed by the CMB plasma. The limits are
particularly powerful for light-mass DM candidates
[54–57], and uncertainties of the energy deposition effi-
ciency is now small [44,58]; we adopt f ¼ 0.3 for the bb̄
channel and 0.2 for the τþτ− channel.
Towards the Galactic Center (GC) of our Milky Way, the

situation is driven more complex by intense astrophysical
backgrounds. Emissions from cosmic-ray interactions with
target gas dominates the observed gamma rays and is
complex to model. In addition, unresolved point sources
such as millisecond pulsars can mimic an extended gamma-
ray source like DM annihilation [59,60] (but see, e.g.,
Refs. [61,62]). Despite the complexity, several groups have
found strong evidence for an extended emission source in
Fermi-LAT data that is consistent with the spatial distri-
bution expected in DM halo formation simulations, a
spectrum that is consistent with the annihilation of
∼10–30 GeV DM to quarks or leptons, and a flux that
is consistent with the annihilation rate of thermally pro-
duced WIMP DM [7–14]. When the extended gamma-ray
emission is interpreted as being due to DM annihilation, it
favorsmX ¼ 39.4 GeV for annihilation in b quarks with an
annihilation cross section ð5.1� 2.4Þ × 10−26 cm3 s−1, and
a 9.4-GeV DM mass for annihilation into τ leptons with
cross section ð0.51� .24Þ × 10−26 cm3 s−1 [13]. As there is
no strong evidence for a preference for one channel over the
other, we consider both separately.

III. LIMITS ON ASYMMETRIC DM

In the conventional symmetric thermal relic scenario, the
abundance of DM is determined by the annihilation cross
section hσannvreli at the time of thermal freeze-out.1 More
generally however, if DM is not self-conjugate, DM
number violation may lead to a nonzero particle/antiparticle
asymmetry, ηX ≡ ðnX − nX̄Þ=s, where s is the entropy
density, nX is the particle number density, and nX̄ is the
antiparticle number density. In this case, the final abun-
dance depends on the DM mass, annihilation cross section,
and the asymmetry ηX.
The Boltzmann equations for the evolution of X and X̄ in

this more general setting are

dni
dt

þ 3Hni ¼ −hσannvreli½ninj − n2eq�; ð2Þ

where the indices run over i, j ¼ X, X̄, H is the Hubble
expansion rate, and neq is the equilibrium number
density. Throughout we adopt the standard temperature

parameterization of the annihilation cross section,
hσannvreli ¼ σ0ðT=mXÞn, such that n ¼ 0 and 1 for s-
and p-wave annihilation, respectively.
A very accurate analytic solution to the above system of

equations can be found in terms of the relic fractional
asymmetry [6]

r∞ ≡ nX̄
nX

¼ exp

�
−ηXλ

ffiffiffiffiffi
g�

p
xnþ1
f ðnþ 1Þ

�
; ð3Þ

where xf ≡mX=Tf with Tf the freeze-out temperature,
λ ¼ 0.264MPlmXσ0, with hσannvreli ¼ σ0ðT=mXÞn. The
quantity

ffiffiffiffiffi
g�

p
is a convenient combination of the

entropic heff and energy geff degrees of freedom,ffiffiffiffiffi
g�

p ≡ heffffiffiffiffiffi
geff

p ð1þ T
3heff

dheff
dT Þ. The freeze-out temperature is

found in the standard way as xf ≃ log ½ðnþ 1Þ ffiffiffiffiffi
g�

p
aλ�.

We can use Eq. (3) to accurately compute the relic
abundances of the X particle and antiparticles, ΩX and
ΩX̄, as

ΩDM ¼ ΩX þΩX̄ ¼ mXs0ηX
ρc

�
1þ 2r∞

1 − r∞

�
; ð4Þ

where s0 is the present-day entropy density.
When the fractional asymmetry is small r∞ ≪ 1, we can

safely neglect the abundance of X̄’s and write ηX ≃
ρcΩDM=ðmXs0Þ, where we have introduced the critical
density ρc and the current entropy density s0.
Combining this with Eq. (3) gives an approximate value
for the requisite thermal annihilation cross section asym-
metric DM [57]

hσannviADM ≃
ffiffiffiffiffi
45

π

r ðnþ 1Þxnþ1
f s0

ρcΩDMMPl
ffiffiffiffiffi
g�

p log

�
1

r∞

�
: ð5Þ

It can be seen that Eq. (5) agrees rather well with the
numerical solutions shown in Fig. 2. We note that the
results of Fig. 2 agree quite well with [64] with the proviso
that these authors studied self-annihilating DM.
With these requirements for a consistent thermal relic

scenario for ADM we now turn to the annihilation con-
straints for ADM.

A. Constraints on the fractional asymmetry

Let us now describe a simple method for reexpressing
limits derived on symmetric annihilating DM as limits on
asymmetric DM. Note that most annihilation limits are
derived under the assumption that DM is self-annihilating,
as appropriate for a self-conjugate field such as a Majorana
fermion, whereas ADM models contain complex fields
such as Dirac fermions or complex scalars.

1The dependence of the final abundance on the relativistic
degrees of freedom geff is mild unless freeze-out occurs near the
QCD phase transition where geff changes abruptly. Note as well
that we use geffðTÞ from [63].

ANNIHILATING ASYMMETRIC DARK MATTER PHYSICAL REVIEW D 91, 023505 (2015)

023505-3



With this difference in mind we can write the ratio of the
ADM annihilation rate to the symmetric, self-annihilating
case at a given DM mass as2

RADM

RSDM
¼ hσviADM

hσviSDM
r∞
2

�
2

1þ r∞

�
2

ð6Þ

where the ADM annihilation rate RADM ¼ nXnX̄ðσvÞ.
Equation (6)was derived by rewriting theADMannihilation
rate RADM ¼ nXnX̄ðσvÞ, using r∞ ¼ nX̄=nX and 2nSDM ¼
nXð1þ r∞Þ where nSDM the number density of DM in the
symmetric case.
As a case in point, let us illustrate the applicability of

Eq. (6) by applying it to CMB limits (for previous WMAP7
limits, see [57]). The current (WMAP9þ Planckþ ACTþ
SPTþ BAOþ HSTþ SN) 95% C.L. limit on symmetric
DM energy can be simply recast as an ADM limit as

f
hσviADM

mX

r∞
2

�
2

1þ r∞

�
2

< 1.2 × 10−27 cm3 s−1 GeV−1: ð7Þ

Making the additional assumption that the relic abundance
is set by thermal freeze-out, we can combine Eq. (8) with
Eq. (5) to determine a limit on the fractional asymmetry,

r∞ log

�
1

r∞

�
< f−11.2 × 10−2

�
20

xf

��
mX

1 GeV

� ffiffiffiffiffi
g�
16

r
: ð8Þ

We plot the resulting constraint on r∞ in Fig. 3.

B. Annihilation signals in ADM

Alternatively, when faced with potential signals of
annihilating DM we can interpret the results as positive
as information about the preferred values of hσvi and r∞.
As a case in point, we shall examine the extended gamma-
ray emission from the Galactic Center of the Milky Way
which has been interpreted as possibly arising from DM
annihilation [13,14].
To estimate the favored region in an ADM framework,

let us fix the DM mass to the best-fit value for a given
annihilation channel. Then with the use of Eq. (6) we plot
in Fig. 4 the GC-favored parameter space along with the
thermal relic curve. Interestingly an ADM thermal relic can
account for the GC excess with r∞ ∼ 1 for annihilation into
b quarks and r∞ ∼ 0.02 for annihilation into τ leptons.
Lastly, we observe that the preferred values of r∞ andmX

from the GC and thermal relic requirements can be used to
determine the ADM primordial asymmetry, ηX. The DM
abundance in ADM can be written as mXηX

mpηB
¼ ð1−r∞

1þr∞
Þ ΩDM

ΩB
.

Thus we observe that the τ-channel requires ηX ≃
ð0.51 − 0.43ÞηB, while the b-channel is consistent with
ηX ≲ 0.02ηB.

IV. DISCUSSION

In the near-term future, substantial improvements in the
sensitivity to DM annihilation are expected. In addition to
increased data, the dwarf gamma-ray limits will benefit
from future dwarf galaxy discoveries. Data from the Sloan
Digital Sky Survey have roughly doubled the number of
known milky way satellites despite covering only ∼25% of
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FIG. 3 (color online). CMB (bold red), dwarf satellite (bold
black), and Virgo cluster (thin blue) limits on the fractional
asymmetry r∞ ≡ nX̄=nX for thermal ADM. For illustration we
have fixed the annihilation channel to 100% τþτ−. As in Fig. 1
bold lines denote robust limits, while the thin lines denote limits
which are subject to larger systematic uncertainties.
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FIG. 2 (color online). Requisite total annihilation cross section
for the symmetric nX̄ ¼ nX case along with the asymmetric cases
nX̄ ¼ 10−1nX , 10−2nX , and 10−3nX. For reference the canonical
WIMP cross section for Dirac fermion or complex scalar DM is
shown as the dashed curve, hσvi ¼ 6 × 10−26 cm3 s−1.

2Note that a similar expression in Ref. [6] has an overall factor
of 2 difference from the present formula Eq. (6), arising from the
fact that there it was a ratio of Dirac ADM to Dirac SDM.
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the sky [65]. New generations of deep, wide-field photo-
metric surveys (e.g., PanSTARRS, Dark Energy Survey,
and Large Synoptic Survey Telescope) will potentially
significantly increase the number of dwarf galaxies that can
be used for DM searches, although estimates vary [66,67].
It has also been argued that radio synchrotron emission

from DM annihilation in dwarf satellites can provide strong
limits [68]. In particular, future detection prospects are
especially promising for the Square Kilometre Array
(SKA), which once completed will be the largest radio
telescope on Earth. The resulting limits on DM annihilation
are however subject to large uncertainties in the dwarf
interstellar medium primarily related to their poorly known
magnetic properties. In order to illustrate a rough future
constraint from SKA we use both the average and pessi-
mistic benchmark models from [68] (see their Table II) for
annihilation into b̄b. These projected limits have subther-
mal relic sensitivity for DM masses in the 10 GeV–5 TeV
(15–500 GeV) range for the average (pessimistic) bench-
mark. Note that with the more pessimistic assumptions
about dwarf gas content, magnetic fields, and diffusion
properties, the projected cross section limits are roughly 2
orders of magnitude weaker [68].
These limits can be compared against the present Virgo

cluster [43] and future CMB limits. For the latter we adopt
for illustrative purposes the cosmic variance limited sensi-
tivity, hσvi=mX ≤ 1.5 × 10−28 cm3 s−1GeV−1 [44]. We
plot these limits together in Fig. 5. There we observe that
the CMB sensitivity can at best reach the r∞ ∼ 4 × 10−3

level, while the current Virgo data already supersedes this.
The projected SKA limits however cut substantially into
ADM parameter space, requiring r∞ ≲ 7 × 10−4 for DM
masses in the 10–100 GeV range. We emphasize that future

data limiting DM annihilation may not ever rule out a
thermal relic, though it can be used to quantify the degree of
particle-antiparticle asymmetry required to render the
thermal relic hypothesis compatible with observations.
Finally, let us comment on the systematic uncertainties in

the limits obtained in this paper. For the dwarf analysis
[42], the uncertainties associated with the total DM content
of the individual dwarfs is folded into the limits by the
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FIG. 5 (color online). CMB cosmic variance limited experiment
(dark red, bold dotted), current Virgo cluster (blue, thin solid),
and projected SKA radio (green, dotted) limits on the fractional
asymmetry r∞ ≡ nX̄=nX for thermal ADM. For illustration we
have fixed the annihilation channel to 100% b̄b. To illustrate the
large systematic uncertainties associated with the SKA radio
projections we display the variation in the limit between the
“average” and “pessimistic” assumptions about dwarf galaxies.
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profile likelihood analysis. This is large for some dwarfs
with limited stellar observations, but smaller for well-
studied dwarfs. Ultimately, the dwarf limit is largely driven
by the few dwarfs with smaller uncertainty, large mass, and
small distance, e.g., Draco, Segue I, and Ursa Major II. The
uncertainty of the DM profile shape does not impact the
limit very strongly [42,69]. There are additional systematic
uncertainties arising from modeling of diffuse emissions
within our own galaxy and from the isotropic background.
In addition to the Fermi diffuse templates, Ref. [42]
explored eight alternate diffuse models, yielding several
percent changes to the limits.
For clusters, the associated systematic uncertainties are

larger. These come from uncertainty in potential point
sources and diffuse emission in the cluster itself, diffuse
emission within our own galaxy, and from the isotropic
diffuse gamma-ray background. The limit used in this paper
adopts the most conservative set of assumptions for these
systematic uncertainties from [43]. We stress again how-
ever that the analysis of [43] could be made yet more
conservative with weaker assumptions about the boost
factors, which would weaken the cross section limits by
a factor of ∼30.
For the GC, the DM density slope in the inner galaxy is

constrained by the spatial morphology of the GC excess
itself. The best-fit DM slope depends somewhat on the
adopted modeling of background and foreground compo-
nents, e.g., bremsstrahlung emission [13], inverse-
Compton emission [70], and/or galactic diffuse emission
[71], but all analyses yield profiles steeper than NFW, with
a central slope of −1.4 to −1.1. Additional systematic
uncertainty arises from the weakly constrained DM density
at the solar radius, as well as the uncertain scale radius. Our
adopted best-fit uncertainties include the former [13]. For
the latter, adopting instead of 23.1 kpc a scale radius of
20 kpc increases the inner density by several percent, and
hence requires a smaller cross section.

V. CONCLUSIONS

In this paper we have considered the model-independent
consequences of indirect annihilation signals on thermal

asymmetric DM. We derived constraints on thermal ADM
arising from the CMB, as well as dwarf satellites, and Virgo
cluster gamma-ray data from the Fermi-LAT satellite. In
contrast with what one may naively assume for ADM,
annihilation constraints can be strong. These are especially
stringent for light DM where, for example, the CMB and
dwarf satellite data require nX̄=nX < 0.07 for mX < 5 GeV
with 100% annihilation into τþτ−. The Virgo results imply
the even more stringent requirement nX̄=nX < 0.001 for
mX < 5, but are subject to greater uncertainties.
In addition we have determined the preferred fractional

asymmetry r∞ ≡ nX̄=nX from the extended source of
gamma rays from the GC. The b̄b annihilation channel
is in mild tension with the requirements of a thermal relic,
but at > 2σ is consistent with r∞ ∼ 0.5–1. In contrast, the
τþτ− annihilation channel is rendered fully consistent with
thermal relic considerations for r∞ ∼ 0.01–0.04. Thus in
contrast with the self-annihilating case, thermal ADM is
compatible with the Galactic Center annihilation rates for
both b̄b and τþτ− annihilation channels. We note lastly that
though all DM interpretations of the Galactic Center excess
have tension with Virgo cluster limits in [43], this could be
simply resolved if boost factors are closer to those
estimated in [53].
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APPENDIX

For reference we have used s0 ¼ 2878 cm−3, and
ΩCDMρc ¼ ðΩCDMh2Þ 1.054 × 104 eV cm−3, with the
best-fit Planck result ΩCDMh2 ¼ 0.12029 [72].

[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[2] K. Petraki and R. R. Volkas, Int. J. Mod. Phys. A 28,
1330028 (2013).

[3] K. M. Zurek, Phys. Rep. 537, 91 (2014).
[4] K. Griest and D. Seckel, Nucl. Phys. B283, 681 (1987).
[5] A. Belyaev, M. T. Frandsen, S. Sarkar, and F. Sannino, Phys.

Rev. D 83, 015007 (2011).

[6] M. L. Graesser, I. M. Shoemaker, and L. Vecchi, J. High
Energy Phys. 10 (2011) 110.

[7] L. Goodenough and D. Hooper, arXiv:0910.2998.
[8] D. Hooper and L. Goodenough, Phys. Lett. B 697, 412

(2011).
[9] D. Hooper and T. Linden, Phys. Rev. D 84, 123005 (2011).

[10] K. N. Abazajian and M. Kaplinghat, Phys. Rev. D 86,
083511 (2012).

BELL, HORIUCHI, AND SHOEMAKER PHYSICAL REVIEW D 91, 023505 (2015)

023505-6

http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1016/j.physrep.2013.12.001
http://dx.doi.org/10.1016/0550-3213(87)90293-8
http://dx.doi.org/10.1103/PhysRevD.83.015007
http://dx.doi.org/10.1103/PhysRevD.83.015007
http://dx.doi.org/10.1007/JHEP10(2011)110
http://dx.doi.org/10.1007/JHEP10(2011)110
http://arXiv.org/abs/0910.2998
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://dx.doi.org/10.1103/PhysRevD.84.123005
http://dx.doi.org/10.1103/PhysRevD.86.083511
http://dx.doi.org/10.1103/PhysRevD.86.083511


[11] C. Gordon and O. Macias, Phys. Rev. D 88, 083521 (2013).
[12] O. Macias and C. Gordon, Phys. Rev. D 89, 063515 (2014).
[13] K. N. Abazajian, N. Canac, S. Horiuchi, and M. Kaplinghat,

Phys. Rev. D 90, 023526 (2014).
[14] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.

Portillo et al., arXiv:1402.6703.
[15] E. Hardy, R. Lasenby, and J. Unwin, J. High Energy Phys.

07 (2014) 049.
[16] D. P. Finkbeiner and N. Weiner, arXiv:1402.6671.
[17] T. Lacroix, C. Boehm, and J. Silk, Phys. Rev. D 90, 043508

(2014).
[18] A. Alves, S. Profumo, F. S. Queiroz, and W. Shepherd,

Phys. Rev. D 90, 115003 (2014).
[19] A. Berlin, D. Hooper, and S. D. McDermott, Phys. Rev. D

89, 115022 (2014).
[20] P. Agrawal, B. Batell, D. Hooper, and T. Lin, Phys. Rev. D

90, 063512 (2014).
[21] E. Izaguirre, G. Krnjaic, and B. Shuve, Phys. Rev. D 90,

055002 (2014).
[22] D. Cerdeño, M. Peiró, and S. Robles, J. Cosmol. Astropart.

Phys. 08 (2014) 005.
[23] S. Ipek, D. McKeen, and A. E. Nelson, Phys. Rev. D 90,

055021 (2014).
[24] K. Kong and J.-C. Park, Nucl. Phys. B888, 154 (2014).
[25] P. Ko, W.-I. Park, and Y. Tang, J. Cosmol. Astropart. Phys.

09 (2014) 013.
[26] C. Boehm, M. J. Dolan, C. McCabe, M. Spannowsky, and

C. J. Wallace, J. Cosmol. Astropart. Phys. 05 (2014) 009.
[27] C. Boehm, M. J. Dolan, and C. McCabe, Phys. Rev. D 90,

023531 (2014).
[28] M. Abdullah, A. DiFranzo, A. Rajaraman, T. M. P. Tait, P.

Tanedo, and A. M. Wijangco, Phys. Rev. D 90, 035004
(2014).

[29] D. K. Ghosh, S. Mondal, and I. Saha, arXiv:1405.0206.
[30] A. Martin, J. Shelton, and J. Unwin, Phys. Rev. D 90,

103513 (2014).
[31] A. Berlin, P. Gratia, D. Hooper, and S. D. McDermott, Phys.

Rev. D 90, 015032 (2014).
[32] T. Basak and T. Mondal, arXiv:1405.4877.
[33] J. M. Cline, G. Dupuis, Z. Liu, and W. Xue, J. High Energy

Phys. 08 (2014) 131.
[34] W. Detmold, M. McCullough, and A. Pochinsky, Phys. Rev.

D 90, 115013 (2014).
[35] L. Wang, arXiv:1406.3598.
[36] C. Arina, E. Del Nobile, and P. Panci, arXiv:1406.5542

[Phys. Rev. Lett. (to be published)].
[37] C. Cheung, M. Papucci, D. Sanford, N. R. Shah, and K. M.

Zurek, Phys. Rev. D 90, 075011 (2014).
[38] J. Huang, T. Liu, L.-T. Wang, and F. Yu, Phys. Rev. D 90,

115006 (2014).
[39] P. Ko and Y. Tang, arXiv:1407.5492.
[40] N. Okada and O. Seto, Phys. Rev. D 90, 083523 (2014).
[41] K. C. Y. Ng, R. Laha, S. Campbell, S. Horiuchi, B. Dasgupta,

K. Murase, and J. F. Beacom, Phys. Rev. D 89, 083001
(2014).

[42] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. D 89, 042001 (2014).

[43] J. Han, C. S. Frenk, V. R. Eke, L. Gao, S. D. M. White, A.
Boyarsky, D. Malyshev, and O. Ruchayskiy, Mon. Not. R.
Astron. Soc. 427, 1651 (2012).

[44] M. S. Madhavacheril, N. Sehgal, and T. R. Slatyer, Phys.
Rev. D 89, 103508 (2014).

[45] M. Ackermann et al. (LAT Collaboration), Astrophys. J.
761, 91 (2012).

[46] K. N. Abazajian, P. Agrawal, Z. Chacko, and C. Kilic, J.
Cosmol. Astropart. Phys. 11 (2010) 041.

[47] A. Abdo et al. (Fermi-LAT Collaboration), J. Cosmol.
Astropart. Phys. 04 (2010) 014.

[48] S. Ando and E. Komatsu, Phys. Rev. D 87, 123539 (2013).
[49] M. Shirasaki, S. Horiuchi, and N. Yoshida, Phys. Rev. D 90,

063502 (2014).
[50] A. Abdo et al. (Fermi-LAT Collaboration), Astrophys. J.

712, 147 (2010).
[51] A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev.

Lett. 107, 241303 (2011).
[52] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.

Rev. Lett. 107, 241302 (2011).
[53] M. A. Sanchez-Conde and F. Prada, Mon. Not. R. Astron.

Soc. 442, 2271 (2014).
[54] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, Phys. Rev.

D 84, 027302 (2011).
[55] G. Hutsi, J. Chluba, A. Hektor, and M. Raidal, Astron.

Astrophys. 535, A26 (2011).
[56] D. P. Finkbeiner, S. Galli, T. Lin, and T. R. Slatyer, Phys.

Rev. D 85, 043522 (2012).
[57] T. Lin, H.-B. Yu, and K. M. Zurek, Phys. Rev. D 85, 063503

(2012).
[58] C. Weniger, P. D. Serpico, F. Iocco, and G. Bertone, Phys.

Rev. D 87, 123008 (2013).
[59] E. A. Baltz, J. E. Taylor, and L. L. Wai, Astrophys. J. 659,

L125 (2007).
[60] K. N. Abazajian, J. Cosmol. Astropart. Phys. 03 (2011) 010.
[61] D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins, and T.

Slatyer, Phys. Rev. D 88, 083009 (2013).
[62] I. Cholis, D. Hooper, and T. Linden, arXiv:1407.5625.
[63] M. Laine and Y. Schroder, Phys. Rev. D 73, 085009

(2006).
[64] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys. Rev. D

86, 023506 (2012).
[65] B. Willman, Adv. Astron. 2010, 1 (2010).
[66] E. J. Tollerud, J. S. Bullock, L. E. Strigari, and B. Willman,

Astrophys. J. 688, 277 (2008).
[67] J. R. Hargis, B. Willman, and A. H. G. Peter,

arXiv:1407.4470.
[68] M. Regis, S. Colafrancesco, S. Profumo, W. de Blok, M.

Massardi, and L. Richter, J. Cosmol. Astropart. Phys. 10
(2014) 016.

[69] A. Geringer-Sameth, S. M. Koushiappas, and M. G. Walker,
arXiv:1410.2242.

[70] K. N. Abazajian, N. Canac, S. Horiuchi, M. Kaplinghat, and
A. Kwa, arXiv:1410.6168.

[71] F. Calore, I. Cholis, and C. Weniger, arXiv:1409.0042.
[72] P. Ade et al. (Planck Collaboration), Astron. Astrophys.

571, A16 (2014).

ANNIHILATING ASYMMETRIC DARK MATTER PHYSICAL REVIEW D 91, 023505 (2015)

023505-7

http://dx.doi.org/10.1103/PhysRevD.88.083521
http://dx.doi.org/10.1103/PhysRevD.89.063515
http://dx.doi.org/10.1103/PhysRevD.90.023526
http://arXiv.org/abs/1402.6703
http://dx.doi.org/10.1007/JHEP07(2014)049
http://dx.doi.org/10.1007/JHEP07(2014)049
http://arXiv.org/abs/1402.6671
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.115003
http://dx.doi.org/10.1103/PhysRevD.89.115022
http://dx.doi.org/10.1103/PhysRevD.89.115022
http://dx.doi.org/10.1103/PhysRevD.90.063512
http://dx.doi.org/10.1103/PhysRevD.90.063512
http://dx.doi.org/10.1103/PhysRevD.90.055002
http://dx.doi.org/10.1103/PhysRevD.90.055002
http://dx.doi.org/10.1088/1475-7516/2014/08/005
http://dx.doi.org/10.1088/1475-7516/2014/08/005
http://dx.doi.org/10.1103/PhysRevD.90.055021
http://dx.doi.org/10.1103/PhysRevD.90.055021
http://dx.doi.org/10.1016/j.nuclphysb.2014.09.014
http://dx.doi.org/10.1088/1475-7516/2014/09/013
http://dx.doi.org/10.1088/1475-7516/2014/09/013
http://dx.doi.org/10.1088/1475-7516/2014/05/009
http://dx.doi.org/10.1103/PhysRevD.90.023531
http://dx.doi.org/10.1103/PhysRevD.90.023531
http://dx.doi.org/10.1103/PhysRevD.90.035004
http://dx.doi.org/10.1103/PhysRevD.90.035004
http://arXiv.org/abs/1405.0206
http://dx.doi.org/10.1103/PhysRevD.90.103513
http://dx.doi.org/10.1103/PhysRevD.90.103513
http://dx.doi.org/10.1103/PhysRevD.90.015032
http://dx.doi.org/10.1103/PhysRevD.90.015032
http://arXiv.org/abs/1405.4877
http://dx.doi.org/10.1007/JHEP08(2014)131
http://dx.doi.org/10.1007/JHEP08(2014)131
http://dx.doi.org/10.1103/PhysRevD.90.115013
http://dx.doi.org/10.1103/PhysRevD.90.115013
http://arXiv.org/abs/1406.3598
http://arXiv.org/abs/1406.5542
http://arXiv.org/abs/1406.5542
http://dx.doi.org/10.1103/PhysRevD.90.075011
http://dx.doi.org/10.1103/PhysRevD.90.115006
http://dx.doi.org/10.1103/PhysRevD.90.115006
http://arXiv.org/abs/1407.5492
http://dx.doi.org/10.1103/PhysRevD.90.083523
http://dx.doi.org/10.1103/PhysRevD.89.083001
http://dx.doi.org/10.1103/PhysRevD.89.083001
http://dx.doi.org/10.1103/PhysRevD.89.042001
http://dx.doi.org/10.1103/PhysRevD.89.042001
http://dx.doi.org/10.1111/j.1365-2966.2012.22080.x
http://dx.doi.org/10.1111/j.1365-2966.2012.22080.x
http://dx.doi.org/10.1103/PhysRevD.89.103508
http://dx.doi.org/10.1103/PhysRevD.89.103508
http://dx.doi.org/10.1088/0004-637X/761/2/91
http://dx.doi.org/10.1088/0004-637X/761/2/91
http://dx.doi.org/10.1088/1475-7516/2010/11/041
http://dx.doi.org/10.1088/1475-7516/2010/11/041
http://dx.doi.org/10.1088/1475-7516/2010/04/014
http://dx.doi.org/10.1088/1475-7516/2010/04/014
http://dx.doi.org/10.1103/PhysRevD.87.123539
http://dx.doi.org/10.1103/PhysRevD.90.063502
http://dx.doi.org/10.1103/PhysRevD.90.063502
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://dx.doi.org/10.1103/PhysRevLett.107.241303
http://dx.doi.org/10.1103/PhysRevLett.107.241303
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1093/mnras/stu1014
http://dx.doi.org/10.1093/mnras/stu1014
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1051/0004-6361/201116914
http://dx.doi.org/10.1051/0004-6361/201116914
http://dx.doi.org/10.1103/PhysRevD.85.043522
http://dx.doi.org/10.1103/PhysRevD.85.043522
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.87.123008
http://dx.doi.org/10.1103/PhysRevD.87.123008
http://dx.doi.org/10.1086/517882
http://dx.doi.org/10.1086/517882
http://dx.doi.org/10.1088/1475-7516/2011/03/010
http://dx.doi.org/10.1103/PhysRevD.88.083009
http://arXiv.org/abs/1407.5625
http://dx.doi.org/10.1103/PhysRevD.73.085009
http://dx.doi.org/10.1103/PhysRevD.73.085009
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://dx.doi.org/10.1155/2010/285454
http://dx.doi.org/10.1086/592102
http://arXiv.org/abs/1407.4470
http://dx.doi.org/10.1088/1475-7516/2014/10/016
http://dx.doi.org/10.1088/1475-7516/2014/10/016
http://arXiv.org/abs/1410.2242
http://arXiv.org/abs/1410.6168
http://arXiv.org/abs/1409.0042
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1051/0004-6361/201321591

