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p-wave annihilating dark matter from a decaying predecessor
and the Galactic Center excess
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Dark matter (DM) annihilations have been widely studied as a possible explanation of excess gamma
rays from the Galactic Center seen by Fermi/LAT. However most such models are in conflict with
constraints from dwarf spheroidals. Motivated by this tension, we show that p-wave annihilating dark
matter can easily accommodate both sets of observations due to the lower DM velocity dispersion in dwarf
galaxies. Explaining the DM relic abundance is then challenging. We outline a scenario in which the usual
thermal abundance is obtained through s-wave annihilations of a metastable particle, that eventually decays
into the p-wave annihilating DM of the present epoch. The couplings and lifetime of the decaying particle
are constrained by big bang nucleosynthesis, the cosmic microwave background and direct detection, but
significant regions of parameter space are viable. A sufficiently large p-wave cross section can be found by
annihilation into light mediators, that also give rise to Sommerfeld enhancement. A prediction of the
scenario is enhanced annihilations in galaxy clusters.
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I. INTRODUCTION

Fermi-LAT Observations of the Galactic Center (GC)
provide evidence of a gamma-ray excess in the multi-GeV
energy range [1-9]. Millisecond pulsars (MSPs) are a
favored astrophysical source to explain the signal [10-12],
but there is debate in the literature as to whether the required
numbers of MSPs in the GC for this purpose is consistent
with the number resolved by Fermi [13] or expected on
theoretical or empirical grounds [14]. Other possible astro-
physical explanations have been presented [15-20], but dark
matter annihilation into charged particles that lead to gamma
rays remains a possibility that has attracted great interest.
Further data should eventually be able to distinguish between
the different possibilities [21,22].

There is tension between most dark matter (DM) explan-
ations of the Galactic Center excess (GCE) and constraints on
dark matter annihilation coming from observations of dwarf
spheroidal galaxies [23,24]." (Further complementary con-
straints come from searches for GeV emission in the large
Magellanic cloud [31] or subhalos of the Milky Way [32].)
The best fits for DM mass and annihilation cross section for
the GCE lie in regions that tend to be excluded by factors of
a few by the dwarf spheroidal limits. A possible way of
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lAnalyses of known dwarf spheroidal galaxies have revealed
no significant excess gamma-ray emission. However, there have
been claims of possible signals from the recently discovered
[25,26] dwarf spheroidal candidates Reticulum II [27,28] and
Turcana IIT [29]. These results are somewhat in dispute, with a
Fermi-LAT analysis of Reticulum II using more data [30]
claiming no significant excess.
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alleviating this tension is to assume that the annihilation is
into electrons, a scenario in which the GCE is primarily
produced through inverse Compton scattering which is
suppressed in dwarfs because of their dilute radiation fields
[33-35]. An additional idea to explain the discrepancy is a
model of asymmetric DM where anti-DM is produced at late
times via decays, leading to particles with enough kinetic
energy to escape a dwarf galaxy but not the Galactic Center,
where they annihilate with DM particles [36].

In this work we explore a different possibility, noting that
the tension can be avoided if the dark matter annihilation
rates are velocity dependent. Since the velocity dispersion
in the Galactic Center is significantly higher than that in
dwarf galaxies, the GCE can be consistent with the lack of
signals from dwarf spheroidal galaxies provided that the
annihilation cross section increases with velocity. This is
the case in models where p-wave annihilations dominate,
which is the subject of the present work. This scenario has
recently been explored [37] to alleviate tension between the
dwarf spheroidal constraints and DM explanations of the
AMS-02 positron excess. We take a similar approach for
the GCE. An immediate challenge is how to obtain the right
relic density since the cross section needed for the GCE is
of order (6v) ~ 3 x 10%° cm?/s, the usual value associated
with a thermal origin for the relic density. But if (ov) has
such a value in the GC today, it would have been orders of
magnitude larger in the early universe, leading to a
negligible thermal abundance. We address this by showing
how the current generation of p-wave annihilating dark
matter could have arisen through the decays of a metastable
predecessor DM particle that has a thermal origin. The
decays can take place at temperatures ranging from ~1 eV
to several GeV. By this time the p-wave annihilations
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would be out of equilibrium despite their relatively large
cross section.

The annihilation cross section needed to explain the
GCE requires large couplings to compensate for the
p-wave suppression. Such large couplings would generi-
cally tend to also give strong interactions of dark matter
with nuclei. However constraints from direct detection
can be satisfied if the dark matter annihilates into light
mediators [38,39] that subsequently decay into standard
model particles. The light mediators also lead to
Sommerfeld enhanced annihilation, allowing us to avoid
nonperturbatively large couplings. In this way we are able
to find viable models that have reasonably small couplings.

In Sec. II we parametrize the p-wave annihilation cross
section in the Milky Way (MW) and in dwarf spheroidal
galaxies, in terms of assumed velocity dispersion profiles,
leading to modified J-factors that are relevant for com-
parison to observations. In Sec. Il we give the results of
the galactic propagation simulations used to compute the
expected signal from the Galactic Center, including the
effects of inverse Compton scattering and Bremsstrahlung
radiation. This yields fits to the data in the plane of DM
mass versus annihilation cross section ocv. We then derive
upper limits on ov in the same plane from dwarf spher-
oidals and galaxy clusters. In Sec. IV we show that p-wave
annihilations of the desired strength would lead to strong
suppression of the DM abundance at freeze-out, unless
some nonthermal origin prevails. Here we present the
scenario of decaying DM whose density is determined
by the usual s-wave process, and the conditions under
which this provides a consistent description. Three exam-
ples of decay channels leading to different phenomenology
are presented, to illustrate the range of possibilities. In
Sec. V we systematically explore observational constraints
on these models coming from cosmology, astrophysical
line searches, direct searches, and colliders. In Sec. VI we
provide a concrete model of y annihilation into light scalar
mediators to show that the desired large cross section can
be achieved with reasonable values of the couplings in a
renormalizable model. Conclusions are given in Sec. VIIL.

II. ANNIHILATION CROSS SECTION

The expected signal from either the GC or dwarf
spheroidals is proportional to the phase-space averaged
cross section

(ov) :%/Ovm dv, /OUesc dvy /_I dcos 0f (v1)f(v2)ovre
(1)

for a f(v), where v =
V17 + 13 —20;v,c0s@ is the relative velocity between
the two annihilating particles and the escape velocity g

depends upon radial position r in the galaxy. In this work

velocity  distribution
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we consider Dirac fermion dark matter. Self-annihilating
Majorana dark matter would introduce an additional factor
of 1/2 into Eq. (1). Following [40] and others, we adopt a
Maxwell-Boltzmann distribution,

_ 3\/6 1}26_3"2/26‘2"
= 3 ,
\/7_7'-611

where o, is the velocity dispersion at the given r.
The normalization factor in (2) is appropriate in the limit
of large escape velocity, wo.,. > o,. Numerically we find
that this approximation is well suited to the present
applications.

We will be interested in p-wave annihilation for which
at low velocities ov =1C,(v/c)* with C, a constant.
The phase-space averaged value is then

(ov) = Cylo,/c)*. (3)

In general o, is a function of r. This dependence is
potentially significant in the MW, unlike in dwarf spher-
oidals, whose radial dependence has been observed to be
roughly constant. Regardless of these details, it is however
clear that (ov) is several orders of magnitude lower in
dwarf spheroidals (dSph) than in the MW if the cross
section is p-wave suppressed. Measured values of o, are
less than 15 km/s in MW dSph satellites [41], whereas most
estimates of ¢, near the GC are =130 km/s (see for
example Refs. [42,43]). On the other hand, Fermi upper
limits on (ov) from dSph observations are at most a factor
of a few more stringent than the values of (ov) needed to fit
the GCE.

f() (2)

A. The milky way

The Milky Way, though composed predominantly of
dark matter, has inner regions such as the bulge and bar (as
well as Sagittarius A*) which are dominated by baryonic
matter or otherwise do not follow a Navarro-Frenk-White
(NFW) profile [44]. The velocity dispersion of dark matter
in the Milky Way is difficult to measure directly in the inner
region, hence we rely on simulations and theoretical
estimates. In order to quantify the uncertainties associated
with choosing a velocity dispersion profile, we base our
profiles on the results of simulations [45] that include
baryonic matter to study the evolution of the Milky Way’s
profile.

If the Milky Way contained no baryonic matter, it could
be suitably modeled by a NFW profile. The resulting
velocity dispersion, from fits to the aforementioned sim-

ulation, is
-0

with y = 1.87 [46]. When baryons are included, however, a
slope of y = 1.64 provides a better fit to the simulations
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TABLE 1. J-factors for dwarf spheroidal galaxies with
kinematic data [48] and velocity dispersion (with associated
reference). J and J, are given in GeV* cm™ sr.

Galaxy o, (km/s) log,yJ log)yJ, References
Carina 7.5 18.1+£0.23 89 [49]
Draco 13 18.8+£0.16 10.1 [50]
Fornax 11.1 182+18.2 93 [51]
Leo I 9.9 177+ 177 8.7 [52]
Leo II 6.8 17.6 £0.18 8.3 [53]
Sculptor 9 186 +0.18 9.6 [54]
Sextans 8 184+0.27 9.3 [49]
Ursa Minor 12 18.84+0.19 10.0 [50]
Bootes T 6.6 188+0.22 9.5 [55]
Canes Venatici | 7.6 17.7 +£0.26 8.5 [56]
Canes Venatcici 11 4.6 17.9 £0.25 8.3 [56]
Coma Berenices 4.6 19.0 £0.25 94 [56]
Hercules 5.1 18.1+0.25 8.6 [56]
Leo IV 33 1794028 8.0 [56]
Segue 1 4.3 19.5+029 938 [57]
Ursa Major 1 7.6 183+024 9.1 [56]
Ursa Major II 6.7 19.3£0.28 10.0 [56]
Willman 1 4.0 19.1 £ 0.31 9.3 [58]

[47]. We use the value v, = 130 kms™!, consistent with the
results of [42,43].

A second possibility that we consider is that the velocity
dispersion of the Milky Way scales as a simple power law,

)y

as suggested by the results of Ref. [45]. A numerical fit to
those results gives a = —1/4 [46] and, using our conven-
tion, a value of v, = 104 kms™!, which results in the same
velocity dispersion at r = R as Eq. (4). Reference [45]
resolves only down to radii r > 1 kpc, so (5) need not hold
at smaller radii. Nevertheless we extrapolate it to r < 1 kpc
to estimate the theoretical upper bound on the predicted
GCE signal, which is greater for the ansatz (5) than for
Eq. (4). Since the observed signal is averaged over volume
with > weighting, the difference for the predicted GCE
excess between the two assumptions is relatively small
despite the fact that o, has very different behavior between
the two as r — 0.

B. Dwarf spheroidal galaxies

Dwarf spheroidal galaxies tend to have relatively flat
observed velocity dispersion profiles out to large radii [41].
We therefore approximate them as being constant, inde-
pendent of radius. In this case, the J-factor for p-wave
annihilation is simply proportional to that for s-wave. We
define the former to be

J,= /AQ jons.p(x)2 <0L7(r)> 2dldQ’. (6)
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In Ref. [48] the s-wave J-factors of the 18 dwarf spheroidal
galaxies for which kinematic data was available were
computed. We use these to determine J, through the

relation J, = J(o,/c)?. Table I shows the velocity dis-
persions and J-factors of the dwarf galaxies used.

II1. SIMULATIONS AND INDIRECT LIMITS

The observed gamma-ray excess, if it originates from
dark matter, can be the result of annihilations to SM
particles. It has been shown that the observed flux can
be fit by annihilations with a large branching ratio to bb, as
would be expected for Higgs portal dark matter [6,7,59].
Although most of these gamma rays are prompt (decay
products of the b quarks), a significant fraction comes from
inverse Compton scattering and, to a lesser extent, from
bremsstrahlung. While the prompt signal can be relatively
easily computed, the ICS and bremsstrahlung contributions
are more involved. To this end, we use the DRAGON [60]
code to simulate cosmic ray production and propagation
from dark matter annihilations, and the GammaSky pro-
gram which implements GALPROP [61] to simulate the ICS
and bremsstrahlung contributions along the line of sight.
GammaSKky is as yet unreleased, but some results have been
given in [62].

We have modified DRAGON to account for p-wave
annihilating dark matter, replacing the constant cross
section appearing with the DM density by owvp(r) -
p(r)C,(c,(r)/c)>. We also incorporate a generalized
NFW profile

_ Po
= i 7

and the galactic diffusion parameters and magnetic field
model used in Ref. [6], corresponding to their best-fit
model (therein called Model F). The NFW parameters are
taken to be p, = 0.3 GeV cm™ (giving a local DM density
of 0.4 GeVcem™), R, = 20 kpc, and y = 1.2 (the best-fit
value for the GCE found in [6,7]). The electron injection
spectrum is taken from PPPC 4 [63,64], as is the photon
spectrum used in calculating the prompt contribution.

We will focus on models in which DM annihilates into
on-shell scalar mediators ¢ that subsequently decay into
SM particles, primarily bb. The prompt photon and electron
spectra must be boosted with respect to those from DM
annihilating at rest, to account for the velocity of ¢ when it
decays. The decay spectrum into particles of type i =y, e

in the rest frame of the ¢ is denoted by ded’) /dE. It is
related to the spectrum in the center of mass frame of the yy
system by [65,60]

any 2 /EX+ dE' dN\") @
dE (x, —x_) Jg. E dE’
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lo, 20, and 30 contours for the CCW [6], Daylan et al. [7], and Fermi Collaboration [9] data. The results are shown for

annihilation into on-shell scalar mediators, followed by decay into bb, with a mediator mass of my = 12, 20, 30, and 50 GeV. Shaded
regions in upper left corner indicate the constraint from the Virgo cluster.

where xy =m,/my £ /(m,/my)* — 1. This expression

assumes that the final-state particles are massless, which is
approximately true for the electrons as well as the photons
injected from b decays.

The prompt photon spectrum can be calculated inde-
pendently of the DRAGON simulation. Its integrated spectral
flux (in units of photons - cm™2s~!) is given by

dq)prompt o Co’ dN Y

= = Ty
dE  8zml dE

P ©)

with J,, defined in Eq. (6). The total observed spectrum
is equal to the sum of d®,,y,/dE and the ICS +
Bremsstrahlung spectrum determined from the simulations.

A. Simulation results

We simulated the gamma-ray flux for a range of dark
matter masses (20 GeV < m, <200 GeV) and compared
the results to the GCE signals estimated in Refs. [6-8].

The best-fit regions are presented in Fig. 1, which show the
confidence intervals in the C,-m, plane for four different
values for the mediator mass, m, = 12, 20, 30, 50 GeV.
The contours are generated by minimizing the > of our
simulated spectrum with respect to each data set in the
C,-m, plane, and contours are then drawn at 2. + 2.30,
22 +6.18, and y2. + 11.83, corresponding to lo, 20,
and 3¢. The minimum values of y? and the corresponding
model parameters are given in Table II, which shows that
the fit results are relatively insensitive to the mediator mass
(the fits to the Fermi data display a mild preference for
heavier mediators). Reasonably good fits to the Fermi and
CCW data sets are obtained, with

m, ~90 GeV, C,~10720 cm’s7! (10)
whereas the fit to the Daylan et al. data is poor. The data are
compared to the simulated observed spectrum from the GC
in Fig. 2 for representative values of m, and C,, taking a
mediator mass of m, = 12 GeV.

015018-4



p-WAVE ANNIHILATING DARK MATTER FROM A ...

TABLE II.
GeV and C, is in cm®s™!

PHYSICAL REVIEW D 94, 015018 (2016)

Minimum y? values for fits to the three data sets, (number of data points N indicated). Masses are in
. The confidence regions are shown in Fig. 1.

CCW (N =21) Fermi (N = 20) Daylan (N = 25)
m‘/’ )(rznin m}( lOglOCo’ )(Zmin m)( logloc(f )(ﬁqin m)( lOglO C(f
12 29.7 68 -20.0 24.9 109 —-19.9 54.1 56 —19.4
20 29.9 70 -19.9 23.7 116 -19.9 65.3 62 —19.3
30 29.9 76 -19.9 22.7 128 -19.9 71.3 67 —19.3
50 30.6 88 —-19.8 22.0 146 —19.8 76.8 76 —19.2

The previous results are based upon the assumption of
Eq. (4) for the DM velocity dispersion in the MW. The
effect of using higher o, using Eq. (5), is shown in Fig. 3,
which results in somewhat lower central values of C, ~
0.2 x 1072 cm? s~ for the cross section and m,, ~ 80 GeV
for the mass.

B. Limits from dwarf spheroidal galaxies

An upper limit on the gamma-ray flux from DM
annihilation in 18 dwarf spheroidal galaxies with kinematic
data has been determined using Fermi-LAT data [48]. This
can be used in conjunction with the J-factors presented in
Table I to obtain an upper limit on C,. The strongest such
constraint comes from the dwarf galaxy Draco. At a
distance of 80 kpc and with a relatively large J-factor
and high velocity dispersion, it would be the most likely to
exhibit signs of p-wave annihilating dark matter.

Photon Flux (2.0 <6 <20.0)

10°

ICS (70 GeV) - 1CS (110 GeV) e o CCW
- = Prompt (70 GeV) == Prompt (110 GeV) | ® Fermi
— Total (70 GeV) — Total (110 GeV) A A Daylan

1075 L

‘xl“‘l‘l
'y

E? dp/dE [GeV cm~2 s71]

10°

107 10° 10! 10°
E [GeV]

FIG. 2. Simulated observed photon energy flux for p-wave
annihilating dark matter with m, =70 GeV (red, upper curved)
or m, = 110 GeV (blue, lower curves), mediator mass my =
12 GeV and cross section coefficient C, = 1072 cm®s~!. The
observed region is the disklike region 2.0 < € < 20.0, where 9 is
the viewing angle as measured from the Galactic Center. The
ICS + bremsstrahlung (dotted) and prompt (dashed) components
are shown individually. Also shown are the three data sets of
observed fluxes; the values of m, are chosen to demonstrate the

best fits to two of the individual data sets.

Ackermann et al. give the combined limit on (ov),;
(annihilation into bb) at 95% C.L. for 15 dwarf spheroidal
galaxies. In our model, DM annihilates to bbb b, leading to
a different gamma-ray spectrum, but in this section and the
next we assume the resulting limit on the annihilation rate
in both cases is approximately the same. (Note that the total
energy deposition in the two cases is the same.)

The previously derived limit assumes s-wave annihila-
tion and therefore cannot be directly converted into a limit
from p-wave annihilation, as the different velocity dis-
persions of the dwarf spheroidals would have to be taken
into account individually. If, however, we make the
simplifying assumption that all dwarf spheroidal galaxies
have velocity dispersions equal to the greatest value (that of
Draco, with ¢, = 13 km/s), we can then use Eq. (3) to
directly convert the limit to one on C,. This will lead to a
constraint that is slightly more stringent than the true value,
but sufficient for our purpose of showing that there is no
tension with the GCE. The resulting upper limit on C, as a
function of m,, is shown in Fig. 4, along with the GCE best-
fit regions. The weaker cosmic microwave background
(CMB) constraint from energy injection at recombination
[67] (also discussed in Sec. V B) is also indicated there.

We see that the assumption of p-wave annihilation rather
than s-wave completely eliminates the tension between the

-19.8
A)
-20.01 ﬂ/
o Daylan
I, —20.2}
”E CcCcw Fermi
L
. -20.4¢
S)
= 206} /
o5 —20.
: )
-20.8}
-21.0 - ) ’ - : ‘ ) -
20 40 60 80 100 120 140 160 180 200
m, [GeV
FIG. 3. Like Fig. 1, but using the velocity dispersion profile in

Eq. (5), with a mediator mass of mj = 12.
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FIG. 4. Like Fig. 1, including 95% C.L. upper limits on C,,
from the five most constraining dwarf spheroidals, the Virgo,
Fornax, and Coma clusters, and the CMB. The fits to the GCE
for p-wave annihilating dark matter are well below the limits.
The CMB constraint is taken from Ref. [67], for the case of
annihilations to e*e™.

dwarf spheroidal constraints and the GCE. The former
are softened by a factor of ~67 4...c/0% v ~ (13/130)% ~

1072 relative to the GCE signal. The constraints depend on
the velocity dispersion profile assumed for the dwarfs, but
even taking into account the uncertainties, the limiting
cross section from dwarf spheroidal galaxies is far above
the values required to explain the GCE.

C. Galaxy cluster limits

Searches for gamma rays from galaxy clusters can place
more stringent constraints on our scenario. Although dwarf
spheroidal constraints were weakened due to their smaller
velocity dispersion, the converse is true for clusters: their
larger velocity dispersions amplify the signal from p-wave
annihilating dark matter, relative to smaller systems.

Observations of the Coma [68] and Virgo [69] clusters
have recently been analyzed by the Fermi-LAT
Collaboration. The first of these references gave no limits
on annihilating dark matter, while the second did so for
s-wave annihilations. We therefore derive the bound on
p-wave annihilating DM arising from the latter. For this
purpose we adopt a value for the velocity dispersion of
643 km/s for Virgo [70].

Limits on (ov),; are derived at 95% C.L. for the Virgo
cluster in [69], using a background model taking into
account all Fermi 2-year catalog point sources as well as
diffuse galactic and extragalactic spectra. We have con-
verted them directly into limits on C, using Eq. (3), with
one caveat: dark matter substructure—subhalos residing
within the larger host halo—is expected to significantly
boost the signal strength from s-wave dark matter annihi-
lation over what would be expected from the host halo

PHYSICAL REVIEW D 94, 015018 (2016)

alone. The constraints in Ref. [69] for the more
conservative limit given assume a boost factor of b = 33
from the substructure of the cluster. The substructure is not
expected to have the same velocity dispersion as the host
halo however, making the simple rescaling described in the
previous section inapplicable for p-wave annihilation.
Subhalos generically have a significantly smaller velocity
dispersion than the host halo, due to the fact that the
velocity dispersion depends on the total mass of the subhalo
where the dark matter is virially bound, not on that of the
host halo. This can be seen in simulations such as
RHAPSODY [71,72], in which the number of galaxy cluster
subhalos is found to drop off sharply with increasing
maximum circular velocity (a power law index of
—2.95) with no subhalos exceeding a third of the host
halo’s maximum circular velocity. The contribution to the
signal from subhalos is therefore weakened due to the
velocity dependence of the annihilation cross section,
offsetting the gains that come from the increased dark
matter density. Ultimately, we choose a conservative
approach and rescale the limits from [69] by a factor of
b + 1 to remove the boost from the substructure for a self-
consistent limit. The upper limits on C,, are shown in Fig. 4.

Similar limits have been found for several other clusters,
including Coma and Fornax, using earlier Fermi data [73].
The Fornax cluster was subsequently reanalyzed with
specific attention to the effects of subhalos and contraction
due to baryonic infall [74], leading to a more stringent
upper bound on (6v),;. As with the Virgo cluster, from this
work we use the conservative limits neglecting the effect of
substructure, which in Ref. [74] are given alongside the
more optimistic limits. We convert the constraints on Coma
[73] (which does not account for substructure) and Fornax
[74] directly into limits on C,, using velocity dispersions of
913 km/s [70] and 370 km/s [75] respectively; these are
also included in Fig. 4.

Although our best-fit parameters are consistent with
older bounds from the Virgo and Fornax clusters, more
recent observations of the Coma cluster are expected to
give more stringent constraints due to its high dark matter
density and larger velocity dispersion. Currently there are
no limits on dark matter annihilation rates from the more
recent observations, and such a study is beyond the scope of
the present work.

D. Isotropic gamma-ray background

The isotropic gamma-ray background (IGRB) could
further constrain our scenario. As part of the DM annihi-
lation contribution to this signal could be from even larger
halos than the ones surrounding the galaxy clusters we
considered in the previous section, it is possible that it
could be enhanced if the annihilation cross section is
velocity dependent. The most recent measurements of
the IGRB can constrain the s-wave annihilation cross
section to (ov) <1072* cm®s™! for conservative limits
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and (ov) < (60)germa fOr more optimistic limits corre-
sponding to our adopted best-fit value of m, = 80 GeV
[76]. Converting these limits into constraints on C,; is not a
simple matter, as arriving at an expected IGRB signal
requires taking into account how the velocity dispersion
varies for halos of different sizes and at different redshifts.
Such a detailed analysis is beyond the scope of this work
but would be interesting for future investigation.

IV. RELIC ABUNDANCE FROM DECAYING
DARK MATTER

An immediate problem with p-wave annihilating DM in
the Galactic Center is that the corresponding cross section
in the early universe would have been orders of magnitude
greater, due to the larger relative velocities, leading to a
highly suppressed relic density. The form of the Boltzmann
equation which describes the time evolution of the number
density for Dirac dark matter y is

dn
7;( +3Hn, = —(ov)(n,n; — n;];:Qn;Q), (11)

where nFQ is the number density of a particle in thermal
equilibrium with the photon bath. The equation for the
evolution of the number density of the antiparticle ¥ is of
the same form. We assume that there is no asymmetry
between n, and ny, and therefore the total number density
n =n, + ny is given by

dn (ov) , ,
E‘l‘?’H”l:—T(l’l _nEQ)‘ (12)

Following the procedure of Ref. [77], an approximate

solution of the Boltzmann equation for the relic density
is given by

(n+1)
(n+1)x;

Px o
(Q*S/gi/z)MmUo

R =214 x 10°
Pe

Q n* =

, GeV!,

(13)

where x; = m, /Ty, T, is the freeze-out temperature, and
the effective degrees of freedom g, and g, ¢ are evaluated at
T;. The thermally averaged cross section takes the form
(ov) = 0px;"; hence n = 1 and 6 = 3C, for our p-wave
annihilation scenario where

<ow::3c5%l. (14)

An approximate solution for x; is given by

xp=Iny;—(n+1/2)Inlny,,
;= 0.038(n + 1)g;"*Mpm, 0. (15)

PHYSICAL REVIEW D 94, 015018 (2016)
Our fiducial fit, Eq. (10), implies

xp=323Q, =2 236107 (16)

Pec

to be compared to the observed value Qpy = 0.26 [78].
Hence the thermally produced abundance is approximately
7000 times too small; we need a nonthermal production
mechanism.

A. Decaying dark matter

A conceptually simple solution, similar to the
superWIMP model proposed in [79], is to suppose that
today’s dark matter y is the product of a heavier metastable
state y, that decayed into y at temperatures below freeze-
out of yy annihilations. For m, ~ 90 GeV, this occurs at
Ty ~m,/32 ~3 GeV according to (16). Hence we need for
w to have a lifetime exceeding 107° s. Such long lifetimes
are suggestive of an analog of weak interactions in the dark
sector. We consider representative effective interactions
giving rise to decays yw — yy, w — yete” ory — ybb, of
the form

N 7 ) (r'y) (br,b)
A X0 YL, A% ) A% ’

(17)

where A,,, are heavy scales. Each operator is also
accompanied by its Hermitian conjugate, which leads to
decays of 7. These decay channels are chosen to illustrate
constraints that can arise from big bang nucleosynthesis
(BBN) and the CMB. An alternate channel  — yvv would
be safe from these constraints. The decay rates correspond-
ing to the first two operators are given by

46m3 sm®

r,=2" o, " 18
ey G0 A (18)

R

where the mass splitting 6m = m,, — m,, is considered to be
much less than m,, = m,, but greater than 2m, for decays
into electrons. (We ignore phase-space effects in the small
region of parameter space where ém 2 2m,.) For the third
operator, we are interested in larger mass splittings since
om must be at least 2m;,. We use numerical results for its
decay rate where needed. A fairly good fit is given by
T, = Ag(my' —mj')*2/A} where for Ty, m, , in GeV
units, Ag;, = (3.60,1.33,2.30).

To obtain the relic density of the parent particle y, we
assume for definiteness an effective interaction

ry)(fr.f)

2 ’
Ag

(19)
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giving rise to yiy — ff, where f can be a light fermion of
the standard model or in a hidden sector. The annihilation
cross section for y — ff is

m2

v
T
JTAf

{ov)

112

(20)

To determine the relic density in this scenario, we again
use Eqgs. (13) and (16) but now with n = 0, since the vector
current operators of Eq. (17) lead to s-wave annihilation.
The ultimate relic density of y particles is related to the
prior abundance of y by Q, = (m,/m,,)Q,. Curves of
constant €, in the 6m — A, plane for m, = 90 GeV are
shown in Fig. 5. Here we consider two different scenarios:
ywyr annihilations to electrons and positrons and to quark-
antiquark pairs. Large mass splittings ém 2 1 GeV lead to
areduction in €2, that must be compensated by reducing the
cross section by increasing A ;. These estimates assume that
coannihilations yy — ff as well as inelastic scatters y f —
xf are unimportant for determining the DM relic density.
This will be true (as we explore in detail in the following
subsections) as long as A, > Af, which is also consistent
with the need for y to be relatively long lived. For small
om <1 GeV, the desired relic density for y and y is
independent of ém and requires A, =920 GeV when y
and  couple to e*e” and A, = 1810 GeV when they
couple to ¢q.

B. Coannihilations

Coannihilation processes can reduce the relic density of
w, which was assumed to be a small effect in the previous
treatment. When the splitting between m,, and m,, is small,
leading to n,, ~ n,, the effect can be estimated by replacing
(ov) in Eq. (12) with [80]

(0eiv) = (0,5_xx0) + (0,,,_xxV)- (21)

Here X represents any standard model particle, so the first
term in the above equation is the total i annihilation cross
section and the second is the total yy coannihilation cross
section. Equation (12) with this effective cross section only
describes the number density of y until the freeze-out of
this species, since after that point decays and inelastic
scatterings can have a significant impact on the y number
density. In this low mass splitting limit, the relevant yy —
ff coannihilation cross section for the 4-fermion operator
in Eq. (17) has the same form as Eq. (20), while the dipole
operator gives [81]

4aQ?
(O ) = 17 (22)
7
where Oy is the electric charge of the fermions in the final
state and « is the fine-structure constant.

In the scenario where the relic density is determined
entirely by coannihilation processes, i.e., when the operator
in Eq. (19) is not present, the correct relic density requires
A, >920 GeV or A, >8000 GeV. These are lower
bounds, since increasing the strength of coannihilation
processes would lead to underproduction of DM, while the
larger relic density induced by decreased coannihilation can
be offset by increased wi annihilation.

The resulting limits are shown in Fig. 6. Decays of y to
b-quarks require a relatively large mass splitting and
consequently a more sophisticated calculation than the
one described here, but the limits on A, from suppressing
coannihilations are greatly subdominant to those from
demanding that y decays after y freeze-out. We also note
that the operators in Eq. (17) lead to additional annihilation
processes from the ones we have considered above,
including yw — ffff for the four-fermion operator as
well as yy — yy and yy — y¢ for the magnetic dipole
operator. We have checked that these are negligible when
the other constraints considered are satisfied.
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FIG. 6. Left: Excluded (shaded) and allowed (unshaded) regions of parameter space for y — yy decays in the ém-A, plane. In the
upper-left regions, the lifetime of the y is too great, causing its decays to interfere with BBN, CMB, or exceed the age of the Universe; in
the lower right regions y decays before the yjy annihilations freeze out, erasing any excess above the standard y relic abundance
produced via pair annihilation. Right: Corresponding result for v — ye'e™. Dark matter mass m, = 90 GeV was assumed for

determining the number density of decaying y particles.

C. Inelastic scattering

A further requirement for consistency of our relic density
determination is that inelastic scatterings yf — yf induced
by the decay operators (17) are not important during the
epoch between y freeze-out and the significantly later y
freeze-out. Otherwise further depletion of the final abun-
dance would occur due to scattering-induced yw — y
transitions followed by yy annihilations. This leads to
the criterion

(ne + n?) <0v>y/e—>)(e <y, <GU>W1,7_>f7 (23)

for the (yy*w)(ey,e) operator. We ignore the effect of
¥ — y transitions because the number density of y relative
to y is extremely suppressed in our scenario at y freeze-out.
For m, = 90 GeV, freeze-out occurs at Ty = 3 GeV, for
which it is sufficient to compute the inelastic cross section
in the elastic limit om = 0, and also approximating m, = 0.
We find that

E?
2nA?

~

(Jv)y/e—ye = (24)
at the relevant energies. Performing the thermal average
over electron energies gives (E2) & 12,972, and we find

from (23) the limit
A, 2 19x712y A = 70 Tev (25)

where Y, /, = 3.4 X 10~ is the abundance of 90 GeV DM
relative to electrons at T’y

From the magnetic dipole operator, one has photon-
mediated scattering from all charged particles that are in
equilibrium at 7, ~ 3 GeV, which we take to be f =

e,u,7,u,d, s, c plus their antiparticles. The cross section

X

has a logarithmic infrared divergence in the limit
m¢om — 0 from low-angle scattering. For m; = m,, it is
regulated more effectively by Debye screening than by the
small value of m,om, giving

g (, (s

H“(H(S_smﬂ)) (26)

D

For simplicity we cut off the divergence for all species
using the Debye mass mp = (3. ,Qjn,/T)"/> = 1.5¢T =
1.4 GeV. The thermal average of (26) is 0.13/A}3 for

the parameters of interest. The resulting bound analogous
to (25) is

A, Z 4% 10° GeV. (27)

No similar constraint arises for A, since b quarks are not
present in the plasma at temperature 7 ;.

The bounds on A, and A, are shown in Fig. 6. In both
cases the limits derived from suppressing inelastic scatter-
ing are much stronger than those from suppressing coan-
nihilation processes. This is because the number density of
relativistic standard model scattering partners is much
greater than the Boltzmann-suppressed number density
of y at y freeze-out.

V. CONSTRAINTS ON DECAYING DM

To ensure that y decays occur after freeze-out of
p-wave annihilations estimated in (15), we assume that
' < H(T;) for the relevant decay rate, with Hubble
parameter H(T;) = 1.66./g,(m,/x;)*/M, and g, =76
for Ty =3 GeV. Comparing H to the decay rates (18),
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we obtain constraints on the parameter space in Figs. 6, 7,
shown in the lower regions of the plots. In the unshaded
central regions, decays occur after freeze-out and before
BBN or recombination. In the upper shaded regions, decays
will disrupt BBN or the CMB, due to the deposition of
electromagnetic energy, as well as hadrons in the case of
decays to bb, as we consider in the following subsections.

A. BBN constraints

For the first two operators of (17), leading to decays into
photons or electrons, only the total energy deposited in the
plasma is relevant for photoproduction or dissociation of
light elements produced by BBN. We take the combined
constraints from Ref. [82] (see Fig. 8 of that reference). An
upper limit on { = (n,/n,)ém as a function of lifetime is
derived there, which we convert into a limit on A, , as a
function of ém, shown in Fig. 6 for m, = 90 GeV. (The
choice of m, determines n,/n,.) Since the limit on ¢ is not
monotonic in lifetime, BBN excludes a range of Ay_e for a
given value of om.

The third operator of (17) leading to hb pairs entails
somewhat more stringent constraints because of hadronic
interactions that can more efficiently disturb light element
abundances [83]. The limits depend not only upon the total
amount of energy deposited, but also the energy per decay.
By interpolating between the constraints of [83] calculated

F T
10°F .
3 CMB
1 01% ]
10" .
S 10’k ;
o E 1
S BBN .
=~ 10 (\/f
7 allowed
10 -
106% p-wave freezeout 4
10° R S 3
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om (GeV)

FIG. 7. Similar to Fig. 6, but for decays y — ybb.

X v

P

FIG. 8. Loop-induced operator leading to inelastic scattering of
DM on protons.

PHYSICAL REVIEW D 94, 015018 (2016)

for different masses of decaying DM, we find the BBN
lower limit on A, versus 6m shown in Fig. 7.2 The role of
DM mass in that reference (where the DM particle was
assumed to decay completely to standard model particles)
is played by ém in the present context.

B. CMB constraints

For lifetimes 7 > 10'? s, electromagnetic energy depo-
sition starts to distort the cosmic microwave background,
superseding BBN constraints. We have computed the
Planck-projected upper limits on the injected energy
fraction 6Q,/€Q, = ém/m, as a function of lifetime using
the tools of Ref. [84] (see also Ref. [85]), where transfer
functions T, ,(z’,z, E) are provided for computing the
efficiency of energy deposition as a function of redshift
z for injections of photons or electrons at 7. For y — yy, T,
can be used directly since the spectrum is monochromatic.
Fory — wete™, T, must be convolved with the normalized
energy spectrum of electrons from the 3-body decay, which
in the limit of om < m, takes the form dN/dInx =
60x?(1 — x)3, where x = E/5m. Converting the limits on
om/m, versus 7 into the om-A, plane results in the
excluded regions shown in Fig. 6. These extend to lifetimes
greater than the age of the Universe, not of interest in the
present context, since y would still be the principal
component of the dark matter.

Projected Planck limits on the lifetimes for decays into
bb have been given in Ref. [85] for several DM masses.
Interpolating those results we translate them into 95% C.L.
limits on A, as a function of ém, shown in Fig. 7.

C. Direct detection

For 6m < 100 keV, it is possible to have direct detection
through inelastic scattering on nuclei, yN — wN. This is
relevant for the magnetic dipole operator for which such
small mass splittings are in the allowed region of Fig. 6. We
have roughly indicated the region excluded by direct
searches there by taking the scattering rate to scale as
A2 f (Vmin) ~ A2 /270 where vy, is the minimum
velocity for an inelastic transition. It is given in terms of the

DM-nucleus reduced mass i,y as Upin = \/20m /.
Therefore the experimental limit on A, takes the form A, >

Age=/m0 for some reference mass splitting, which we
estimate to be omy = 6.3 keV by comparison to recent
constraints on magnetic inelastic dark matter found in
Ref. [86]. The coefficient A, corresponds to the limit from
elastic scattering (6m = 0), which we take to be Ay =
10'* GeV by rescaling the constraints on dipolar dark

*The relevant constraints are inferred from Figs. 9-10 of [83],
in the region 7 < 100 s, which is insensitive to uncertainties in
the observed °Li/’Li abundance.
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matter from Ref. [87] according to the latest limits from the
LUX experiment [88].

In principle, the four-fermion operators in (17) could
give rise to inelastic scattering on nucleons, by forming a
loop from the electrons or quarks and considering virtual
photon exchange between the loop and protons in the
nucleus (see Fig. 8). However the scattering rate is
negligible since the required mass splitting ém > 2m, or
2my, is too large to be excited in direct detection experi-
ments. For smaller ém, there is an electron-loop mediated
decay w — y + 3y (decays into 1 and 2 photons are
forbidden by gauge invariance or Furry’s theorem), but
this is too slow to be of interest for ém < 2m,, since the
lifetime exceeds 10'?> s and puts the model into the
CMB-excluded region.

D. Fermi gamma-ray line search

The magnetic dipole operator in Eq. (17) induces yy
annihilation to monochromatic gamma rays through
t-channel exchange of a y particle. The cross section for
this process has been calculated in [81]:

16m; m, + 6 2
= Z z 2 . 28
{ov) mA} ((mx +6m)* + mf{) (28)

The Fermi-LAT Collaboration has searched for such
signals of DM annihilation in the Milky Way halo [89]. In
the left plot in Fig. 6 we show the limits at 95% C.L. on the
magnetic dipole operator from their search, assuming that
the DM density follows a generalized NFW profile with
y = 1.2 and corresponding to a region of interest of 3°
around the Galactic Center to maximize the expected signal
[89]. The line search limit is A, 2 8000 GeV, roughly
equivalent to the bound we obtained from coannihilations.

E. Collider constraints

The operators we consider are also constrained by
collider searches. For the (yy*y)(ey,e) operator in
Eq. (17), the relevant limits come from LEP, where the
characteristic signature is missing energy and a photon
which is radiated off the initial e* or e~. For our fiducial
case of m, = 90 GeV, DELPHI monophoton searches
constrain A, = 310 GeV at 90% C.L. [90]. For the mag-
netic dipole operator, the current most stringent constraint
is from LHC monojet searches [91] requiring A, 2
280 GeV at 95% C.L., a limit which is only slightly more
constraining than searches for monophotons at LEP [92] or
the LHC [91]. The collider-disfavored region for the
magnetic moment operator is more strongly excluded in
our scenario by direct detection and the y lifetime con-
straints. The (yy*w)(by,b) operator is in principle limited
by LHC monojet searches, but the small b-quark content of
the proton makes such limits very weak.

PHYSICAL REVIEW D 94, 015018 (2016)

All of the exclusions discussed here were derived under
the assumption that eTe™ or pp collisions lead to stable
final-state dark sector particles. Although it is possible for
the y produced in these collisions to decay inside the
detector, in the regions of parameter space for which the
collider limits are relevant, the mass splitting is so small
that the softness of the decay products would render them
undetectable.

For the operator of Eq. (19), the relevant limits are again
from LEP monophoton searches when f = e and LHC
monojet searches when f = ¢g. Limits from an ATLAS
monojet search [93] as well as that from the previously
mentioned DELPHI monophoton search are shown in
Fig. 5. In either case the correct relic density is compatible
with current collider limits.

VI. MEDIATOR COUPLINGS

A large p-wave cross section would generically run afoul
of direct and indirect detection constraints if the DM y
coupled directly to SM particles. On the other hand,
annihilation to light mediators ¢, that subsequently decay
into SM particles, can avoid this problem. If y couples to ¢
as g¢yy, the resulting p-wave cross section at low
velocities is given by

3v%g

(29)

oV = 5 -
3277.'1/}1)(

An uncomfortably large coupling g ~ 3.7 would be needed
to match the fit to the GC excess.

However smaller values of g can be sufficient if the cross
section is Sommerfeld enhanced, which can naturally occur
if the mediator ¢ is light. Defining a, = ¢*/4x, an analytic
approximation to the enhancement factor is given by [94]

T(a(a) |2

&, 30
! 'F(I—I—Z—I—Ziw) (30)
for partial wave [ scattering, where
ai:l—i—l—l—iw(l:i: 1—x/w)
a, 6pm,
=9 = 31
X 5 w ﬂ2m¢ (31)

with velocity v = fic in the center of mass frame. For a
p-wave process we take [ = 1. Sy is nonvanishing in the
limit ¥ — 0, so that velocity suppression of the p-wave
cross section is still present despite the enhancement, and
S has quasiperiodic resonant behavior as a function of a,.

The enhancement factor depends on the relative velocity
of the particles, which in principle must be averaged over
phase space. Ignoring the radial dependence of the anni-
hilation cross section, we can find an estimate of the
average enhancement, which is given by
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FIG. 9. Left: Phase-space averaged enhancement factor F versus g for m, = 80 GeV and ¢, = 250 km s™!, representative of the
Milky Way. The corresponding result for 6, = 10 kms™!, appropriate for dwarf spheroidals, looks very similar. The solid lines show
F(g) with for the cases m, = 12 GeV and m, = 20 GeV. The dashed line is the value of F(g) required to give a sufficiently large
annihilation cross section for the GCE. Right: Dependence of F on m, for a fixed value of g = 0.8 (the intersection point in the top left

panel) with masses m,, = 80, 100, 120, and 140 GeV.
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F(g) = (32)

using Eq. (1). However for the parameter values of interest,
we find that the dependence on v is very weak and one can
simply use ~10-1000 km/s with negligible error from
omitting the average. To match the desired value of the
cross section in (10), we need

m

g*F(g) = 144 (m)z. (33)

This relation as a function of ¢ is shown as the dashed line
in Fig. 9, while the analytic approximation for F is
indicated by the curves for two different values of the
mediator mass.

By comparing F(g) to the required cross section,
Eq. (10), we find that the coupling constant can be reduced
to a more comfortable value of g = 2. It can be somewhat
further reduced by taking larger values of m,,/m,, as can be
seen in Fig. 9; the left panel shows F(g) decreasing with
m, while the right shows F(g) increasing with m,. It was
recently pointed out [95] that approximations to the
enhancement factor such as (30) may fail to satisfy partial
wave unitarity in the resonant regions. We have checked
that we are very far from any such violation however, for
the parameter values of interest.

Finally, it has been noted in [96] that it is possible for two
DM particles to capture into a bound state and then
annihilate to mediators. The bound state formation process
dominantly occurs in the s-wave, so, if possible, it
dominates over the direct p-wave annihilation to mediators.
In forming a bound state a mediator is emitted, so the mass
of the mediator must be less than the binding energy of the
ground state for this to occur, i.e.

x (34)

For the values of g and m, that we consider to explain the
GC excess, my < 2.2 GeV for a bound state to form. In this
work we have only considered mediator masses above
this limit.

VII. CONCLUSION

We have presented a scenario in which p-wave annihilat-
ing dark matter could have significant indirect signals from
the Galactic Center despite having a velocity-suppressed
cross section. Although our immediate motivation was to
reconcile a dark matter interpretation of the observed GC
gamma-ray excess with conflicting constraints from dwarf
spheroidal galaxies, the framework presented here could be
of more general interest.

Our key idea is to assume that the current generation of
p-wave annihilating DM y is the decay product of a
metastable predecessor particle y, which has a thermal
origin and decays after p-wave annihilations of the stable
DM have frozen out. This allows a large range of lifetimes
that depend upon the y-y mass splitting 6m and the mass
scale A of the effective interaction which leads to the decay.
A number of constraints must be satisfied, including those
coming from BBN, the CMB, direct detection, photon line
searches, mono-X searches at colliders, and wf — yf
scattering in the early universe (which could deplete the
DM abundance). They depend strongly upon the nature of
the decays, which we have illustrated using the examples of
w — yete ™,y — yy,andy — ybb, but in all cases there is
a significant region of the ém-A parameter space in which
all of the requirements can be satisfied.

The annihilation cross sections of interest for explaining
the Galactic Center excess are larger than would generically
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occur in the presence of p-wave suppression because of the
low DM velocity in the GC. We nevertheless demonstrated
a working example using reasonable coupling strengths,
where the DM annihilates into light scalar mediators that
mix with the Higgs boson and subsequently decay into b
quarks. We have shown that such models give a reasonably
good fit to the observed GCE, while satisfying constraints
from dwarf spheroidals by a comfortable margin.

Collider tests of our scenario are currently weaker than
the consistency requirement that inelastic y f — y f scatter-
ings on standard model particles do not deplete the DM
relic density in the early universe (due to strong p-wave
annihilations of y). For a narrow window of mass splittings
om ~ 0.1 MeV, direct SM searches provide a possible
means of detection in the case of magnetic inelastic
transitions.

Fermi observations of gamma rays from galaxy clusters
may provide a more sensitive test of our scenario, due to

PHYSICAL REVIEW D 94, 015018 (2016)

the large velocity dispersion in clusters. We have shown
that limits on DM annihilation from the Virgo cluster, while
significantly stronger than limits from dwarf spheroidals,
still are far from being in tension with this interpretation of
the GCE. We hope that our work will motivate further
studies of limits on DM annihilation in the Coma cluster,
which has the potential to be more constraining because of
its relatively high velocity dispersion.
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