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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
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where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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CMB Safety: Two Strategies

Strategy 1: p-wave annihilation
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Suppressed CMB annihilation
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CMB Safety: Two Strategies

Strategy 2: Change the DM population 

Example — coannihilation with heavier unstable partner 2

5

e+

e�

�

��

A� ��

e±

e±

�

��

A�

�

5

e+

e�

�

��

A� ��

e± e±

���

A�

�

5

e+

e�

�

��

A� ��

e± e±

���

A�

�

�� �

���

A�

<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]

�v��⇤!f̄f =
8⇡✏

2
↵↵�(m2

f + 2m
2
�)

(m2
A0 � 4m2

�)2 + m
2
A0�2

A0

s

1 �
m

2
f

m2
�

, (3)

where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f

�v��⇤!f̄f ⇡ Nf
16⇡✏

2
↵↵�m

2
�

m
4
A0

⌘ Nf
16⇡↵

m2
�

y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.

Gonzalez, Toro 2108.13422
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+e�. This process
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two charged tracks, which is a instinctive, zero background

signature, so nuclear recoil cuts need not be limiting.
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FIG. 1: Allowed parameter space for  non-thermal produc-
tion. For di↵erent values of r� (see main text), we shade re-
gions excluded by overproduction and/or CMB bounds. The
region below each curve is excluded. We also show current
di↵use limits for ��! e+e�.

can be tracked by solving the Boltzmann system

dn�

dt
+ 3Hn� = � h���vreli(F.O.)

⇥
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� � n
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�

⇤
, (3)

dn 

dt
+ 3Hn = C , (4)

where H is the Hubble parameter describing the expan-
sion rate of the universe. We do not include operators
accounting for the late time decays  ! �, since they
happen long after freeze-out. In particular,  ’s decay af-
ter recombination, and in order to properly rescale CMB
bounds we need to know the individual number density
of � and  . The two di↵erential equations are decoupled
and can be solved independently. The most minimal op-
tion would be to populate the early universe with  ’s
via � !  inverse decays. This would not require new
interactions, since the coupling inducing  ! � must
exist to mediate late-time decays. However, such a cou-
pling is bound to give a lifetime longer than the time
of CMB formation, ⌧ > ⌧CMB. The comoving density
of  particles produced via this mechanism is approx-
imately ⇢ /s ' MPl/(m ⌧ ). The relic density con-
straint combined with the bound on the lifetime of  
implies m . 0.3 eV, way beyond the range of our in-
vestigation. A mechanism that would work is freeze-in
production [36] through decays of a heavier particle �,
corresponding to C = n

eq

�
��! K1[m�/T ]/K2[m�/T ].

Here, we do not specify the source of non-thermal pro-
duction C , our findings are general.

We show the available parameter space for this first
scenario in the (m�, h���vreli) plane in Fig. 1. The vari-
able on the vertical axis is the s-wave annihilation cross
section to visible channels and evaluated today, which is
the observable probed by indirect searches. The e↵ective
cross section at freeze-out appearing in Eq. (3) does not

necessarily have to be the same; there could be annihila-
tion to invisible or forbidden channels, co-annihilations,
etc. We quantify this mismatch by introducing the pa-
rameter

r� ⌘ h���vreli(F.O.)

h���vreli
. (5)

We consider the representative benchmark fe↵ = 0.5
for the CMB bound, and we always take Weyl fermions
(g� = g = 2; note that this choice does not impact our
findings). For four di↵erent values of r�, we shade regions
that are not phenomenologically viable. At small annihi-
lation cross sections, one typically overproduces �’s. For
larger annihilation cross sections, instead, one typically
underproduces �’s, and the measured DM abundance can
be accounted for by production of  ’s. Whatever mech-
anism we employ to produce  , as long as it gives the
correct DM abundance, the rescaled CMB bounds open
up a significant parameter space region. Values for r� > 1
further widen the available parameter space. The result
does not depend on the specific choice ofm . The bound-
ary of the excluded region for each r� is made of two
pieces, which can understood by using a semi-analytical
solution [37] for � freeze-out abundance. The roughly
horizontal piece of the boundary (only visible for the blue
and orange regions) corresponds to overproduction of �,
and it is approximately given by
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Here, xf(�) = Tf(�)/m� ' 20 is the freeze-out tempera-
ture and g⇤(xf(�)) is the number of relativistic degrees of
freedom at that time. The portion of the boundary with
negative slope corresponds to the rescaled CMB bound,
which approximately results in
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For reference, we also show, shaded in grey, the region
of parameter space amenable to indirect searches, which
is capped by a dashed black line indicating constraints
from di↵use photon emission for DM annihilation to elec-
tron/positron pairs [29]. As noticeable from Fig. 1, our
framework in this first scenario provides sub-GeV DM
candidates well within the reach of future gamma ray
missions.

A second, di↵erent possibility is if the heavier part-
ner originates from thermal freeze-out, and thus origi-
nally was in thermal equilibrium, as long as its annihila-
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FIG. 1: Allowed parameter space for  non-thermal produc-
tion. For di↵erent values of r� (see main text), we shade re-
gions excluded by overproduction and/or CMB bounds. The
region below each curve is excluded. We also show current
di↵use limits for ��! e+e�.

can be tracked by solving the Boltzmann system
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+ 3Hn� = � h���vreli(F.O.)
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dt
+ 3Hn = C , (4)

where H is the Hubble parameter describing the expan-
sion rate of the universe. We do not include operators
accounting for the late time decays  ! �, since they
happen long after freeze-out. In particular,  ’s decay af-
ter recombination, and in order to properly rescale CMB
bounds we need to know the individual number density
of � and  . The two di↵erential equations are decoupled
and can be solved independently. The most minimal op-
tion would be to populate the early universe with  ’s
via � !  inverse decays. This would not require new
interactions, since the coupling inducing  ! � must
exist to mediate late-time decays. However, such a cou-
pling is bound to give a lifetime longer than the time
of CMB formation, ⌧ > ⌧CMB. The comoving density
of  particles produced via this mechanism is approx-
imately ⇢ /s ' MPl/(m ⌧ ). The relic density con-
straint combined with the bound on the lifetime of  
implies m . 0.3 eV, way beyond the range of our in-
vestigation. A mechanism that would work is freeze-in
production [36] through decays of a heavier particle �,
corresponding to C = n

eq

�
��! K1[m�/T ]/K2[m�/T ].

Here, we do not specify the source of non-thermal pro-
duction C , our findings are general.

We show the available parameter space for this first
scenario in the (m�, h���vreli) plane in Fig. 1. The vari-
able on the vertical axis is the s-wave annihilation cross
section to visible channels and evaluated today, which is
the observable probed by indirect searches. The e↵ective
cross section at freeze-out appearing in Eq. (3) does not

necessarily have to be the same; there could be annihila-
tion to invisible or forbidden channels, co-annihilations,
etc. We quantify this mismatch by introducing the pa-
rameter

r� ⌘ h���vreli(F.O.)

h���vreli
. (5)

We consider the representative benchmark fe↵ = 0.5
for the CMB bound, and we always take Weyl fermions
(g� = g = 2; note that this choice does not impact our
findings). For four di↵erent values of r�, we shade regions
that are not phenomenologically viable. At small annihi-
lation cross sections, one typically overproduces �’s. For
larger annihilation cross sections, instead, one typically
underproduces �’s, and the measured DM abundance can
be accounted for by production of  ’s. Whatever mech-
anism we employ to produce  , as long as it gives the
correct DM abundance, the rescaled CMB bounds open
up a significant parameter space region. Values for r� > 1
further widen the available parameter space. The result
does not depend on the specific choice ofm . The bound-
ary of the excluded region for each r� is made of two
pieces, which can understood by using a semi-analytical
solution [37] for � freeze-out abundance. The roughly
horizontal piece of the boundary (only visible for the blue
and orange regions) corresponds to overproduction of �,
and it is approximately given by
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Here, xf(�) = Tf(�)/m� ' 20 is the freeze-out tempera-
ture and g⇤(xf(�)) is the number of relativistic degrees of
freedom at that time. The portion of the boundary with
negative slope corresponds to the rescaled CMB bound,
which approximately results in

h���vreli & 3.3⇥ 10�24 cm3sec�1
1

r2�

✓
1GeV

m�

◆
⇥

✓
fe↵

0.5

◆⇣
xf�

20

⌘2
✓

10

g⇤(xf�)

◆
.

(7)

For reference, we also show, shaded in grey, the region
of parameter space amenable to indirect searches, which
is capped by a dashed black line indicating constraints
from di↵use photon emission for DM annihilation to elec-
tron/positron pairs [29]. As noticeable from Fig. 1, our
framework in this first scenario provides sub-GeV DM
candidates well within the reach of future gamma ray
missions.

A second, di↵erent possibility is if the heavier part-
ner originates from thermal freeze-out, and thus origi-
nally was in thermal equilibrium, as long as its annihila-

Dominant species
Non-thermal production
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FIG. 1: Allowed parameter space for  non-thermal produc-
tion. For di↵erent values of r� (see main text), we shade re-
gions excluded by overproduction and/or CMB bounds. The
region below each curve is excluded. We also show current
di↵use limits for ��! e+e�.

can be tracked by solving the Boltzmann system

dn�

dt
+ 3Hn� = � h���vreli(F.O.)

⇥
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, (3)

dn 

dt
+ 3Hn = C , (4)

where H is the Hubble parameter describing the expan-
sion rate of the universe. We do not include operators
accounting for the late time decays  ! �, since they
happen long after freeze-out. In particular,  ’s decay af-
ter recombination, and in order to properly rescale CMB
bounds we need to know the individual number density
of � and  . The two di↵erential equations are decoupled
and can be solved independently. The most minimal op-
tion would be to populate the early universe with  ’s
via � !  inverse decays. This would not require new
interactions, since the coupling inducing  ! � must
exist to mediate late-time decays. However, such a cou-
pling is bound to give a lifetime longer than the time
of CMB formation, ⌧ > ⌧CMB. The comoving density
of  particles produced via this mechanism is approx-
imately ⇢ /s ' MPl/(m ⌧ ). The relic density con-
straint combined with the bound on the lifetime of  
implies m . 0.3 eV, way beyond the range of our in-
vestigation. A mechanism that would work is freeze-in
production [36] through decays of a heavier particle �,
corresponding to C = n

eq

�
��! K1[m�/T ]/K2[m�/T ].

Here, we do not specify the source of non-thermal pro-
duction C , our findings are general.

We show the available parameter space for this first
scenario in the (m�, h���vreli) plane in Fig. 1. The vari-
able on the vertical axis is the s-wave annihilation cross
section to visible channels and evaluated today, which is
the observable probed by indirect searches. The e↵ective
cross section at freeze-out appearing in Eq. (3) does not

necessarily have to be the same; there could be annihila-
tion to invisible or forbidden channels, co-annihilations,
etc. We quantify this mismatch by introducing the pa-
rameter

r� ⌘ h���vreli(F.O.)

h���vreli
. (5)

We consider the representative benchmark fe↵ = 0.5
for the CMB bound, and we always take Weyl fermions
(g� = g = 2; note that this choice does not impact our
findings). For four di↵erent values of r�, we shade regions
that are not phenomenologically viable. At small annihi-
lation cross sections, one typically overproduces �’s. For
larger annihilation cross sections, instead, one typically
underproduces �’s, and the measured DM abundance can
be accounted for by production of  ’s. Whatever mech-
anism we employ to produce  , as long as it gives the
correct DM abundance, the rescaled CMB bounds open
up a significant parameter space region. Values for r� > 1
further widen the available parameter space. The result
does not depend on the specific choice ofm . The bound-
ary of the excluded region for each r� is made of two
pieces, which can understood by using a semi-analytical
solution [37] for � freeze-out abundance. The roughly
horizontal piece of the boundary (only visible for the blue
and orange regions) corresponds to overproduction of �,
and it is approximately given by
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Here, xf(�) = Tf(�)/m� ' 20 is the freeze-out tempera-
ture and g⇤(xf(�)) is the number of relativistic degrees of
freedom at that time. The portion of the boundary with
negative slope corresponds to the rescaled CMB bound,
which approximately results in
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For reference, we also show, shaded in grey, the region
of parameter space amenable to indirect searches, which
is capped by a dashed black line indicating constraints
from di↵use photon emission for DM annihilation to elec-
tron/positron pairs [29]. As noticeable from Fig. 1, our
framework in this first scenario provides sub-GeV DM
candidates well within the reach of future gamma ray
missions.

A second, di↵erent possibility is if the heavier part-
ner originates from thermal freeze-out, and thus origi-
nally was in thermal equilibrium, as long as its annihila-

Subdominant     population = CMB safe 
Dominant population decays at later times 
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Is there a predictive freeze-out model of sub-GeV 
DM with indirect detection signatures?

Lingering Question

Goal: use only the ingredients required for freeze out 
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Break dark U(1) with dark Higgs VEV

Lmass = M  ̄ + hHDi ̄c
 

Diagonalizing to mass basis splits Dirac components

 ⌘ (⇠, ⌘†)
int. eigenstates mass eigenstates

Four component  fermion + dark photon

Representative Model
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c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]

�v��⇤!f̄f =
8⇡✏

2
↵↵�(m2

f + 2m
2
�)

(m2
A0 � 4m2

�)2 + m
2
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s

1 �
m

2
f

m2
�

, (3)

where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f

�v��⇤!f̄f ⇡ Nf
16⇡✏

2
↵↵�m

2
�

m
4
A0

⌘ Nf
16⇡↵

m2
�

y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.
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Thermal Freeze Out
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c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]
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where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f
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y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.

<latexit sha1_base64="aZdKvO/yInCizRWj0O6deiEQQVU=">AAACCXicbVDLSgMxFM34rPU16tJNsAhuLDPiayMU3bis0Be0tdxJM21oMhmSjFCGbt34K25cKOLWP3Dn35i2s9DWA4HDOfdyc04Qc6aN5307C4tLyyurubX8+sbm1ra7s1vTMlGEVonkUjUC0JSziFYNM5w2YkVBBJzWg8HN2K8/UKWZjCpmGNO2gF7EQkbAWKnj4kqnRfoMX41JD4QA3IqVjI3EcJ8e+6OOW/CK3gR4nvgZKaAM5Y771epKkggaGcJB66bvxaadgjKMcDrKtxJNYyAD6NGmpREIqtvpJMkIH1qli0Op7IsMnqi/N1IQWg9FYCcFmL6e9cbif14zMeFlO2VRnBgakemhMOHY5hzXgrtMUWL40BIgitm/YtIHBcTY8vK2BH828jypnRT98+LZ3WmhdJ3VkUP76AAdIR9doBK6RWVURQQ9omf0it6cJ+fFeXc+pqMLTrazh/7A+fwBuumZHA==</latexit>

T� = T� / a�1

SM Kinetic
Decoupling

Dark-SM Kinetic Decoupling



Cosmological History

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a
<latexit sha1_base64="jGZC+a/8ivhOcbznqZchIfvepwg=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUZ8LYtuXFboC9qhZNJMG5pMQnJHLEM/w40LRdz6Ne78G9N2Ftp64MLhnHu5955IC27B97+9ldW19Y3NwlZxe2d3b790cNi0KjWUNagSyrQjYpngCWsAB8Ha2jAiI8Fa0ehu6rcembFcJXUYaxZKMkh4zCkBJ3XquEu0NuoJy16p7Ff8GfAyCXJSRjlqvdJXt69oKlkCVBBrO4GvIcyIAU4FmxS7qWWa0BEZsI6jCZHMhtns5Ak+dUofx8q4SgDP1N8TGZHWjmXkOiWBoV30puJ/XieF+CbMeKJTYAmdL4pTgUHh6f+4zw2jIMaOEGq4uxXTITGEgkup6EIIFl9eJs3zSnBVuXy4KFdv8zgK6BidoDMUoGtURfeohhqIIoWe0St688B78d69j3nripfPHKE/8D5/ALqEkOk=</latexit>

T ⇡ m
Freeze out 

<latexit sha1_base64="kj3lsFgRZnVS96kZFk80APUMhFQ=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEhMJUG8xgoWxiLRh9SEyHGd1qrjBNupVEX5DBZ+hYUBhFi78Tc4aQZoOdKVjs+5V773+DGjUlnWt7G0vLK6tl7ZqG5ube/smnv7bRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen4o9vc74yJkDTiD2oSEzdEA04DipHSkmeeBp4jFRLQIU8JHUMnEAinkHupg4f0sfAymKXcy98w88yaVbcKwEVil6QGSjQ9c+r0I5yEhCvMkJQ924qVmyKhKGYkqzqJJDHCIzQgPU05Col00+KwDB5rpQ+DSOjiChbq74kUhVJOQl93hkgN5byXi/95vUQF125KeZwowvHsoyBhUEUwTwn2qSBYsYkmCAuqd4V4iHQ0SmdZ1SHY8ycvkvZZ3b6sX9yf1xo3ZRwVcAiOwAmwwRVogDvQBC2AwTN4Be/gw3gx3oxP42vWumSUMwfgD4zpD1c1oJo=</latexit>

f? ⌘ n�?

n�

<latexit sha1_base64="mCQSo+KDTU4NoKKSkbIU8clUHn0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSO+x1DVJNeuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn83unZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieO1nQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCQ8Ayv8OY8Oi/Ou/Mxby04+cwh/IHz+QPF4o/P</latexit>

f?

SM Kinetic

<latexit sha1_base64="Bo5krbvD+FLwbcqnFyUjjuQ40eM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqx6LehC8VOgXtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjdTv/VElWaRrJtxTH2BB5KFjGBjpcd6L+0qge5vJ71iyS27M6Bl4mWkBBlqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnpW9i3Ll4bxUvc7iyMMRHMMpeHAJVbiDGjSAgIRneIU3RzsvzrvzMW/NOdnMIfyB8/kD/qyQfQ==</latexit>

TKD

Decoupling

<latexit sha1_base64="5CHRFFdda9JPaiGc1m/ckBRUudI=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgxjJTfC2LblxW6As645BJM21oJglJRihDwV9x40IRt36HO//G9LHQ1gMXDufcy733xJJRbTzv21laXlldWy9sFDe3tnd23b39phaZwqSBBROqHSNNGOWkYahhpC0VQWnMSCse3I791iNRmgpeN0NJwhT1OE0oRsZKkXtYjwLcpzCQSkgjIHrIzyqjyC15ZW8CuEj8GSmBGWqR+xV0Bc5Swg1mSOuO70kT5kgZihkZFYNME4nwAPVIx1KOUqLDfHL+CJ5YpQsToWxxAyfq74kcpVoP09h2psj09bw3Fv/zOplJrsOccpkZwvF0UZIxaP8cZwG7VBFs2NAShBW1t0LcRwphYxMr2hD8+ZcXSbNS9i/LF/fnperNLI4COALH4BT44ApUwR2ogQbAIAfP4BW8OU/Oi/PufExbl5zZzAH4A+fzB2EDlSA=</latexit>

T� / a�2

<latexit sha1_base64="vnxKtyDHnEjcIY1jJGYADqknFWw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiLgQ3FfqCJoTJdNoOnUzCzESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFldW19Y3iZmlre2e3bO/tt1ScSkKbJOax7IRYUc4EbWqmOe0kkuIo5LQdjm6mfvuRSsVi0dDjhPoRHgjWZwRrIwV2uRFkHhky5MkI3d9OArviVJ0Z0DJxc1KBHPXA/vJ6MUkjKjThWKmu6yTaz7DUjHA6KXmpogkmIzygXUMFjqjys9nhE3RslB7qx9KU0Gim/p7IcKTUOApNZ4T1UC16U/E/r5vq/pWfMZGkmgoyX9RPOdIxmqaAekxSovnYEEwkM7ciMsQSE22yKpkQ3MWXl0nrtOpeVM8fziq16zyOIhzCEZyAC5dQgzuoQxMIpPAMr/BmPVkv1rv1MW8tWPnMAfyB9fkD08eSkA==</latexit>

T�KD

DM Kinetic
Decoupling

<latexit sha1_base64="E5NiG0ZEP6ab+bQfMEecIWmJnRo=">AAACEnicbVA9SwNBEN2L3/ErammzGAQFjXfiVylqIdgoGBPIxWNvM2cWd++O3TkhHPkNNv4VGwtFbK3s/DduYgo1Phh4vDfDzLwwlcKg6346hZHRsfGJyani9Mzs3HxpYfHKJJnmUOWJTHQ9ZAakiKGKAiXUUw1MhRJq4e1xz6/dgTYiiS+xk0JTsZtYRIIztFJQWo8C3yDT1DdCUbjON/0WSGRbl0Hu87bYoL5W9Oyk2w1KZbfi9kGHiTcgZTLAeVD68FsJzxTEyCUzpuG5KTZzplFwCd2inxlIGb9lN9CwNGYKTDPvv9Slq1Zp0SjRtmKkffXnRM6UMR0V2k7FsG3+ej3xP6+RYXTQzEWcZggx/14UZZJiQnv50JbQwFF2LGFcC3sr5W2mGUebYtGG4P19eZhcbVe8vcruxU758GgQxyRZJitkjXhknxySU3JOqoSTe/JInsmL8+A8Oa/O23drwRnMLJFfcN6/AOTynP0=</latexit>

f? ⇠ e��/T�,KD

Dark-Dark Kinetic Decoupling

2

5

e+

e�

�

��

A� ��

e±

e±

�

��

A�

�

5

e+

e�

�

��

A� ��

e± e±

���

A�

�

5

e+

e�

�

��

A� ��

e± e±

���

A�

�

�� �

���

A�

<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]
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2
f

m2
�

, (3)

where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f

�v��⇤!f̄f ⇡ Nf
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4
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⌘ Nf
16⇡↵

m2
�

y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.
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f?

SM Kinetic

<latexit sha1_base64="Bo5krbvD+FLwbcqnFyUjjuQ40eM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqx6LehC8VOgXtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjdTv/VElWaRrJtxTH2BB5KFjGBjpcd6L+0qge5vJ71iyS27M6Bl4mWkBBlqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnpW9i3Ll4bxUvc7iyMMRHMMpeHAJVbiDGjSAgIRneIU3RzsvzrvzMW/NOdnMIfyB8/kD/qyQfQ==</latexit>

TKD

Decoupling

<latexit sha1_base64="vnxKtyDHnEjcIY1jJGYADqknFWw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiLgQ3FfqCJoTJdNoOnUzCzESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFldW19Y3iZmlre2e3bO/tt1ScSkKbJOax7IRYUc4EbWqmOe0kkuIo5LQdjm6mfvuRSsVi0dDjhPoRHgjWZwRrIwV2uRFkHhky5MkI3d9OArviVJ0Z0DJxc1KBHPXA/vJ6MUkjKjThWKmu6yTaz7DUjHA6KXmpogkmIzygXUMFjqjys9nhE3RslB7qx9KU0Gim/p7IcKTUOApNZ4T1UC16U/E/r5vq/pWfMZGkmgoyX9RPOdIxmqaAekxSovnYEEwkM7ciMsQSE22yKpkQ3MWXl0nrtOpeVM8fziq16zyOIhzCEZyAC5dQgzuoQxMIpPAMr/BmPVkv1rv1MW8tWPnMAfyB9fkD08eSkA==</latexit>

T�KD

DM Kinetic
Decoupling

Recombination Annihilation

<latexit sha1_base64="E5NiG0ZEP6ab+bQfMEecIWmJnRo=">AAACEnicbVA9SwNBEN2L3/ErammzGAQFjXfiVylqIdgoGBPIxWNvM2cWd++O3TkhHPkNNv4VGwtFbK3s/DduYgo1Phh4vDfDzLwwlcKg6346hZHRsfGJyani9Mzs3HxpYfHKJJnmUOWJTHQ9ZAakiKGKAiXUUw1MhRJq4e1xz6/dgTYiiS+xk0JTsZtYRIIztFJQWo8C3yDT1DdCUbjON/0WSGRbl0Hu87bYoL5W9Oyk2w1KZbfi9kGHiTcgZTLAeVD68FsJzxTEyCUzpuG5KTZzplFwCd2inxlIGb9lN9CwNGYKTDPvv9Slq1Zp0SjRtmKkffXnRM6UMR0V2k7FsG3+ej3xP6+RYXTQzEWcZggx/14UZZJiQnv50JbQwFF2LGFcC3sr5W2mGUebYtGG4P19eZhcbVe8vcruxU758GgQxyRZJitkjXhknxySU3JOqoSTe/JInsmL8+A8Oa/O23drwRnMLJFfcN6/AOTynP0=</latexit>
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power injected into CMB / f?h�vi, f? ⌧ 1
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TCMB
Recombination
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FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
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� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]
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where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as
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1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.
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�
⇤ number density produced from Galactic upscattering can be approximated as

�n�⇤ ⇡ n� min
⇣
e
��/T� , ⌧�gal

��!�⇤�⇤

⌘
, (10)

where the density accumulates linearly in time and is bounded by the equilibrium density as a function of galactocentric
radius. Here T� ⌘ m��

2
v/3 is the DM temperature, where �v is radially dependent velocity dispersion. The radially

dependent upscattering rate is defined in terms of the thermally averaged scattering rate

�gal
��!�⇤�⇤ ⌘ n�

Z
d
3
v1f(v1, r)

Z
d
3
v2f(v2, r)|~v1 � ~v2| ���!�⇤�⇤ , (11)

where f(v, r) is the halo velocity distribution defined in Appendix C, ���!�⇤�⇤ is the upscattering cross section given
in Appendix B, and the � number density is modeled using a Navarro-Frenk-White profile [? ]

n�(r) =
⇢s/m�⇣

r
rs

⌘� ⇣
1 + r

rs

⌘3�� , (12)

with inner slope � = 1.2, scale radius rs = 20 kpc, and scale density ⇢s = 8 ⇥ 106M� kpc�3 [? ]. The total number
of �

⇤ produced in a galaxy is

�N�⇤ = 4⇡

Z R

0
drr

2�n�⇤(r) , �f⇤ ⌘ �N�⇤/N�, (13)

where �f⇤ is the additional �
⇤ fraction due to upscattering and N� is the total number of � particles in the halo.

Having determined the total halo fraction of �
⇤ particles, we assume this population di↵uses to settle into an NFW

profile [] on ⇠ 10 Gyr timescales, so n�⇤ ⇡ (f⇤ + �f⇤)n� at late times.

DM Self Interaction Bounds

The dark matter self scattering cross section is constrained by various cosmological and astrophysical bounds (see
[? ] for a review). These bounds are typically presented in terms of the cross-section to mass ratio and impose limits
of order ⇠ few cm2/g, to within an order of magnitude. Since most limits assume elastic self scattering, there is some
model dependence in applying existing bounds to our inelastic process �� ! �

⇤
�
⇤, whose final state kinematics are

su�ciently di↵erent that the bounds could qualitatively di↵er relative to those of elastic scattering.
While a full study of this issue is beyond the scope of this paper, we can conservatively restrict our viable parameter

space with the requirement
⌧

���!�⇤�⇤

m�

�
⌘

1

m�

Z
d
3
v1f(v1, r)

Z
d
3
v2f(v2, r) ���!�⇤�⇤ < 10 cm2g�1

, (14)

where f(v, r) is the Galactic velocity distribution defined in Appendix C and ���!�⇤�⇤ is the upscattering cross
section calculated in Appendix B. Since the thermal average in Eq. (14) is radially dependent, we impose this limit
at a representative scale of r = 8 kpc, but we have verified that our main results are insensitive to this choice.

Direct Detection Limits

Since our model features inelastic DM interactions with SM particles, for many choices of �, the ground state � is
kinematically forbidden from upscattering into �

⇤ with typical halo velocities v ⇠ 10�3. However, direct detection
signals can still arise from upscattering if � ⌧ keV, or if the subdominant halo population of �

⇤ particles downscatters
o↵ direct detection targets.

IV. RESULTS AND DISCUSSION

We scan the parameter space of this model by first determining the couplings for which ��
⇤ coannihilation yields

the observed relic density. We then use these couplings to calculate the kinetic decoupling temperature with the SM

Thermally averaged scattering rate to make heavy state
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c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]

�v��⇤!f̄f =
8⇡✏

2
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f + 2m
2
�)

(m2
A0 � 4m2

�)2 + m
2
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A0

s
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2
f

m2
�

, (3)

where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f

�v��⇤!f̄f ⇡ Nf
16⇡✏

2
↵↵�m

2
�

m
4
A0

⌘ Nf
16⇡↵

m2
�

y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.
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*
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c)

FIG. 1: Representative Feynman diagrams depicting the processes that govern the evolution of the �⇤
population in the universe

and in the Galaxy: a) ��⇤ ! e+e� annihilation through A0 � � kinetic mixing (depicted as the gray circle), which governs

freeze-out abundance at T� ⇡ m�/20 � �, b) after freeze-out, �⇤e $ �e scattering continues to deplete the �⇤
abundance until

this process becomes ine�cient relative to Hubble expansion and the �� �⇤
population acquires a separate temperature, c)

where ✏ is the kinetic mixing parameter with the visible photon, e� ⌘
p

4⇡↵� is the dark gauge coupling, and we
define the small mass splitting � ⌘ m�⇤ �m�. The inelastic interaction in Eq. (2) arises naturally from a conventional
vector current with A

0 if the fermion has both Dirac and Majorana mass terms once the mass matrix is diagonalzed.
Naively it would seem that this strategy is no better than p-wave annihilation; in both cases, galactic annihilation

rates are still suppressed relative to their nominal thermal relic values. However, unlike p-wave annihilation, which
predicts a robust / v

2 suppression in galaxies, these scenarios predict a continuum of possible indirect detection rates
corresponding to di↵erent amounts of excited state (or antiparticle) depletion.

In this paper we identify indirect detection opportunities for CMB safe dark matter and focus exclusively on
mechanisms for which the late-time annihilation arises from the same interaction1 that sets the dark matter relic
density. In section II we explore the cosmological history of inelastic DM including freeze out and kinetic decoupling.
In section III we study the galactic dynamics of this scenario and calculate the additional �

⇤ population that arises
from upscattering in the halo. Finally, in section IV we o↵er some concluding remarks.

II. COSMOLOGICAL EVOLUTION

1. Thermal Freeze Out

The interactions in Eq. (2) enable successful thermal freeze out via �
⇤
� ! f̄f coannihilation to charged SM final

states through the kinetic mixing interaction. In the mA0 > m� regime, the annihilation cross section for this process
into a single SM final state is [? ]

�v��⇤!f̄f =
8⇡✏

2
↵↵�(m2

f + 2m
2
�)

(m2
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, (3)

where �A0 ⇡ 2↵�mA0/3 in the limit where the dominant branching is to the dark sector. Taking the �, mf ⌧ m� ⌧

mA0 limit in Eq. (3), we can write the total annihilation cross section as

X

f

�v��⇤!f̄f ⇡ Nf
16⇡✏

2
↵↵�m

2
�

m
4
A0

⌘ Nf
16⇡↵

m2
�

y, (4)

1 In models with both s wave and p wave contributions to the annihilation rate �v = a + bv2 where b � a, the p wave piece sets the
relic density at freeze out while the s-wave piece yields an indirect detection signature at late times; thus, the observable annihilation
signal is unrelated to the interaction that sets the relic abundance. This is in contrast with the models studied here where the same
interaction is responsible for both.

Step 2: coannihilation in the galaxy



4

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

2.1
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III. GALACTIC UPSCATTERING

In addition to the primordial �
⇤ fraction given by f⇤ in Eq. (8), there is an additional population of excited state

particles that arises from �� ! �
⇤
�
⇤ upscattering in the Galaxy at late times. We can model the e↵ect of a di↵use

�
⇤ population that spreads throughout the halo by first calculating the total number of �

⇤ produced in the galaxy
and assuming they settle into an NFW profile over the course of ⌧ ⇠ 10 Gyr. Before di↵usion sets in, the additional
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FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative scalar and fermion DM candidates coupled to a dark
photon A0 – see text for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style
missing momentum experiment.

The annihilation cross section for this model is p-wave suppressed, so �v(��⇤
! ff̄) /

v2 and therefore requires a slightly larger coupling to achieve freeze out relative to other
scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤

1@
µ�2 � �⇤

2@
µ�1) , (6)

which typically suppresses direct detection signals even for small mass differences between

Accelerator Complementarity

Our indirect detection results use parameters along the relic curve 
This is the same reference model for accelerator benchmarks

Berlin, Blinov, GK, Schuster, Toro 1808.05219
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scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤
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2@
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which typically suppresses direct detection signals even for small mass differences between
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Concluding Remarks

Conventional Wisdom: no indirect detection for sub-GeV annihilation
Planck limits require little annihilation during recombination

Pseudo-Dirac DM w/ coannihilation is naturally CMB safe 
Heavier state is cosmologically depleted by CMB

This population co-annihilates to yield MeV indirect signal
Heavier state revived by Galactic upscahttering 

Unique halo profile
Isothermal profile for intermediate radial region (“donut”) 
Requires numerical N-body simulation to fully characterize

Potential gain from slower heavier state
Might drift to smaller radii, enhance J-factor in Galactic center



Direct Detection?

using it to pick a more optimal bin-width. An optimized bin width would not a↵ect sensi-

tivity by more than ⇠ 25%. Subtraction could significantly improve sensitivity above the

left corner of the exclusion region (where high event rates near threshold are limiting sen-

sitivity), but this region is already well constrained by other searches. Thus, the bounds

from our simplified treatment are only modestly conservative, and are likely quite close to

the bounds that a more complete analysis could achieve.

FIG. 9. Detailed exclusion regions for direct detection probes, with summary of CMB and

accelerator-based constraints for ↵D = 0.5 and mA0 = 3 (m�l + �/2). In mustard and light blue,

we observe the regions of parameter space ruled out by CMB observations and collider probes re-

spectively. The fair pink region is ruled out by the absence of an up-scattering signal in Xenon1T

search window from [70]. The dark purple diagonal regions correspond to the constraints due to

the lack of nuclear recoil (NR) signals in CRESST II and CRESST III. Lastly, the sub-GeV regions

in magenta shades are ruled out by the absence of the electron recoil signals in Xenon1T. Note

that the striated regions for both the CMB and direct detection exclusions correspond to areas

where semi-elastic interactions could further deplete the excited state abundance and weaken the

constraints. Analogous plots for additional dark-sector benchmarks are shown in Figure 23.

For the bounds arising from DM-electron scattering, we recast dark-photon line-like signal
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