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We propose that the dark matter abundance is set by the decoupling of inelastic scattering instead of
annihilations. This coscattering mechanism is generically realized if dark matter scatters against states of
comparable mass from the thermal bath. Coscattering points to dark matter that is exponentially lighter than
the weak scale and has a suppressed annihilation rate, avoiding stringent constraints from indirect
detection. Dark matter upscatters into states whose late decays can lead to observable distortions to the
blackbody spectrum of the cosmic microwave background.
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Introduction.—Dark matter (DM) constitutes most of the
matter in our Universe, but its origin is unknown. One of
the most attractive possibilities is that DM starts in thermal
equilibrium in the early Universe, and its abundance is set
once its annihilations become slower than the expansion
rate. This framework is insensitive to initial conditions and
has the further appeal of tying the DM abundance to its
(potentially observable) interactions.
The most widely considered possibility is that 2-to-2

annihilations to standard model (SM) particles set the DM
relic density. This is known as the weakly interacting
massive particle (WIMP) paradigm [1–4] and points to DM
particles with weak scale masses and cross sections. This
theoretical framework has had considerable impact shaping
experimental searches for DM.
However it has long been appreciated that simple varia-

tions to the cosmology of thermal relics can have dramatic
consequences. In a seminal paper, Ref. [5] enumerates
three “exceptions” to thermal relic cosmology: (1) mutual
annihilations of multiple species (coannihilations), (2) anni-
hilations intoheaver states (forbiddenchannels), and(3) anni-
hilations near a pole in the cross section. These exceptions
lead to phenomenology that can differ significantly from
standard WIMPs (see for example Refs. [6–14]), while
sharing their appealing theoretical features.
In this letter, we introduce a fourth exception. Like

Ref. [5], we assume DM begins in thermal equilibrium, has
its number diluted through 2-to-2 annihilations, and has a
temperature that tracks the photon temperature (for studies
that relax at least one of these assumptions, see for example
Refs. [15–28]). We consider the presence of two states
charged under the symmetry that stabilizes DM: χ and ψ ,
where mχ < mψ and χ is DM. We assume that χ annihi-
lations are suppressed, and two processes are active:
(1) χ=ψ interchange: χϕ ↔ ψϕ (left of Fig. 1), (2) ψ
annihilations: ψψ → ϕϕ (right of Fig. 1), where ϕ is an

unstable state from the thermal bath. When both processes
are in equilibrium, DM number is diluted from χ → ψ
scattering followed by ψψ annihilations. This picture can
be generalized to include multiple states ψ i, ϕj.
In the coannihilation phase, it is assumed that process

(2) decouples before process (1), such that the DM abun-
dance is set by the freeze-out of annihilations [5]. We
introduce the phase, coscattering, where process (1) shuts
off before process (2), such that the DM abundance is
determined by the freeze-out of inelastic scattering. As we
see, coscattering is generically realized in a large class of
models if DM scatters against massive states, mϕ ∼mχ . We
note that a similar process was considered within supersym-
metry for the special case of an ultralight gluino with a sub-
GeV mass, where χ, ψ , and ϕ were identified with the
photino, R-hadron, and pion [29,30].
Coscattering leads to unique phenomenology. As we

describe below, theDMabundance has a different parametric
form than the WIMP. In order to reproduce the observed

T

Coscattering Mechanism

FIG. 1. An illustration of the coscattering mechanism for DM
freeze-out. If both diagrams are active, the abundance of DM, χ,
decreases through inelastic scattering, χϕ → ψϕ, followed by
annihilations, ψψ → ϕϕ. Coscattering corresponds to the phase
where scattering freezes out before annihilations, setting the DM
abundance.
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abundance, theDMmass is genericallymuch lighter than the
weak scale. The DM self-annihilation rate can be arbitrarily
small, evading stringent limits from the cosmic microwave
background (CMB) [31–33]. Although χ constitutes DM,
there is also a relic population of ψ that decays to χ at late
times. These ψ decays can produce observable distortions to
the blackbody spectrum of the CMB.
The rest of this Letter is organized as follows. We begin

by analyzing the relic density of DM produced by coscat-
tering. We then discuss nontrivial thermal corrections to the
abundance, which are further elaborated in Supplemental
Material [34]. Finally, we determine the relic density and
experimental constraints in an example model.
Relic abundance.—As above, we consider DM, χ, and a

heavier state, ψ , that are both charged under the DM
stabilizing symmetry. DM can upscatter into ψ through the
coscattering process: χϕ → ψϕ, where ϕ is an unstable
state from the thermal bath.
If χ and ψ are in kinetic equilibrium (we relax this

assumption in the next section), the evolution of their
number densities, nχ;ψ , are determined by the solution to
the following system of Boltzmann equations [5,13,30,35],

_ni þ 3Hni ¼ −
X

j

�
neqϕ hσi→jvi

�
ni − neqi

nj
neqj

�

þ hσijviðninj − neqi n
eq
j Þ

�
; ð1Þ

where i; j ¼ ðψ ; χÞ, neqx denotes the equilibrium Boltzmann
distribution, H is the Hubble parameter, and we have
assumed that ϕ remains in equilibrium. The first line
corresponds to coscattering, χϕ ↔ ψϕ, while the second
line corresponds to coannihilations, ψψ , ψχ, χχ → ϕϕ. We
have assumed that two-body decays, ψ → χϕ, are kine-
matically forbidden: mϕ > mψ −mχ . When two-body
decays are active, they typically equilibrate ψ and χ, and
then the coscattering diagram does not determine the relic
density. The absence of decays in coscattering is an

important difference compared to the light gluino scenario
of Refs. [29,30], where decays are active.
Coscattering is realized when the following conditions

are met: (1) ψψ → ϕϕ is in equilibrium, (2) χχ, χψ → ϕϕ
can be neglected, and (3) two-body decays are kinemat-
ically forbidden, mϕ > mψ −mχ . In this limit, nψ ¼ neqψ ,
and the Boltzmann equations simplify,

_nχ þ 3Hnχ ¼ −neqϕ hσχ→ψviðnχ − neqχ Þ: ð2Þ
The solution to Eq. (2) is approximated by taking the

DM abundance to be constant after χ ↔ ψ decouples,
which occurs when

neqϕ hσχ→ψvi ≈ pH; ð3Þ
where we find that p ∼ 20 replicates numerical solutions
to Eq. (2).
The χ → ψ scattering is endothermic because mχ < mψ .

The thermally averaged cross section, hσχ→ψvi, is expo-
nentially suppressed in the limit T ≪ mψ −mχ . The
exponential dependence can be derived by using detailed
balance to write the χ → ψ cross section as a function of the
cross section for the inverse process

hσχ→ψvi ¼
neqψ
neqχ

hσψ→χvi ≈
m3=2

ψ

m3=2
χ

e−xΔhσψ→χvi; ð4Þ

where x≡mχ=T, Δ≡ ðmψ −mχÞ=mχ , and hσψ→χvi is not
exponentially suppressed at low temperatures because
ψ → χ is exothermic.
Using Eq. (4) to solve Eq. (3), we find that freeze-out

occurs at temperature

ðrþ ΔÞxf ¼ 21þ log

�ðrþ rΔÞ3=2mχσinv
p

ffiffiffiffiffi
g�

p
GeV × pb

�
þ log

ffiffiffi
x

p
f;

ð5Þ
where σinv ≡ hσψ→χvi, r≡mϕ=mχ , and g� correspond to
the number of relativistic degrees of freedom at freeze-out.
Using Eq. (5), we can estimate the relic density,

Ωχ

ΩDM
≈
0.6 pb
σinv

pxfexfðrþΔ−1Þ
ffiffiffiffiffi
g�

p
r3=2ð1þ ΔÞ3=2 : ð6Þ

Unlike a WIMP, which requires a weak scale annihilation
cross section of order 1 pb, the abundance (freeze-out
temperature) has an exponential (nonlogarithmic) sensitiv-
ity on the spectrum.
For rþ Δ > 1 (i.e., mϕ þmψ > 2mχ), σinv should be

exponentially larger than the weak scale in order to
reproduce the observed relic density, Ωχh2 ≈ 0.12 [31].
This points to DM that is exponentially lighter than the
weak scale. In the opposite limit, rþ Δ < 1, DM cannot be
much heavier than the weak scale without violating the
requirement that ψψ annihilations respect perturbativity

FIG. 2. Evolution of χ energy density for coscattering. The thin
blue line represents the solution of Eq. (2) where χ is assumed to
be in kinetic equilibrium, while the thick blue line is the solution
of the full Boltzmann equation [Eq. (7)]. The dashed blue line
represents the equilibrium number density.
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and remain in equilibrium until the coscattering process
decouples. It is straightforward to generalize our analysis to
multiple states ψ i, ϕj.
Departure from kinetic equilibrium.—For conventional

WIMPs, DM experiences rapid elastic scattering against
the thermal bath while annihilations decouple. Therefore,
kinetic decoupling (the departure from Maxwell-
Boltzmann phase space distribution) occurs long after
chemical decoupling (the freeze-out of number changing
interactions); see for example Refs. [36–38]. For coscatter-
ing, elastic scattering, χϕ → χϕ, generically decouples
before inelastic scattering, χϕ → ψϕ, because of the small
coupling of χ to the thermal bath. Therefore, χϕ → ψϕ is
responsible for maintaining both chemical and kinetic
equilibrium, and its freeze-out brings simultaneous chemi-
cal and kinetic decoupling. This is an important difference
between coscattering and WIMPs and it means that Eq. (2)
is not strictly applicable, as it assumes an equilibrium phase
space distribution for χ.
In order to correctly treat the departure from kinetic

equilibrium, we must solve the full (unintegrated)
Boltzmann equation for the time dependence of the
momentum space distribution of χ, fχðp; tÞ,

� ∂
∂t −Hp · ∇p

�
fχðp; tÞ ¼

1

E
C½fχ �; ð7Þ

where C½fχ � is the collision operator induced by the
coscattering reaction χϕ → ψϕ. C½fχ � is a linear function
of fχ . Therefore, Eq. (7) is a solvable first-order linear
partial differential equation. We now provide a qualitative
sketch of its solution, and we provide more details in
Supplemental Material [34]. We find that lower momentum
modes of χ decouple earlier than higher momentummodes.
This is because the coscattering process is endothermic and
χ modes with smaller kinetic energy can only interact with
energetic ϕ modes from the tail of the Boltzmann distri-
bution with suppressed number density. Because low

momentum modes are more abundant, the final relic
abundance of χ is enhanced relative to the solution of
Eq. (2). The size of this thermal correction grows with Δ,
which controls the degree of endothermicity of coscattering.
While Eq. (6) correctly captures the abundance at the
order-of-magnitude level, thermal corrections arising from
Eq. (7) are required for a precise calculation of the abundance
(see for example Figs. 2 and 3 to be discussed below), and
are included in our numerical results that follow.
An example dark sector.—Coscattering is naturally

realized within the framework of hidden sector DM
[15,18,19,39–46], where χ, ψ , and ϕ are neutral under the
SM gauge group.We take χ, ψ to beMajorana fermions, and
ϕ to be a real scalar, with the following interactions:

L ⊃ −
mχ

2
χ2 −

mψ

2
ψ2 − δmχψ −

y
2
ϕψ2 þ H:c: ð8Þ

Notice thatψ is active, withYukawa coupling toϕ, while χ is
sterile. There is a mass mixing, δm, whose strength is
determined by the dimensionless parameter δ≡ δm=mχ.
We focus on the small mixing limit, δ ≪ 1, where ψ , χ
are approximately mass eigenstates, n1 ≈ χ and n2 ≈ ψ .
Without loss of generality, we takemχ;ψ to be real and allow
generic phases in y and δm in order to avoid p-wave
suppression of the relevant processes. Note that the structure
of the interaction of χ in Eq. (8) is a natural consequence of a
softly broken chiral symmetry.
The annihilation ψψ → ϕϕ is unsuppressed while ψχ and

χχ annihilations are suppressed by δ2 and δ4, respectively.
The inverse coscattering cross section, ψϕ → χϕ, which
determines the relic density [σinv in Eq. (6)], is hσψ→χvi≈
fðrÞ ffiffiffiffi

Δ
p ðy4δ2=2πm2

χÞ, where fðrÞ ≡ ðr2 þ r þ 2Þ2=
ð ffiffiffi

2
p ðr − 2Þ2r9=2ðr þ 1Þ7=2Þ. For simplicity, we derive this
expression by assuming real δm and y and taking the
limit δ ≪ Δ ≪ 1.
Figure 2 shows the χ energy density as a function of x.

We see that Eq. (2) underestimates the χ abundance
compared to the solution of Eq. (7). For the parameter

FIG. 3. The left side shows the dark matter relic density normalized to its measure value, versusmϕ=mχ . The plot shows the transition
between the coannihilation and coscattering phases, where Ωχ depends exponentially on mϕ. The right side shows the relic density
normalized to its measured value, versus Δ. In both panels the thin solid curves represent the result of the calculation performed
assuming kinetic equilibrium for χ, while the thick solid lines are the solution of the full Boltzmann equation [Eq. (7)].
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choice displayed in Fig. 2, chemical freeze-out of the
coscattering process occurs at x ≈ 20, while elastic scatter-
ing, χϕ → χϕ, freezes out earlier, x ≈ 10.
Figure 3 shows how the relic density, Ωχ , depends on

r≡mϕ=mχ and Δ≡ ðmψ −mχÞ=mχ . The relic density is
exponentially sensitive to these quantities [Eq. (6)]. For the
chosen parameters, the departure from kinetic equilibrium
is always relevant. The right of Fig. 3 shows that thermal
corrections from Eq. (7) are enhanced as the splitting Δ
increases.
It is clear from the previous discussion and Fig. 3 that

coscattering and coannihilations are closely related [47].
By varying parameters, any model with coannihilations
also realizes coscattering. The left of Fig. 4 is the phase
diagram, which shows the transition from the coscattering
to the coannihilation phase as δ and mϕ are varied.
Coscattering occurs in the region with small mixing,
δ ≪ 1, and heavy ϕ, mϕ ∼mψ . This is because the ratio
between the coscattering and ψψ → ϕϕ rates scales
as ∼δ2neqϕ =n

eq
ψ ∼ δ2eðmψ−mϕÞ=T .

For completeness, the left of Fig. 4 also shows the WIMP
phase, where the relic density is set by the freeze-out of
χχ → ϕϕ. It is divided into the conventional case,
mχ > mϕ, and the forbidden regime [5,10], mχ < mϕ.
Phenomenology.—So far, we have implicitly assumed

that ϕ is part of the thermal bath and can decay to other
species. The simplest possibility is that ϕ couples to SM
particles, leading to experimental signals. In the following,
we assume that ϕ couples to electrons,

L ⊃ −yϕeϕēeþ H:c: ð9Þ
For large enough coupling, yϕe ≳ 10−10, the dark sector is
in kinetic equilibrium with the SM, implying that the
DM temperature tracks the photon temperature. When the
coupling becomes too large, yϕe ≳ 10−3, dark matter

scattering off electrons, χe� → ψe�, keeps χ and ψ in
equilibrium, bringing the model back into the coannihila-
tion phase. Coscattering is therefore realized for a wide
range of couplings: yϕe ∼ 10−ð3−10Þ.
The various phenomenological constraints are summa-

rized on the right side of Fig. 4, where we fixmϕ=mχ ¼ 0.9.
The scalar mediator is constrained by direct production in
beam dump experiments [51–54], BABAR [55], and super-
novae [56–61]. Since ϕ couples to electrons but not
neutrinos, it modifies their relative temperatures after the
weak interactions decouple, changing the effective number
of neutrinos, Neff [62]. We show the current constraints
from Planck [31] and the projected reach of CMB stage-4
experiments [63].
To conclude this section we discuss a characteristic

signal of coscattering. In the coscattering regime, the
leading decay of ψ is three body, ψ → χeþe−, and ψ is
typically long lived,

τψ ≈ 1.2 × 108 s

�
10 GeV
mψ

��
10−12

yeϕδ

�
2
�
0.01
Δ

�
3

r4: ð10Þ

These decays can inject energy into CMB photons after the
decoupling of double Compton scattering, modifying the
blackbody spectrum by producing μ or y distortions
[64,65]. Current constraints from FIRAS [66] do not appear
in Fig. 4, but the proposed PIXIE mission [49] has the
potential to cover significant new parameter space. Spectral
distortions are typical of coscattering, beyond this particu-
lar model realization, because DM upscatters into a heavier
state that generically has a trace relic abundance and long
lifetime.
Conclusions.—In this Letter we have introduced the

coscattering phase for DM freeze-out. Coscattering is of
broader significance than the example model of Eq. (8).

FIG. 4. The left side shows how the different phases of freeze-out dependon (mϕ, δ). Below the dotted blue line, in the coscattering region,
elastic scattering, χϕ → χϕ, decouples before the coscattering diagram, and thermal effects are important. The right side summarizes the
phenomenologyof themodel for amediatorϕ coupling to electrons. Supernova cooling constrains both the direct productionofϕ and that of
dark matter n1, while we find that n2 ≈ ψ is always trapped inside the star. The other constraints are described in the main body of the text.
The reach of PIXIE corresponds to μ < 2.8 × 10−8 and y < 2.4 × 10−9 [48,49]. The reach including the expected impact of foregrounds,
μ < 9.4 × 10−8 [50], is shown with a dotted line. The remaining model parameters are set to jyj ¼ 1, jδj ¼ 10−4, arg y ¼ −iπ=

ffiffiffi
2

p
,

arg δ ¼ 1=2, and mϕ=mχ ¼ 0.9. On both sides, Δ is fixed at each point to reproduce the observed relic density.
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The requirements are (1) mostly sterile DM, χ, with
suppressed annihilations, (2) heavier active states, ψ i, with
rapid annihilations, and (3) 2-to-2 scatterings against the
thermal bath that initially keep DM in equilibrium with the
heavier states until these inelastic scatterings decouple and
set the DM relic density. In order to more fully explore the
phenomenology of coscattering, it would be interesting to
consider more hidden sectors that realize these conditions,
and more portals that connect these sectors to the SM.
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