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Beyond WIMP unitarity
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Stops when:  
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mζ < mχ < 3mζ
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Basic Ingredients

χ : dark matter

ζ : zombie

Zombie process Equilibrium process
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Relic Abundance
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Too many zombies
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•This process will never be 
efficient enough to reduce 
the  abundance if  

  
(WIMP unitarity bound)

ζ
mζ ≳ 300 TeV

•Zombie must be unstable
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Metastable DM
[Kramer, EK, Levi, Outmezguine, Ruderman, 2020]
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Metastable DM
[Kramer, EK, Levi, Outmezguine, Ruderman, 2020]
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Metastable DM with strong indirect 
detection signal
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FIG. 1. Dark matter coscatter and codecay chain.

process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =

�

x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is

Y1(1) ⇡
45

23/2⇡3g?s
�e

�2
p
�
⌘ Y1(�). (10)

The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �

�

x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is

�1

�2
⇠

⇣
↵

16⇡2

⌘2
. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction

massless

Δ =
mχ2

− mχ1

mχ1

≪ 1

 

Little (or no) exponential suppression in 
the rate for 

Γ ∼ e−bx = e−Δx

b = Δ → 0
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,
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viable, it demonstrates the basic idea of the mechanism.
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scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
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bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
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librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =
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x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is
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⌘ Y1(�). (10)

The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
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x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is

�1
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16⇡2
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. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =
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x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is

Y1(1) ⇡
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The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �
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x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is
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⇣
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16⇡2
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. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =

�

x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is

Y1(1) ⇡
45

23/2⇡3g?s
�e

�2
p
�
⌘ Y1(�). (10)

The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �

�

x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is
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. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =
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x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is

Y1(1) ⇡
45

23/2⇡3g?s
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⌘ Y1(�). (10)

The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �

�

x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is
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. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =
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x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is
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The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �
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Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is
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. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)

ṅ2 + 3Hn2 = nsmh�vi(n1 � n2)� (n2 � n
eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation

Y
0
1 =

�

x2
(�Y1 + Yeq), (9)

where Yi = ni/s, � = (nsmh�vi/H)|x=1. The asymptotic
value of the relic abundance is

Y1(1) ⇡
45

23/2⇡3g?s
�e

�2
p
�
⌘ Y1(�). (10)

The fact that the relic abundance scales as Y1(1) ⇠

e
�2xfo and not e

�xfo , is a result of the slow freezeout.
From the Boltzmann equation (9), �1 departs equilibrium
when �/x

2
fo ⇠ 1. At this point, �1 creation stops, but can

continue to scatter away. Neglecting the inverse process,
one solves

Y
0
1 = �

�

x2
Y1, (11)

to find that Y1(x) = Y1(xfo)e
�
x� �

xfo ! e
�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵

2
/m

2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
�1 ! 2 sm + �

⇤
2 ! 4 sm. The decay rate of �1 is

�1

�2
⇠

⇣
↵

16⇡2

⌘2
. (12)

Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction
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process �2 ! sm + sm, will necessarily lead to the fast
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place only for nearest neighbor
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�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).
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suppressed relative to that of �2 due to the small available
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process �2 ! sm + sm, will necessarily lead to the fast
decay of �1 via an o↵-shell �2. Therefore, we propose
that there is a coscattering chain, such that scatters take
place only for nearest neighbor

�i + sm $ �i+1 + sm, (4)

which codecay in equilibrium with �N ,

�N ! sm + sm . (5)

This is summarized in Fig. 1. Here �1 is still the dark
matter, but its decay width is suppressed due to the large
phase space needed to decay to the SM (�1 decays to 2N
SM particles).

III. TWO PARTICLE CASE

We first consider the simplest case of N = 2 dark sec-
tor particles. While this example is not cosmologically
viable, it demonstrates the basic idea of the mechanism.
There are two degenerate states �1 and �2, which coscat-
ter [1] o↵ SM bath particles via the process

�1 + SM $ �2 + SM. (6)

The dark matter candidate is �1, while �2 decays in equi-
librium with the SM bath.
The Boltzmann equations for the system are

ṅ1 + 3Hn1 = nsmh�vi(n2 � n1), (7)
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eq
2 )�2, (8)

where h�vi is a thermally averaged cross section for the
scattering process, neq is equilibrium number density of
�, and �2 is the decay rate of �2 in the thermal bath. This
system is similar to the co-scattering scenario [1], but here
the dark matter bath is kept in equilibrium with the SM
bath via decays and inverse-decays, rather than annihi-
lations. Ultimately, since decays and inverse-decays can
stay in equilibrium much longer, this will allow for much
heavier DM.

Unlike the case for freezeout via annihilations, the in-
stantaneous freezeout approximation will not give a good
estimate of the relic abundance. This is because the rate
for �1 scattering, � ⇠ nsmh�vi, is not dropping o↵ expo-
nentially fast with the expansion, and therefore freezeout
takes a long time. However, an approximate analytic so-
lution to the relic abundance can still be determined from
the Boltzmann equations.

If the decay rate is larger than the Hubble expansion
parameter when the temperature of the universe is equal
to the dark matter mass, the number density of �2 closely
follows its equilibrium value. Then an approximate so-
lution to the �1 density can be found by considering the
single equation
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�2xfo . One also

sees from this solution that the abundance stops changing
significantly when xfin ⇠ � = x

2
fo.

From this estimation, we can find h�vi, reproduc-
ing the observed relic abundance of dark matter, while
satisfying the unitarity bound. For instance, param-
eterizing the cross-section as h�vi ⌘ ↵
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2
�, then

m� = mpl = 2.4⇥ 1018 GeV and ↵ ' 17, reproduces the
correct relic abundance (assuming the DM scatters o↵ all
all SM particles and that g?s = 106.75).

Unfortunately, the minimal scenario is not vi-
able because the dark matter can decay through
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⇤
2 ! 4 sm. The decay rate of �1 is
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Considering that we assumed that the decays are in equi-
librium, �1 is short lived and therefore cannot be identi-
fied as dark matter.

IV. N > 2 DEGENERATE CASE

Although the simplest N = 2 example does not work,
it is interesting to observe that the decay rate of �1 is
suppressed relative to that of �2 due to the small available
phase space and the coupling constant. In this regard,
we consider N > 2 case with the same type of nearest-
neighbor interactions. Similarly, we assume that only �N

is able to decay into SM particles, that the masses are
degenerate, and that the cross section for each interaction

D ∼
σ

N2



Results

105 107 109 1011 1013 10150
10
20
30
40

⟨σv⟩ ≡
α2

m2
χ



Summary

0 mχ 2mχ

0

mχ

2mχ

Σimi

Σ f
m

f

Σ i
m

i
=

m
χ

Σf mf = 2mχ

Σi m
i +Σf m

f = m
χ

Super Heavy DM

b=
2
(m

χ
≲

10
G

eV
)

b=
1
(m

χ
≲

10
5 G

eV
)

b=
1/

2
(m

χ
≲

10
9 G

eV
)

b=0

↑
Fo

rbi
dd

en

Σi m
i +Σf m

f = 3m
χ

Unstable DM

Forbidden
Channels

Rare
Channels

WIMP 
( )χχ → light

SIMP 
( )χχχ → χχ


