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ues of ✏.6 A qualitatively di↵erent scenario arises if the
! and all charged vector mesons are heavier than 2m

⇡

.
Then, only two-body decays of the remaining neutral vec-
tor mesons can give rise to visible signatures, with a de-
cay length better suited for short- and medium-baseline
experiments. We show in Sec. IV and in Fig. 5 that both
possibilities can be tested with existing data, future runs
of HPS and SeaQuest, and the proposed LDMX experi-
ment. Alternatively, when m

V

> 2 m
⇡

, all vector mesons
decay invisibly into pairs of DM pions. In this case,
promising signals include DM-electron/nucleon scatter-
ing and missing energy signatures at accelerators [7].

III. COSMOLOGY

In this section, we discuss in more detail two aspects
of SIMP cosmology mentioned in Secs. I and II. We pre-
viously noted that the singlet pions are unstable even if
Q2 / for general quark masses, M

q

. If these are the
lightest of the DM pions, then their decays can e�ciently
deplete the entire DM energy density. Even if they are
long-lived compared to the timescale of freeze-out, but
with a lifetime greater than a second, late decays may
be in conflict with the successful predictions of Big Bang
nucleosynthesis or measurements of the CMB.

However, these pitfalls can be avoided. For exam-
ple, if in addition to Q2 / , we enforce Tr Q = 0 and
M

q

/ , then the singlet pions can be made absolutely
stable through an enhanced symmetry. These require-
ments allow for the construction of a G-parity,

G ⌘ C ⇥ A

0

2 ⇥ U
q

, (8)

where C is the U(1)
D

charge conjugation operator, A

0

2

sends A0 ! �A0, and U
q

2 SU(N
f

)
V

is a unitary isospin
transformation of the HS quarks such that U†

q

QU
q

=
�QT . Note that such a U

q

exists only if the numbers of
positively- and negatively-charged HS quarks are equal
since a unitary transformation cannot alter the determi-
nant or trace of Q. The singlet pion (defined in Eq. (4.8)
of Ref. [6]) is odd under G. Hence, the above choices of
Q and M

q

forbid the construction of an operator relevant

for ⇡ ! A0(⇤)
A0(⇤) ! 4` or ⇡ ! 2`. This can easily be

seen from the fact that any candidate amplitude must be
built out of traces of at least two powers of Q, the gen-
erator corresponding to the pion, T

⇡

, and possibly M
q

.
If M

q

/ , these amplitudes can always be simplified to
Tr Q2 T

⇡

= 0, Tr Q Tr Q T
⇡

= 0, or Tr Q2 Tr T
⇡

= 0.
The situation is di↵erent if N

f

is odd or if the num-
bers of positively- and negatively-charged HS quarks are

6 These three-body processes can also be used to test SO(Nc) and
Sp(Nc) models, where the low-energy spectrum does not contain
neutral pions, aside from the flavor singlet meson associated with
the chiral anomaly [6]. We leave a detailed study of these models
to future work.
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FIG. 3. An example of a hidden sector parton-level diagram
and the corresponding operator in the chiral Lagrangian that
are potentially responsible for the decay of singlet dark matter
pions into Standard Model fermions. The gray circle repre-
sents an insertion of a hidden sector quark mass.

not equal. This is relevant for N
f

= 3 flavors as consid-
ered in this work. In this case, even if Q2 / , there is
no analogous G-parity, and there exist chirally-invariant
operators that facilitate the decays of singlet pions, e.g.,

↵
D

4⇡f
⇡

i ✏µ⌫↵� A0
µ⌫

A0
↵�

Tr Q Tr
�
Q M

q

U†� + h.c. , (9)

where U = exp(2i⇡aT a/f
⇡

), T a are the generators of
SU(N

f

), and the overall coe�cient is estimated using
naive dimensional analysis [15]. At the parton level,
traces of Q2n�1 (with integer n) arise from quark loops
with an odd number of A0 insertions. These diagrams
have been claimed to vanish due to Furry’s theorem [6].
However, this is not the case when an arbitrary number
of HS gluons is attached to the loop. An example of such
a parton-level diagram is shown in Fig. 3.

The operator in Eq. (9) induces two- and four-body de-
cays of the unstable singlet pions into SM fermions. Both
partial widths are suppressed by ↵2

D

✏4 and by loop or
phase space factors, leading to extremely long lifetimes.
We estimate that the four-body channel dominates with
a partial width of

�(⇡ ! 4`) ⇠ ↵2
D

↵2
em ✏4

2048 ⇡5

m11
⇡

f2
⇡

m8
A

0
, (10)

while the two-body channel is additionally suppressed
by m

`

/m
⇡

. For ↵
D

= 10�2, ✏ . 10�4, and GeV-scale
masses, the lifetime of the singlet pions is comparable to
the timescale of recombination, ⇠ 1013 seconds. Mea-
surements of the CMB anisotropy spectrum are a power-
ful probe of such an energy injection and, for certain life-
times, limit the fraction of DM that can undergo visible
decays to . 10�11 [35, 36]. Decays before recombination
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FIG. 4. The hidden sector pion abundance in the m⇡ � ✏ plane. The contours correspond to regions where the ⇡ abundance
matches the observed dark matter energy density for m⇡/f⇡ = 3, ↵D = 10�2, mA0/m⇡ = 3, and various values of the mass ratio,
mV /m⇡. Multiple processes determine the dark matter abundance. For ✏ & 10�3, the abundance is governed by WIMP-like
annihilations into Standard Model particles, ⇡⇡ ! SM. For ✏ ⇠ 10�4 � 10�3, e�cient semi-annihilations, ⇡⇡ ! ⇡V , dictate
freeze-out. If ✏ . 10�5 � 10�4, the ability of semi-annihilations to reduce the ⇡ density becomes limited by the vector meson
decay rate, �(V ! SM) ⇠ ✏2. If ✏ . 10�6, then the relic abundance is determined by SIMP-like 3 ! 2 reactions. For simplicity,
we have assumed that the hidden and visible sector baths remain in kinetic equilibrium throughout freeze-out. This assumption
will be relaxed in Sec. IV. Although this is valid for ✏ & 10�6, we expect that kinetic decoupling will occur before dark matter
freeze-out for ✏ . 10�6. This case is analogous to models in which the abundance is governed by kinetic decoupling [33, 34].

may be constrained by CMB spectral distortions [36].
Thus, unless the abundance of the unstable component
is negligible, the CMB places an important constraint on
a wide swath of otherwise viable parameter space. We
emphasize that this is not a generic feature of strongly
interacting dark sectors since the HS pions can be made
absolutely stable, as discussed above.

Models where some of the pions are unstable may be
cosmologically viable, provided all unstable species are
heavier than the lightest stable pion and decay at tem-
peratures below the corresponding mass splitting. In this
case, 2 ! 2 scattering in the HS depletes the abundance
of the unstable pions before they decay. CMB constraints
on this possibility are discussed in Sec. IV I. The relevant
mass splittings can arise from chiral symmetry breaking
corrections from HS quark masses, through higher-order
operators in the chiral Lagrangian such as [25]

↵6,7 B2
0

�
Tr M

q

U † ± h.c.
�2

, (11)

where B0 is a dimensionful constant related to the HS
quark condensate and defined in Eq. (A3). These opera-
tors, with coe�cients ↵6,7 ⇠ O(10�3), can lift the unsta-
ble pions to the degree needed for cosmology if the values
of ↵6,7 are chosen judiciously [25, 37]. However, obtaining
the cosmologically viable spectrum requires ↵7 > 0 (of
opposite sign from the expected ⌘0-mixing contribution)
and is about 2� away from SM measurements [25]. It is

therefore unlikely (but not impossible) that this mecha-
nism operates in SM-like theories. It is nonetheless plau-
sible that this spectrum may be realized in less SM-like
hidden sectors without G-parity.

We now turn to the problem of DM freeze-out in the
early universe. The first examples of SIMPs were de-
signed to realize the 3 ! 2 annihilation mechanism [2].
This process arises from a dimension-9 operator in the
Wess-Zumino-Witten term. The corresponding rate in
the early universe is given by

�3!2 = (neq
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)2 h�v2i / e�2x

x5
(m

⇡

/f
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)10 m
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, (12)

where x ⌘ m
⇡

/TSM, TSM is the temperature of the SM
bath, and neq

⇡

is the equilibrium number density of ⇡.
Due to the strong exponential suppression in Eq. (12),
the correct relic abundance is obtained for large values of
m

⇡

/f
⇡

close to the perturbativity bound, i.e., m
⇡

/f
⇡

⇠
4⇡ [3]. This observation, combined with the e↵ective field
theory expectation for vector meson masses [13–15],

m
V

⇠ 4⇡ f
⇡

/
p

N
c

, (13)

suggests that the vector mesons play an important role
in the DM cosmology. Indeed, the Wess-Zumino-Witten
term gives rise to the pion semi-annihilation (2 ! 1)
process, ⇡⇡ ! ⇡V , with V decaying to the SM. This of-

Stabilize for even flavors

5

ues of ✏.6 A qualitatively di↵erent scenario arises if the
! and all charged vector mesons are heavier than 2m

⇡

.
Then, only two-body decays of the remaining neutral vec-
tor mesons can give rise to visible signatures, with a de-
cay length better suited for short- and medium-baseline
experiments. We show in Sec. IV and in Fig. 5 that both
possibilities can be tested with existing data, future runs
of HPS and SeaQuest, and the proposed LDMX experi-
ment. Alternatively, when m

V

> 2 m
⇡

, all vector mesons
decay invisibly into pairs of DM pions. In this case,
promising signals include DM-electron/nucleon scatter-
ing and missing energy signatures at accelerators [7].

III. COSMOLOGY

In this section, we discuss in more detail two aspects
of SIMP cosmology mentioned in Secs. I and II. We pre-
viously noted that the singlet pions are unstable even if
Q2 / for general quark masses, M

q

. If these are the
lightest of the DM pions, then their decays can e�ciently
deplete the entire DM energy density. Even if they are
long-lived compared to the timescale of freeze-out, but
with a lifetime greater than a second, late decays may
be in conflict with the successful predictions of Big Bang
nucleosynthesis or measurements of the CMB.

However, these pitfalls can be avoided. For exam-
ple, if in addition to Q2 / , we enforce Tr Q = 0 and
M

q

/ , then the singlet pions can be made absolutely
stable through an enhanced symmetry. These require-
ments allow for the construction of a G-parity,

G ⌘ C ⇥ A

0

2 ⇥ U
q

, (8)

where C is the U(1)
D

charge conjugation operator, A

0

2

sends A0 ! �A0, and U
q

2 SU(N
f

)
V

is a unitary isospin
transformation of the HS quarks such that U†

q

QU
q

=
�QT . Note that such a U

q

exists only if the numbers of
positively- and negatively-charged HS quarks are equal
since a unitary transformation cannot alter the determi-
nant or trace of Q. The singlet pion (defined in Eq. (4.8)
of Ref. [6]) is odd under G. Hence, the above choices of
Q and M

q

forbid the construction of an operator relevant

for ⇡ ! A0(⇤)
A0(⇤) ! 4` or ⇡ ! 2`. This can easily be

seen from the fact that any candidate amplitude must be
built out of traces of at least two powers of Q, the gen-
erator corresponding to the pion, T

⇡

, and possibly M
q

.
If M

q

/ , these amplitudes can always be simplified to
Tr Q2 T

⇡

= 0, Tr Q Tr Q T
⇡

= 0, or Tr Q2 Tr T
⇡

= 0.
The situation is di↵erent if N

f

is odd or if the num-
bers of positively- and negatively-charged HS quarks are

6 These three-body processes can also be used to test SO(Nc) and
Sp(Nc) models, where the low-energy spectrum does not contain
neutral pions, aside from the flavor singlet meson associated with
the chiral anomaly [6]. We leave a detailed study of these models
to future work.

⇠ Tr Q Tr
✓
QMq U †◆

g

A�
Mq

q

A�

q̄L

qR

FIG. 3. An example of a hidden sector parton-level diagram
and the corresponding operator in the chiral Lagrangian that
are potentially responsible for the decay of singlet dark matter
pions into Standard Model fermions. The gray circle repre-
sents an insertion of a hidden sector quark mass.

not equal. This is relevant for N
f

= 3 flavors as consid-
ered in this work. In this case, even if Q2 / , there is
no analogous G-parity, and there exist chirally-invariant
operators that facilitate the decays of singlet pions, e.g.,

↵
D

4⇡f
⇡

i ✏µ⌫↵� A0
µ⌫

A0
↵�

Tr Q Tr
�
Q M

q

U†� + h.c. , (9)

where U = exp(2i⇡aT a/f
⇡

), T a are the generators of
SU(N

f

), and the overall coe�cient is estimated using
naive dimensional analysis [15]. At the parton level,
traces of Q2n�1 (with integer n) arise from quark loops
with an odd number of A0 insertions. These diagrams
have been claimed to vanish due to Furry’s theorem [6].
However, this is not the case when an arbitrary number
of HS gluons is attached to the loop. An example of such
a parton-level diagram is shown in Fig. 3.

The operator in Eq. (9) induces two- and four-body de-
cays of the unstable singlet pions into SM fermions. Both
partial widths are suppressed by ↵2

D

✏4 and by loop or
phase space factors, leading to extremely long lifetimes.
We estimate that the four-body channel dominates with
a partial width of

�(⇡ ! 4`) ⇠ ↵2
D

↵2
em ✏4

2048 ⇡5

m11
⇡

f2
⇡

m8
A

0
, (10)

while the two-body channel is additionally suppressed
by m

`

/m
⇡

. For ↵
D

= 10�2, ✏ . 10�4, and GeV-scale
masses, the lifetime of the singlet pions is comparable to
the timescale of recombination, ⇠ 1013 seconds. Mea-
surements of the CMB anisotropy spectrum are a power-
ful probe of such an energy injection and, for certain life-
times, limit the fraction of DM that can undergo visible
decays to . 10�11 [35, 36]. Decays before recombination
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7

fers an alternative mechanism to deplete the pion number
density.7

We calculate the relic abundance of DM pions by nu-
merically solving the full system of Boltzmann equations,
incorporating annihilations, 3 ! 2 and 2 ! 1 processes,
and vector meson decays. A more detailed discussion is
presented in Appendix C and will also appear in forth-
coming work. In Fig. 4, we show regions in the m

⇡

� ✏
plane where the ⇡ abundance matches the observed DM
energy density for ↵

D

= 10�2, m
⇡

/f
⇡

= 3, m
A

0/m
⇡

= 3,
and various values of m

V

/m
⇡

, assuming throughout that
the HS and SM are in kinetic equilibrium. These param-
eter choices are motivated below.

The behavior of the relic abundance contours in Fig. 4
has a simple interpretation in terms of the dominant
processes controlling freeze-out. The favored DM mass
range is strongly dependent on ✏. At large ✏, direct
annihilations into SM particles, ⇡⇡ ! A0⇤ ! SM, de-
termine the ⇡ relic abundance, favoring WIMP-like re-
gions of parameter space. For smaller values of ✏, semi-
annihilation (⇡⇡ ! ⇡V , V ! SM) dictates the cosmolog-
ical history. If the vector mesons decay to SM particles
more rapidly than they downscatter into HS pions, i.e.,
�(V ! SM) & neq

⇡

�v(⇡V ! ⇡⇡), then semi-annihilation
is independent of ✏ and is largely driven by the strength
of ⇡⇡ ! ⇡V alone. DM freezes out in this case when

neq
V

h�v(⇡V ! ⇡⇡)i ⇠ H , (14)

where H is the Hubble parameter. Alternatively, when
�(V ! SM) . neq

⇡

�v(⇡V ! ⇡⇡), semi-annihilation is
limited by the rate of vector meson decays, which de-
pends on the strength of kinetic mixing, as in Eq. (6).
Hence, freeze-out occurs when

(neq
V

/neq
⇡

) h�(V ! SM)i ⇠ H , (15)

and the ability of semi-annihilation to deplete the pion
number density is quenched by ✏ ⌧ 1. Note that
Eqs. (14) and (15) imply that semi-annihilation is de-
pendent on neq

V

/neq
⇡

and is exponentially sensitive to the
mass ratio, m

V

/m
⇡

. For even smaller values of ✏, vector
meson decay rates are extremely suppressed and semi-
annihilation cannot e�ciently deplete the pion abun-
dance. At this point, the only remaining viable mech-
anism is the 3 ! 2 process, ⇡⇡⇡ ! ⇡⇡. This region
of parameter space corresponds to standard SIMP mod-
els [2].

In generating the contours of Fig. 4, we have assumed
that DM-SM elastic scattering and vector meson decays
maintain kinetic equilibrium during freeze-out. This as-
sumption breaks down in Fig. 4 for ✏ . 10�6, in which
case the HS and SM kinetically decouple before 3 ! 2
reactions freeze out. This scenario is analogous to elas-
tically decoupling relics (ELDERs) of Refs. [33, 34] but

7 In the SM, the same interaction is responsible for ! ! 3⇡ [31].

with a di↵erent process (vector meson decays to the SM)
driving the kinetic equilibration of the two sectors. We
emphasize that for most of the viable parameter space,
semi-annihilations govern the cosmology of DM freeze-
out, while regions in which 3 ! 2 processes or direct
annihilations are important are mostly ruled out by ex-
isting constraints. This will be explored in more detail
in Sec. IV.

In the semi-annihilation region of Fig. 4, the correct
relic abundance is obtained for much larger values of
m

⇡

compared to the pure 3 ! 2 regime. Equivalently,
smaller values of m

⇡

/f
⇡

are feasible for fixed DM mass.
This significantly alleviates tensions with perturbativity
and bounds on DM self-interactions.8 We emphasize that
the cosmological importance of processes involving vec-
tor mesons is a natural consequence of large values of
m

⇡

/f
⇡

⇠ 4⇡/(m
V

/m
⇡

) since m
⇡

/f
⇡

� 1 implies that
m

V

⇠ m
⇡

. If m
V

is fixed according to Eq. (13), then
the correct relic abundance can be obtained for a wide
range of DM masses without conflicting with perturba-
tivity or limits on DM self-interactions. For instance,
if ✏ is large enough for semi-annihilations to be e�cient
(vector mesons rapidly decay to the SM) then Eq. (13)
implies that GeV-scale DM pions acquire an adequate
relic density for9

m
⇡

f
⇡

⇠ 3
⇣
1 + 0.1 log

m
⇡

10 MeV

⌘
. (16)

The mild dependence of m
⇡

/f
⇡

on the DM mass mo-
tivates m

⇡

/f
⇡

' 3 as a good representative choice for
models of thermal DM.

Previous literature has focused on maintaining kinetic
equilibrium through DM-SM elastic scattering via A0 ex-
change [6]. Since such processes are controlled by the
strength of kinetic mixing, demanding that the DM and
SM sectors remain in kinetic equilibrium during freeze-
out places a lower limit on the size of ✏. The presence of
neutral vector mesons provides another means of main-
taining kinetic equilibrium between the two sectors. The
decays and inverse-decays, V $ SM, e�ciently equili-
brate the SM and vector mesons, while ⇡⇡ $ ⇡V and
⇡V $ ⇡V enforce equilibrium within the dark sector.
For m

V

. 2 m
⇡

and m
⇡

/f
⇡

. 4⇡, equilibration between
the HS and SM bath is dominantly governed by vector
meson decays, which allows for significantly lower val-
ues of ✏. As mentioned above, for values of ✏ near this
lower bound, kinetic decoupling of the HS from the SM
occurs before 3 ! 2 freeze-out, leading to ELDER-like
cosmology, albeit at a much smaller ✏ [33, 34].

8 This was previously noted in Ref. [38] in the context of semi-
annihilation with an axion. While there is no compelling reason
to have m

axion

' m⇡ , HS vector mesons are naturally expected
near this scale, as discussed at the beginning of Sec. II.

9 This form is motivated by a semi-analytic solution to the Boltz-
mann equations in Appendix C, which will be presented in forth-
coming work.
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fers an alternative mechanism to deplete the pion number
density.7

We calculate the relic abundance of DM pions by nu-
merically solving the full system of Boltzmann equations,
incorporating annihilations, 3 ! 2 and 2 ! 1 processes,
and vector meson decays. A more detailed discussion is
presented in Appendix C and will also appear in forth-
coming work. In Fig. 4, we show regions in the m

⇡

� ✏
plane where the ⇡ abundance matches the observed DM
energy density for ↵

D

= 10�2, m
⇡

/f
⇡

= 3, m
A

0/m
⇡

= 3,
and various values of m

V

/m
⇡

, assuming throughout that
the HS and SM are in kinetic equilibrium. These param-
eter choices are motivated below.

The behavior of the relic abundance contours in Fig. 4
has a simple interpretation in terms of the dominant
processes controlling freeze-out. The favored DM mass
range is strongly dependent on ✏. At large ✏, direct
annihilations into SM particles, ⇡⇡ ! A0⇤ ! SM, de-
termine the ⇡ relic abundance, favoring WIMP-like re-
gions of parameter space. For smaller values of ✏, semi-
annihilation (⇡⇡ ! ⇡V , V ! SM) dictates the cosmolog-
ical history. If the vector mesons decay to SM particles
more rapidly than they downscatter into HS pions, i.e.,
�(V ! SM) & neq

⇡

�v(⇡V ! ⇡⇡), then semi-annihilation
is independent of ✏ and is largely driven by the strength
of ⇡⇡ ! ⇡V alone. DM freezes out in this case when

neq
V

h�v(⇡V ! ⇡⇡)i ⇠ H , (14)

where H is the Hubble parameter. Alternatively, when
�(V ! SM) . neq

⇡

�v(⇡V ! ⇡⇡), semi-annihilation is
limited by the rate of vector meson decays, which de-
pends on the strength of kinetic mixing, as in Eq. (6).
Hence, freeze-out occurs when

(neq
V

/neq
⇡

) h�(V ! SM)i ⇠ H , (15)

and the ability of semi-annihilation to deplete the pion
number density is quenched by ✏ ⌧ 1. Note that
Eqs. (14) and (15) imply that semi-annihilation is de-
pendent on neq

V

/neq
⇡

and is exponentially sensitive to the
mass ratio, m

V

/m
⇡

. For even smaller values of ✏, vector
meson decay rates are extremely suppressed and semi-
annihilation cannot e�ciently deplete the pion abun-
dance. At this point, the only remaining viable mech-
anism is the 3 ! 2 process, ⇡⇡⇡ ! ⇡⇡. This region
of parameter space corresponds to standard SIMP mod-
els [2].

In generating the contours of Fig. 4, we have assumed
that DM-SM elastic scattering and vector meson decays
maintain kinetic equilibrium during freeze-out. This as-
sumption breaks down in Fig. 4 for ✏ . 10�6, in which
case the HS and SM kinetically decouple before 3 ! 2
reactions freeze out. This scenario is analogous to elas-
tically decoupling relics (ELDERs) of Refs. [33, 34] but

7 In the SM, the same interaction is responsible for ! ! 3⇡ [31].

with a di↵erent process (vector meson decays to the SM)
driving the kinetic equilibration of the two sectors. We
emphasize that for most of the viable parameter space,
semi-annihilations govern the cosmology of DM freeze-
out, while regions in which 3 ! 2 processes or direct
annihilations are important are mostly ruled out by ex-
isting constraints. This will be explored in more detail
in Sec. IV.

In the semi-annihilation region of Fig. 4, the correct
relic abundance is obtained for much larger values of
m

⇡

compared to the pure 3 ! 2 regime. Equivalently,
smaller values of m

⇡

/f
⇡

are feasible for fixed DM mass.
This significantly alleviates tensions with perturbativity
and bounds on DM self-interactions.8 We emphasize that
the cosmological importance of processes involving vec-
tor mesons is a natural consequence of large values of
m

⇡

/f
⇡

⇠ 4⇡/(m
V

/m
⇡

) since m
⇡

/f
⇡

� 1 implies that
m

V

⇠ m
⇡

. If m
V

is fixed according to Eq. (13), then
the correct relic abundance can be obtained for a wide
range of DM masses without conflicting with perturba-
tivity or limits on DM self-interactions. For instance,
if ✏ is large enough for semi-annihilations to be e�cient
(vector mesons rapidly decay to the SM) then Eq. (13)
implies that GeV-scale DM pions acquire an adequate
relic density for9

m
⇡

f
⇡

⇠ 3
⇣
1 + 0.1 log

m
⇡

10 MeV

⌘
. (16)

The mild dependence of m
⇡

/f
⇡

on the DM mass mo-
tivates m

⇡

/f
⇡

' 3 as a good representative choice for
models of thermal DM.

Previous literature has focused on maintaining kinetic
equilibrium through DM-SM elastic scattering via A0 ex-
change [6]. Since such processes are controlled by the
strength of kinetic mixing, demanding that the DM and
SM sectors remain in kinetic equilibrium during freeze-
out places a lower limit on the size of ✏. The presence of
neutral vector mesons provides another means of main-
taining kinetic equilibrium between the two sectors. The
decays and inverse-decays, V $ SM, e�ciently equili-
brate the SM and vector mesons, while ⇡⇡ $ ⇡V and
⇡V $ ⇡V enforce equilibrium within the dark sector.
For m

V

. 2 m
⇡

and m
⇡

/f
⇡

. 4⇡, equilibration between
the HS and SM bath is dominantly governed by vector
meson decays, which allows for significantly lower val-
ues of ✏. As mentioned above, for values of ✏ near this
lower bound, kinetic decoupling of the HS from the SM
occurs before 3 ! 2 freeze-out, leading to ELDER-like
cosmology, albeit at a much smaller ✏ [33, 34].

8 This was previously noted in Ref. [38] in the context of semi-
annihilation with an axion. While there is no compelling reason
to have m

axion

' m⇡ , HS vector mesons are naturally expected
near this scale, as discussed at the beginning of Sec. II.

9 This form is motivated by a semi-analytic solution to the Boltz-
mann equations in Appendix C, which will be presented in forth-
coming work.
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fers an alternative mechanism to deplete the pion number
density.7

We calculate the relic abundance of DM pions by nu-
merically solving the full system of Boltzmann equations,
incorporating annihilations, 3 ! 2 and 2 ! 1 processes,
and vector meson decays. A more detailed discussion is
presented in Appendix C and will also appear in forth-
coming work. In Fig. 4, we show regions in the m

⇡

� ✏
plane where the ⇡ abundance matches the observed DM
energy density for ↵

D

= 10�2, m
⇡

/f
⇡

= 3, m
A

0/m
⇡

= 3,
and various values of m

V

/m
⇡

, assuming throughout that
the HS and SM are in kinetic equilibrium. These param-
eter choices are motivated below.

The behavior of the relic abundance contours in Fig. 4
has a simple interpretation in terms of the dominant
processes controlling freeze-out. The favored DM mass
range is strongly dependent on ✏. At large ✏, direct
annihilations into SM particles, ⇡⇡ ! A0⇤ ! SM, de-
termine the ⇡ relic abundance, favoring WIMP-like re-
gions of parameter space. For smaller values of ✏, semi-
annihilation (⇡⇡ ! ⇡V , V ! SM) dictates the cosmolog-
ical history. If the vector mesons decay to SM particles
more rapidly than they downscatter into HS pions, i.e.,
�(V ! SM) & neq

⇡

�v(⇡V ! ⇡⇡), then semi-annihilation
is independent of ✏ and is largely driven by the strength
of ⇡⇡ ! ⇡V alone. DM freezes out in this case when

neq
V

h�v(⇡V ! ⇡⇡)i ⇠ H , (14)

where H is the Hubble parameter. Alternatively, when
�(V ! SM) . neq

⇡

�v(⇡V ! ⇡⇡), semi-annihilation is
limited by the rate of vector meson decays, which de-
pends on the strength of kinetic mixing, as in Eq. (6).
Hence, freeze-out occurs when

(neq
V

/neq
⇡

) h�(V ! SM)i ⇠ H , (15)

and the ability of semi-annihilation to deplete the pion
number density is quenched by ✏ ⌧ 1. Note that
Eqs. (14) and (15) imply that semi-annihilation is de-
pendent on neq

V

/neq
⇡

and is exponentially sensitive to the
mass ratio, m

V

/m
⇡

. For even smaller values of ✏, vector
meson decay rates are extremely suppressed and semi-
annihilation cannot e�ciently deplete the pion abun-
dance. At this point, the only remaining viable mech-
anism is the 3 ! 2 process, ⇡⇡⇡ ! ⇡⇡. This region
of parameter space corresponds to standard SIMP mod-
els [2].

In generating the contours of Fig. 4, we have assumed
that DM-SM elastic scattering and vector meson decays
maintain kinetic equilibrium during freeze-out. This as-
sumption breaks down in Fig. 4 for ✏ . 10�6, in which
case the HS and SM kinetically decouple before 3 ! 2
reactions freeze out. This scenario is analogous to elas-
tically decoupling relics (ELDERs) of Refs. [33, 34] but

7 In the SM, the same interaction is responsible for ! ! 3⇡ [31].

with a di↵erent process (vector meson decays to the SM)
driving the kinetic equilibration of the two sectors. We
emphasize that for most of the viable parameter space,
semi-annihilations govern the cosmology of DM freeze-
out, while regions in which 3 ! 2 processes or direct
annihilations are important are mostly ruled out by ex-
isting constraints. This will be explored in more detail
in Sec. IV.

In the semi-annihilation region of Fig. 4, the correct
relic abundance is obtained for much larger values of
m

⇡

compared to the pure 3 ! 2 regime. Equivalently,
smaller values of m

⇡

/f
⇡

are feasible for fixed DM mass.
This significantly alleviates tensions with perturbativity
and bounds on DM self-interactions.8 We emphasize that
the cosmological importance of processes involving vec-
tor mesons is a natural consequence of large values of
m

⇡

/f
⇡

⇠ 4⇡/(m
V

/m
⇡

) since m
⇡

/f
⇡

� 1 implies that
m

V

⇠ m
⇡

. If m
V

is fixed according to Eq. (13), then
the correct relic abundance can be obtained for a wide
range of DM masses without conflicting with perturba-
tivity or limits on DM self-interactions. For instance,
if ✏ is large enough for semi-annihilations to be e�cient
(vector mesons rapidly decay to the SM) then Eq. (13)
implies that GeV-scale DM pions acquire an adequate
relic density for9

m
⇡

f
⇡

⇠ 3
⇣
1 + 0.1 log

m
⇡

10 MeV

⌘
. (16)

The mild dependence of m
⇡

/f
⇡

on the DM mass mo-
tivates m

⇡

/f
⇡

' 3 as a good representative choice for
models of thermal DM.

Previous literature has focused on maintaining kinetic
equilibrium through DM-SM elastic scattering via A0 ex-
change [6]. Since such processes are controlled by the
strength of kinetic mixing, demanding that the DM and
SM sectors remain in kinetic equilibrium during freeze-
out places a lower limit on the size of ✏. The presence of
neutral vector mesons provides another means of main-
taining kinetic equilibrium between the two sectors. The
decays and inverse-decays, V $ SM, e�ciently equili-
brate the SM and vector mesons, while ⇡⇡ $ ⇡V and
⇡V $ ⇡V enforce equilibrium within the dark sector.
For m

V

. 2 m
⇡

and m
⇡

/f
⇡

. 4⇡, equilibration between
the HS and SM bath is dominantly governed by vector
meson decays, which allows for significantly lower val-
ues of ✏. As mentioned above, for values of ✏ near this
lower bound, kinetic decoupling of the HS from the SM
occurs before 3 ! 2 freeze-out, leading to ELDER-like
cosmology, albeit at a much smaller ✏ [33, 34].

8 This was previously noted in Ref. [38] in the context of semi-
annihilation with an axion. While there is no compelling reason
to have m

axion

' m⇡ , HS vector mesons are naturally expected
near this scale, as discussed at the beginning of Sec. II.

9 This form is motivated by a semi-analytic solution to the Boltz-
mann equations in Appendix C, which will be presented in forth-
coming work.
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I. Review of Strongly Interacting Dark Matter 

II. SIMP Cosmology  

III. The GeV-Scale: Fixed-Target Experiments 
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Production and Decay
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• dark matter = hidden sector pions 

• cosmology motivates significant chiral symmetry 
breaking 

• pions are nearby in mass to the lowest spin-1 
excitations 

• new freeze-out dynamics in the hidden sector 

• visible signatures at low-energy accelerators 

• Above the muon threshold, possibilities include 
searches at BaBar, Belle-II, LHCb, FASER. 

Summary

{
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Production and Decay
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Production from Protons

arXiv:1504.04956

γ

+ Drell-Yan at higher masses

mA’ ≲ 100 MeV mA’ ≲ 1 GeV



Signal Kinematics
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SeaQuest

• Measure sea quark fractions at mid-x via Drell-
Yan off of different targets.  

• Started data taking on April 2nd. 

• 1018 POT ~ 35,000 fb-1 in 2 year of parasitic run! 

• Comparable luminosity to Belle-II in 2023. 

• ECAL upgrade possible within the year.
(Ming X. Liu)



SIMP Target

US Cosmic Visions Community Report, 
arXiv: 1707.04591



Decays
Hidden Sector

Here, for reference, we list the relevant decays in the specific model under consideration, using the KSFR
relation when applicable:
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In the last line of the box above, we have given a parametric form for the 3-body decay of vector mesons,
which is especially relevant for the vectors that are unable to mix with the photon. In the limit that m

`

' 0,

22


