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A strongly interacting massive particle (SIMP) is an interesting candidate for dark matter (DM)
because its self-interaction cross section can be naturally strong enough to address the astrophysical
problem of small-scale structure formation. A simple model was proposed by assuming a monopole
condensation, where composite SIMP comes from a “strongly interacting” U(1), gauge theory. In the
original model, the DM relic abundance is determined by the 3 — 2 annihilation process via the Wess-
Zumino-Witten term. In this paper, we discuss that the DM relic abundance is naturally determined also by
a semiannihilation process via a kinetic mixing between the hypercharge gauge boson and the dark U(1),
gauge boson (dark photon). The dark photon can be discovered by LDMX-style missing momentum

experiments in the near future.
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I. INTRODUCTION

The intensity frontier is one of the broad approaches to
new physics in collider experiments and recently became
more important as the Large Hadron Collider has not yet
found a clear signal for new physics. We should also note
the null results in direct-detection experiments of dark
matter (DM), which may indicate that the mass of DM is
not of order the electroweak or TeV scale. We therefore
focus on the case in which the DM mass is in a sub-GeV
region, which can be tested via rare events rather than by a
direct production from high-energy particles. Among
proposed high-intensity accelerators, the Light Dark
Matter eXperiment (LDMX) [1] is designed to measure
missing momentum in high-rate electron fixed-target reac-
tions and can be a powerful discovery tool for such a light
DM patrticle.
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From the perspective of cosmology, the strongly-
interacting massive particle (SIMP) proposed in
Refs. [2,3] naturally fits sub-GeV DM. They pointed out
that the relic abundance of sub-GeV DM is consistent with
the observed value if the 3 — 2 annihilation process
dominates at the time of the freeze-out of DM and its
cross section is determined by the mass scale of DM with
an O(1) coupling. SIMPs can be naturally realized by
composite particles like Standard Model (SM) pions. The
3 — 2 annihilation process is actually realized by the Wess-
Zumino-Witten term in the low-energy dark sector.
Interestingly, the model predicts a self-interaction cross
section of DM, which is potentially favored by the obser-
vations of small-scale structure in cosmology [4-8] (see
Ref. [9] for a review). This is dubbed as the SIMP miracle.
However, there is a difficulty in maintaining thermal
equilibrium between the dark and visible sectors during
the freeze-out of the 3 — 2 annihilation process, which is
required for the SIMP miracle to work. This can be realized
in rather complicated models like the ones proposed in
Refs. [10-12] (see Refs. [13-20] for recent works).

In Ref. [21], we have proposed a simple model of the
SIMP, where the composite DM “pions” consist of dark-
sector “electrons” and “positrons” connected by a U(1),
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gauge interaction rather than a strong non-Abelian gauge
interaction. We introduce a fundamental “monopole” for
U(1), at a high-energy scale and assume a “monopole”
condensation at the sub-GeV scale. It is not known how to
write down the Lagrangian of this kind of theory including
both a monopole and an electron, since the gauge field
strength does not satisfy the Bianchi identity, and thus, the
usual Lagrangian with the gauge boson is not viable.
However, this does not mean that the theory does not exist.”
In fact, theories with “monopoles” and ‘“electrons” have been
extensively studied in N =2 [25-28] and N =1 super-
symmetry [29-32] without specifying the Lagrangian. In this
paper, we revisit our SIMP model and propose a scenario in
which the DM relic abundance is determined by a 2 — 2
semiannihilation process [33] via the kinetic mixing between
the U(1), gauge boson and U(1), gauge boson rather than
the 3 — 2 annihilation process. The model is quite eco-
nomical [34]; we do not need to introduce any other particles
but just introduce dark-sector “electrons”, a “monopole”,
and the U(1), gauge boson (dark photon), the latter of which
plays the roles of confinement and mediator to the visible
sector. Although the SIMP miracle does not work in this
scenario, the model is simple, and all small dimensionless
parameters are expected to be naturally small due to non-
trivial anomalous dimensions.

The detectability and testability of our model is quite
different from other DM models. Since there is no “pion”-
“pion”-photon interaction and the semiannihilation process is
p wave suppressed, it is very difficult to directly or indirectly
detect the DM “pions.” However, the kinetic mixing allows
us to discover the dark photon by LDMX-like experiments.
Our model is unique in the sense that it can be tested mainly
by experiments designed to measure missing momentum in
high-rate electron fixed-target reactions.

The organization of this paper is as follows. In the next
section, we specify particle contents of our model at high-
and low-energy scales. We assume that the U(1); gauge
symmetry is spontaneously broken by a ‘“monopole”
condensation at the energy scale of 0.1-1 GeV, below
which there are “pions.”” We calculate its self-interaction
cross section and show that it is within the value potentially
favored by the observations of small-scale structure. In
Sec. III, we explain how the “pion” relic abundance is
determined by the freeze-out process, taking into account a
kinetic mixing between U(1), and U(1), gauge bosons.
The relevant process is a semiannihilation, which shows the
freeze-out qualitatively different but is quantitatively sim-
ilar to the standard freeze-out via annihilation. We take
all O(1) parameters to be within (0.1,1) for a conservative
calculation and present a consistent parameter space for the

lAlthough the local Lagrangian for an electron and a mono-
pole is constructed in Ref. [22], it is not manifestly Lorentz
invariant because of an arbitrary constant vector (see also, e.g.,
Refs. [23,24]).

kinetic mixing parameter and the mass of the U(1), gauge
boson. Then, we discuss the condition that the 3 — 2
annihilation process is negligible in our calculation. Finally,
we comment on the mixing between the SM Higgs boson
and the “monopole.” Section IV is devoted to conclusions.

II. HIDDEN “PIONS” FROM A “MONOPOLE”
CONDENSATION

We introduce a scalar “monopole” ¢ and N pairs of dark-
sector “electrons” y; and “positrons” ; with U(1), gauge
field [21]. To ensure the stability of “pions” in the low-energy
dark sector, we assume SU(N) flavor symmetry under
which the “electrons” and “positrons” transform in the
fundamental and antifundamental representations, respec-
tively. Then the “pions” transform as an adjoint representa-
tion and are therefore stable. The charge assignment for y;
and y; is summarized in Table I. We call the U(1), gauge
boson as a dark photon.

We consider the case where the U(1), gauge symmetry is
spontaneously broken by the “monopole” condensation in
the low-energy dark sector, just like the Higgs mechanism
[35]. Each pair of ‘“electrons” and “positrons” is then
confined and connected by a string formed by the “monop-
ole” condensation [35] and composes mesons while there is
no baryon state in the low-energy dark sector [36]. The
string tension is determined by the energy scale of the
“monopole” condensation, A, and sets the dynamical scale
of the system. We assume the condensation of “electrons”
and “positrons” that dynamically breaks the chiral sym-
metry and the “pions” are the lightest composite states in
the low-energy dark sector. We also assume that the chiral
symmetry for the “electrons” and “positrons” is only an
approximate symmetry so that the mass of the “pions” is as
large as (but smaller than) the condensation scale A [3,37].

After the “monopole” condensation, there are N, =
N% —1 “pions,” the radial component of “monopole,”
and a massive U(1),; gauge boson in the effective field
theory. The “monopole” and the gauge boson are assumed
to be heavier than the “pions,” which we identify as DM.

There is only one energy scale in the dark sector, A, which
is of order the masses of the “pions,” “monopole,” and dark
photon denoted by m,, my, and my, respectively. We
introduce O(1) constants ¢; that represents our ignorance
of an O(1) uncertainty in the low-energy effective field
theory [37]. For example, we define m, = c)\A =
CmyMy = €, my. We also introduce other O(1) parameters

TABLE 1. Charge assignment for matter fields in the dark
sector.

SU(NF) U(l), u(l),
Wi O -1 0
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associated with interactions in the dark sector specified
below. To calculate the conservative bounds, we take c¢; €
(0.1, 1) throughout this paper. In Ref. [21], we assumed
c; =1 for simplicity. However, these uncertainties are
important to discuss the detectability of our model in collider
experiments, like LDMX.

A. Self-interactions

The “pions” have self-interactions whose cross sections
are determined by the size of “pions,” which is of order
A~!. Representing an O(1) factor by c¢;, we write the cross
section as

m,  4zA*

crex \2 m, -3
=27 Cm2/g<(4n)él> <100 MeV> (m)

from the dimensional analysis.2 This is of order the upper
bound on the self-interaction cross section of DM from
the observations of cluster collisions, including the bullet
cluster, ellipticity on Milky way, and cluster scales [39—43].
These constraints and discussions have O(1) uncertainties
due to, say, the difficulties of numerical simulations, and
hence, we consider that they are marginally consistent with
Gela/ M, = 0.1-1 cm?/g. The recent observations of small-
scale structure potentially favors the self-interacting DM
with a cross section of the same order [4-8,44]. We note
that m, can be as small as about 10 MeV if ¢, = ¢; = 0.1.

Ocla (477")46%’”;1

ITII. RELIC ABUNDANCE OF “PIONS”

A. Kinetic mixings and 2 — 2 semiannihilation process

There must be a nonzero kinetic mixing ¢ between the
U(1), gauge boson and the U(1), gauge boson because it is
allowed by any symmetry [36]. There are two types of
kinetic mixing terms in theories consisting simultaneously
of both a “monopole” and an “electron”: ¢'B,, F* and

€B,, F*, where B, and F,, are the field strengths of U(1),,

and U(1); gauge bosons, respectively, and F/=
(1/2)e"?°F ,,. 1f the CP symmetry is conserved, either
of these mixing terms is allowed.” However, one may

*We assume ¢;c2 < (4z)! throughout this paper so that the
scattering cross section is less than the geometrical cross section,
47r/m?2, that is below the unitarity bound for v < ¢ [38].

“One may think that B, F** itself violates the CP symmetry.
In general, either of F,, and £, can be chosen to be a tensor, and
the other one is a pseudotensor. If we choose the definition in
which B, and F y are tensors and B . and F,,, are pseudotensors,
the kinetic mixing term eB,,,,F”" conserves the CP symmetry. In
this case, dark “pions” transform as z — —z (rather than
7 — —x') under the CP, so that [Tr[zd,z0,7] — (u < v)| is
also a tensor and can be mixed with F’ -

expect that the CP symmetry is violated in the dark sector
and both mixing terms are present in general.

The U(1); gauge theory may be conformal in the
presence of “monopole” as well as “electrons” [27,28],
which implies that the gauge field strength F,, has an
scaling dimension larger than 2 as is guaranteed by the
unitarity bound [45]. As a result, the kinetic mixing terms
are irrelevant operators and are suppressed at low energy
[21], if present. This naturally results in small ¢’ and € in
our model. Hereafter, we represent B, as the photon field
strength and absorbs the Weinberg angle into ¢’ and ¢ for
notational simplicity.

In this paper, we mainly consider the case with eBWI:’/“’
and without ¢'B,,, F** for simplicity unless otherwise stated.
In the dual basis, our model looks similar to the standard
spontaneously broken U(1), gauge theory, where the U(1),
symmetry is (spontaneously) broken by the condensation of
the “Higgs” field (i.e., the scalar “monopole” in the original
basis) and the kinetic mixing term looks the same as the
usual one, eB,, F**. Then we can quote constraints on the
kinetic mixing parameter to compare our result with
the present and future constraints. We will explain the
case only with ¢/, which leads to a similar result to the case
only with e.

Here, we note that F L does not satisfy the Bianchi
identity, er°0, F 6 = 0, in theories consisting simultane-
ously of both a “monopole” and an “electron” (see, e.g.,
Ref. [46]). Then an operator mixing between F ,w and
Tr[z0,x0,x] is allowed in those theories. Therefore, once
we allow the nonzero kinetic mixing, eB"F > WE Can have
a term like

2
LDe, % eB"Tr[r0,x0,x], (2)

where ¢, is an O(1) constant. This operator leads to a
semiannihilation process of zz — 7y only in the presence
of a “monopole” and “electrons.” If F . satisfied the
Bianchi identity, one could write F w =0, V,-0, \7” with
\7” being a (magnetic) gauge field of U(1),. Then the
kinetic mixing operator B*F ,w could be written as
—28MB””VU = 0 after the integration by parts for the on
shell photon. However, F ,w does not satisfy the Bianchi
identity in the presence of a “monopole” as well as
“electrons”. There is no reason that we prohibit the operator
of Eq. (2) and the on shell photon is produced by the
annihilation process, 7z — 7y.

The operator of Eq. (2) vanishes for N, < 3, since it is
antisymmetric in the flavor SU(Ny), so that we assume
Np > 2 in our model. We note that the “pions” transform as
an adjoint representation of the flavor SU(Nf). The two
“pions” in the initial state must be antisymmetric in
the flavor SU(Nf) to contact with the one “pion” in the
final state. On the other hand, the initial state of the
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semiannihilation process must be symmetric in terms of the
“pion” exchange because “pions” are bosons. These
observations imply that the initial angular momentum must
be antisymmetric and the semiannihilation process is p
wave suppressed. We thus expect that its cross section can
be estimated as

<01}>ﬂ7t—>ﬂ7

~ c2e? M (l) , (3)

AzA® \m,
where a factor of c¢2e?(4x)* /A comes from Eq. (2) and the
power of m,, is determined by the dimensional analysis. We
absorb an O(1) uncertainty into c.. This interaction is in
thermal equilibrium at a temperature higher than m, for
ce€ 24 x107"12¢33(m, /100 MeV)!/2. The temperature of
the “pions” is the same as that of the SM sector until the
semiannihilation process freezes out at 7/m, ~ 1/20.

B. Relic abundance

As the temperature becomes lower than the “pion” mass,
the number density of “pions” is suppressed by the
Boltzmann factor and eventually the zz — zy semianni-
hilation process freezes out. We note that the zz — 7y
semiannihilation process is similar to but is slightly differ-
ent from the standard annihilation process in the weakly
interacting massive particle (WIMP) scenario. The impor-
tant difference is that the “pion” in the final state can be
relativistic and may heat the dark sector [14,47,48]. From
the Boltzmann equation of the “pions,” the evolution
equations of the yield Y, (=n,/s) and the inverse temper-
ature x, (=m,/T,) are approximated as

d A
— Y, x =12, 4
Lynin @
d (x Xe 2= (x;)\?
— | Z ) e+ ZAY, (2, 5
xdx(x) x 3 ”(x) )
for x (=m,/T) > xpo (=m,/Tro), where s=

(272%/45)g, T3, T is the temperature of the SM particles,
and T is the freeze-out temperature (see Ref. [47] for the
original equations without using approximations). The
effective number of relativistic degrees of freedom, g,, is
taken to be about 10. The dimensionless reaction rates are
given by

)CS<61)re|> 7~
A= T Az —(y—1)4, (6)
where y (= 5/4) is the Lorentz factor that DM achieves
through semiannihilation.

Assuming xgg ~ 20, we numerically solve Egs. (4) and
(5). The time evolutions of the yield and the temperature of
“pions” are shown as black curves in Fig. 1, where the yield
is normalized by Y£© = 2xpo/A(xpg). The red curve in the

10 ¢
5F
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<
G
> 05t
0.1} ‘ ‘ ‘ ‘
50 100 500 1000
x=my/T
10 |
= OF
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~
1L
05¢F
50 100 500 1000
x=my|T
FIG. 1. Time evolutions of the yield Y, (black curve in the

upper panel) and the temperature of “pions” T, (black curve in
the lower panel) for the case of xpg = 20. The red curve in the
upper panel is the yield calculated in the case with 7, = T. The
red curve in the lower panel is the asymptotic line of 307/ Tg.

upper panel is the one without the self-heating while that in
the lower panel is x, = 0.033x?/xpq to which the numeri-
cal result asymptotically approaches. Thus, we obtain the
asymptotic value of the yield and the temperature of
“pions” as

2xFO X

YFO ~c ,
i ’ A(xpo) XFO

for x, > xpg, where ¢y = O(0.1) and ¢, = O(0.1) are
numerical constants.* These results are different from the
ones for the WIMP scenario by a factor of order 0.1. This is
because the relativistic “pion” in the final state of the
semiannihilation process heats the dark sector, which
results in the relative increase for the p-wave semiannihi-
lation rate. We do not determine the O(1) factors, since they
are accurate enough for our purpose (we rely on the
dimensional analysis). To determine them precisely, one

*The initial condition is taken to be ¥, = CiniX3o/ M (xpo) and
X; =x at x =xpo with ¢, being an O(1) constant. The
numerical coefficients ¢y and ¢, depend on c¢;,; only logarithmi-
cally, while they linearly depend on xg).
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FIG. 2. Allowed region of the kinetic mixing parameter 2. The
shaded regions are parameters in which we obtain the correct DM
relic abundance and 6,,/m, € (0.1,1) cm?/g. The magenta and
green lines are the upper bound by the BABAR [49,50] experi-
ment and NA64 [51], respectively. The dashed lines are the
expected sensitivities of Belle II (magenta) [52,53], NA64 (green)
[54], LDMX (blue), and Extended LDMX (red) [1] experiments.

needs to incorporate an inverse semiannihilation process,
which we neglect and will lead to a (not drastically) larger
pion relic abundance. The energy density of the “pions” at
present is consistent with the observed value of the DM
relic density when

e~5x107c) el e <10()n141\7;1c3\7> (8)

The kinetic mixing can be as large as, e.g., O(1073) for
m, =100 MeV if ¢y, = ¢, =0.1.

The second term in the right-hand side of Eq. (5)
becomes negligible after the freeze-out if the semiannihi-
lation process is p wave suppressed and 4 « 1/x,. Then,
the temperature of the “pions” scales as 7, o« 1/a? just like
the nonrelativistic matter and the DM “pions” are cold,
where a is the scale factor. This is in contrast to the case of a
s-wave semiannihilation process discussed in Ref. [47],
where it is found that 7, « 1/a because both the first and
second terms in the right-hand side of Eq. (5) are relevant
and are balanced until the self-interaction freezes out. In the
latter case, the temperature of DM is not that small and DM
is warm, which is tightly constrained by measurements of
the Lyman-a forest [48]. On the other hand, the temperature
of DM decreases faster, and DM is cold in our model.

We show the allowed region of the kinetic mixing
parameter ¢ in Fig. 2. We assume that c¢,c,,c, €
(0.1,1) with a condition of ¢;c% < (47)~! (see footnote 3)
for a conservative analysis, while we take cy = 0.1 and
¢, = 1/4 for simplicity. The shaded regions are param-
eters in which the DM relic abundance can be consistent
with the observed DM abundance and the self-interaction
cross section can be og,/m, € (0.1,1) cm?/g. In the
darkly shaded region, o.,/m, can be as large as
1 cm?/g, while in the lightly shaded region it is
smaller than 1 cm?/g but can be larger than 0.1 cm?/g.

The upper-left corner of the shaded region is bounded by
the condition that ¢, should not be smaller than about 0.1 in
Eq. (8). In the upper-right (lower-left) corner of the figure,
the self-interaction cross section of “pions” becomes too
small (large) to be consistent with the observations of the
small-scale structure. If € is smaller than about 10~'! and
N, > 5, the 3 — 2 annihilation process becomes relevant
during the freeze-out process as we will see shortly.

C. Experimental constraints

Since there is no z-z-y (or dark photon) interaction due
to the flavor SU(N ), the “pions” cannot be detected by the
direct-detection experiments of DM. On the other hand, the
dark photon can be produced via the kinetic mixing and can
be discovered by some experiments employing missing
momentum and/or energy techniques. In the figure, we plot
the constraints on the kinetic mixing parameter by BABAR
[49,50,55] and NA64 [51,56] in the magenta and green
lines, respectively. We can see that most of the parameter
space is consistent with the present upper bound. The
expected sensitivities of future experiments are shown by
the dashed lines for Belle II (magenta) [52,53], NA64
(green) [54], LDMX (blue), and Extended LDMX (red) [1]
experiments. We find that the (Extended) LDMX experi-
ment as well as Belle II experiment can cover a large
parameter space.

Note that the dark photon cannot decay into two “pions”
in our model. This implies that the dark photon cannot
decay solely into the dark sector for the case of my < 3m,,.
On the other hand, the dark photon dominantly decays into
the dark “pions” for the case of my > 3m,. The LDMX
experiment is designed to measure missing momentum in
this kind of process. As we hope to indirectly detect the DM
particle by LDMX-like experiments, we assume my = 4m,
(> 3m,), ie., c,, = 1/4, to plot the figure. We predict
that my, is larger than about 30 MeV because we require
my > 3m, and m, 2 10 MeV.

Here, we comment on the case in which there is only the
other kinetic mixing term ¢ B*'F,, rather than eB"F -
In this case, Eq. (2) should be replaced by a term like
co(4m)* /N3 eB* Tr[rd,n0,x] though our analysis of the
semiannihilation process does not change much. The SM
charged particles cannot emit on shell dark photons while
the dark-sector particles can be produced via the off shell
(dark) photons via the kinetic mixing. We expect that the
cross section of such a process with missing particles is
then given by the replacements of my by A and €* by €2
with an additional factor of Nyap/(2z) In(E/A) (~O(1))
for E = A, where E (= O(1) GeV) is the energy of the
scattering process [50].> We note that the additional factor is
just an O(1) factor and the difference between my and A is

*One may think that the cross section is dominated by a low-
energy contribution near the threshold of 3m, [50]. In our case,
however, it is negligible due to the p-wave suppression effect.
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also an O(1) factor. We may absorb these factors into ¢, and
Cpm, > Tespectively. Then the result is similar to the one shown
in Fig. 2 with €> — €. Even in the presence of both kinetic
terms, the result does not change much because their effects
are additive for the production process in the experimental
setups as well as for the semiannihilation process.

We also comment on the region near the lower bound on
the “pion” mass (~10 MeV). As the “pions” are non-
relativistic and are suppressed by the Boltzmann factor
during the freeze-out process of neutrinos, the effect of
“pion” decoupling is almost negligible for observables such
as the effective number of neutrinos. However, it is argued
that its effect can be detected in the near future by the
Simons Observatory [57] and CMB-S4 [58,59] if the
“pion” mass is as small as about 10-15 MeV [60].

Finally, we note that the constraint from the indirect
detection experiments of DM is not relevant in our model
because the semiannihilation process is p wave suppressed
and is not efficient in the galactic scale (see, e.g., Ref. [61]).

D. 3 — 2 annihilation process

The “pions” may experience a 3 — 2 annihilation
process via the following operator:

(4r)? swpo
CWZW N2 A5 Tr[0,70,70,m0,7). 9)
This term is allowed by any symmetry and is an analogy
to the Wess-Zumino-Witten term in strong SU(N) gauge
theories. It trivially vanishes for N, < 5, namely N, < 3.
The cross section for the 3 — 2 annihilation process is
calculated as [3]

(01?) _ (4ﬂ)6c%,2w375\/§m,5,T_2.
32 22N AL m2

(10)

We should check that it is not efficient during the freeze-out
of the 2 — 2 semiannihilation process induced by Eq. (2).
The condition is written as

<GU2>3—>2(nffq(TFO))2 < <O-’U>rzr:—>ﬂ:}/nffq(TFO) = H(TFO)'

This condition is satisfied when

3/5 1/10
622“0‘6051(63)% (JW) Y

where we consider the case in which the relic abundance
of “pions” is consistent with the observed DM abundance.
In Fig. 2, the shaded region satisfies this condition with
cwzw = 0.1 and ¢, = 1. However, we note that Eq. (9)
trivially vanishes and the constraint of Eq. (11) is not
applied for the case of Ny =2 (N, = 3), which is the
minimal case for semiannihilation to work in our model.

We also note that Eq. (2) leads to a 3 — 2 semi-
annihilation process [62] such as zme — me, where e
generically represents the SM charged particles. The
cross section of this process is roughly estimated as
(61)2)JTH€—>JT€ ~ (0-1})””_)”},(4”(1)/”1731. Here’ <0-U2>7me—>ﬂene
is suppressed by a factor of order 4zan,/m; compared
with (60),,_,,. This is as small as 107° at the time of
freeze-out (n, ~ T°) and much smaller by many orders of
magnitude at the present epoch, so that the process is not
relevant for setting the relic abundance nor leading indirect-
detection signals. Since (ov) ~ (v/¢)*107°/GeV?,
(61?) 1pe—ne is many orders of magnitude smaller than
the one predicted in the model of Ref. [62]. Therefore, the
process is not relevant for leading direct-detection signals.

aR—>TY

E. Mixing between the SM Higgs boson
and the “monopole”

There must be a nonzero mixing between the “monop-
ole” ¢ and the SM Higgs field H because the following
interaction term is allowed by any symmetry:

V mix :l|¢|2|H|2’ (12)

where 4 is a constant. After the Higgs and “monopole”
condensations, the mixing angle between the “monopole”
and the SM Higgs field is given by

my my
0 ~0.0234¢,, < . GeV> ( 3mn>’ (13)

where we assume that the “monopole”-condensation scale
is related to m, by an O(1) factor cp,.

There is a strong collider constraint on the mixing
parameter from the Higgs-decay channel into two “monop-
oles” [63]. The “monopoles” can decay into muons after
they are produced from the Higgs decay [64]. In this case,
the branching ratio of the Higgs decay into the “monop-
oles” must be smaller than about 1% [65], which requires
that the quartic coupling 4 must be smaller than of order
1073, Such a small coupling may be naturally realized in
our model because our model may be conformal above the
“monopole” and “electron” mass scale, and the “monop-
ole” has a relatively large anomalous dimension [27,28].
The search for the Higgs decay into muons may also be an
interesting direction to test our model in the near future.

IV. CONCLUSIONS

We revisited our SIMP model with dark-sector “elec-
trons” and a “monopole” in U(1), gauge theory, motivated
by the small-scale crisis in cosmology. We assumed a
“monopole” condensation, which results in the formation
of “pions” in the low-energy sector. The relic abundance of
the “pions” is determined by the freeze-out process of
semiannihilation, zz — 7y, that is induced from a kinetic
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mixing between the U(1), and U(1), gauge bosons. We
note that the on shell photon can couple to the dark sector
through the mixing with the U(1), gauge boson, since the
U(1), field strength does not satisfy the Bianchi identity.
The very kinetic mixing allows us to discover the U(1),
gauge boson by LDMX-style missing momentum experi-
ments in a large parameter space.

We note that the model is quite economical: the U(1),
gauge boson plays the roles of confinement and the
mediator for the annihilation of “pions.” The number of
flavor N can be as small as 2 to introduce an operator for
the semiannihilation process. We assume SU(Ny) flavor
symmetry to ensure the stability of “pions.” One can
promote this flavor symmetry to a gauge symmetry without
changing our scenario qualitatively if the gauge coupling
constant is small enough.
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