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The hierarchy problem and the identity of dark matter are two of the central driving forces in particle
physics. Twin Higgs models provide an elegant solution to the little hierarchy problem, while strongly
interacting massive particles (SIMPs) provide an appealing dark matter candidate. Here we show that
SIMPs can easily be embedded in the twin Higgs setup, such that dark matter and the hierarchy problem
can be addressed in a single framework. This also provides a natural explanation to the proximity between

the confinement scale of SIMP dark matter and the strong scale of QCD.
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I. INTRODUCTION

The hierarchy problem between the electroweak scale and
higher energy scales is one of the most pressing problems in
particle physics. The discovery of the Higgs boson at the
Large Hadron Collider (LHC) in 2012 along with the lack of
experimental evidence for new weak-scale particles high-
lights this problem further. Indeed, recent years have sparked
new directions for solving the hierarchy problem. For
instance, twin Higgs models address the hierarchy problem
without introducing new particles charged under the standard
model (SM) [1]. The presence of a mirror sector with its own
gauge group of SU(3) x SU(2) x U(1) is assumed, with a
Z, symmetry that relates the SM and mirror twin sectors
acting to protect the Higgs mass from quadratic divergences
at one loop. Small breaking of the Z, symmetry is needed in
order to obtain a phenomenologically viable Higgs sector.
(For other variations of neutral naturalness, see, e.g.,
Refs. [2-9].) Thus twin Higgs models (and other theories
of neutral naturalness) contain a QCD-like sector, similar to
QCD of the SM but not identical to it.

The search for the identity of dark matter is also one of
the greatest mysteries of modern physics. The lack of
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experimental observation of weakly interacting massive
particles (WIMPs) has led in recent times to a surge of new
ideas for dark matter with various mass scales and
interactions. The strongly interacting massive particle
(SIMP) [10] is such a dark matter candidate, where the
freeze-out of 3 — 2 self-annihilations set the relic abun-
dance. The kinetic energy generated in the system by this
process must be shed, which can be achieved via thermal-
ization between the dark and visible sectors. The SIMP
setup then predicts dark matter of order a few hundreds of
MeV, with strong self-interactions and very weak couplings
to the visible sector. Importantly, SIMPs are generic in
QCD-like theories of dynamical chiral symmetry breaking,
with the pseudo-Nambu-Goldstone bosons playing the role
of dark matter [11]. The Wess-Zumino-Witten term [12—
14] generates the requisite 3 — 2 self-interactions [11], and
the equilibration between the dark sector and the SM can be
obtained, e.g., via a kinetically mixed hidden photon
[15,16], with many novel experimental signatures [15-17].

Since SIMPs are generic in QCD-like sectors, and twin
Higgs theories contain a QCD-like sector, it is appealing to
try and merge these two notions into one: namely, to embed
SIMP dark matter into the QCD sector of twin Higgs. Then,
SIMPs would be the pseudoscalar mesons in the twin QCD
sector. In what follows, we show that this can easily be
done, obtaining a natural theory with strongly self-inter-
acting sub-GeV dark matter while addressing the hierarchy
problem. (For other works on dark matter in twin Higgs
models, see, e.g., Refs. [18-22].)

Moreover, the similarity of the confining scales between
QCD and the SIMP dynamics, as is requisite for a SIMP, is
naturally explained in such a framework: Since twin QCD
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effects enter the Higgs potential at two loops [23], the twin
Higgs solution to the hierarchy problems requires the twin
QCD coupling and scale—namely the SIMP sector in the
framework presented here—to be similar to that of the
QCD sector itself.

II. CONCEPT

The ingredients of our setup are as follows. The lightest
particles in the twin sector are the twin mesons, which are
identified with SIMP dark matter. All other twin particles
annihilate or decay into these twin mesons or SM particles.
The twin fermions are heavier than the light twin quarks
that form the SIMP dark matter. Since all Yukawa cou-
plings except for that of the top quark are irrelevant to the
hierarchy problem due to their smallness, this spectrum
does not spoil the twin Higgs mechanism. The twin photon
and twin neutrinos (be they Dirac or Majorana) are likewise
heavy, and can decay away. The typical cosmological
problem of twin Higgs models, where too-large contribu-
tions to Ny often arise, is thus naturally absent here.

Amongst the first two generations of twin quarks, we
impose an exact global SU(2), symmetry. (Such global
symmetries are present in the original constructions of pion
SIMPs as well [11].) The lightest twin mesons are a flavor
triplet (d's’, s'd’, \/Lz (s's' —d'd")), which we call pions, x.
They are stable since they are the lightest particles with a
conserved SU(2), quantum number. Here and below, we
denote particles in the twin sector with a prime on the
corresponding SM particles, except for the twin mesons,
further defined below.

III. THERMAL HISTORY

The twin particles at the electroweak scale—W’, Z', ¢/,
W —have similar masses to their visible sector counterparts
due to the Z, symmetry. In practice, the ratio of vacuum
expectation values between the twin and SM sectors s f/v >
3 and the twin particles are heavier by the common factor. In
the early Universe, they decay away quickly. The neutrinos
alsodecay, o) — I'u'd’, I'c's'. The bottom quark and charged
leptons annihilate away b'b’ — ¢'¢, ¢'q’, '~ = 'y, ',

with negligible abundances. The heavy meson abundances
are likewise negligible (see Ref. [24] for a detailed analysis).
The twin photon is also massive (as can be achieved via the
Stiickelberg mechanism for the U(1)} gauge boson). At
temperatures of order the GeV-scale, only four light twin
quarks, the twin gluons, and possibly the massive twin
photon are around. Note that for the physics we are interested
in, heavier particles (including details of the UV completion
of the twin Higgs sector) play no role.

The global SU(2), invariance dictates m, = m,
my = my. We arbitrarily take myy <my . =
my ¢(1 +2A), with a mass splitting A <10%. An
approximate SU(4), flavor symmetry for the twin QCD
exists in addition to the twin U(1)gy, and is broken to
SU2)y x SU(2)p, x U(1)gy by A. The two SU(2)’s are
broken to the diagonal subgroup SU(2), by the twin weak
interaction SU(2),, and the remaining global symmetry
is SU(2); x U(1)gy-

Twin QCD confines and produces a 15-plet of mesons M
in the adjoint representation of the approximate SU(4),
symmetry. Table I shows the meson decomposition, as well
as the combination of quark masses that generates the
masses-squared of the mesons. The lightest meson states,
which are the pions 7, are the SIMP dark matter.

We note that the global SU(2), symmetry forbids
Cabbibo—Kobayashi-Maskawa (CKM) mixing among
twin quarks. As a result, twin generation number is
conserved in this setup.

The twin mesons undergo 3 — 2 annihilations [10,11]
via the Wess—Zumino-Witten action of the SU(4) chiral
Lagrangian [12-14]:

Li_, = e"’Tr(n0,70,70,m0,1). (1)

52°f5
The meson mass splittings are given by ~(}—1)A <
5-10% so that all 15 mesons can coannihilate at the
freeze-out temperature 7'y =m, /x;~m,/20. The observed
dark matter relic abundance is obtained for twin pion

masses m, of order a few hundred MeV, in the strongly
interacting regime of the theory, m,/f,~2x [11].

TABLE 1. Decomposition of the meson SU(4), 15-plet under SU(2), x SU(2)p x U(1)gy. The 3rd column shows the linear
combination of quark masses that determines the meson masses-squared. The 4th column shows the mass splittings. From top to bottom,
the meson masses go from heaviest to lightest, assuming my = my < m,y; = my = mg ¢(1 +2A).

2

meson M Particle content my, My
°(3,1) u'e’, i, % (Wi =c'c') 2my m(1+ A)
D%(2,2) ud, cd, u's, c's my + my m,(1 +%)
D=(2,2) di, s'w, d'e, s'c my +mgy m,(1+%)
7(1,1) HWdd +s'5 —u'i = 'T) My + my my(1+3)
72°(1,3) as, s'd, %(d’fl’ —5's) 2my my
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Strong self-scattering cross sections, relevant for puzzles in
structure formation, are thus expected as well. The above
features persist even in the presence of small mass splittings
amongst the mesons. For further details, see Ref. [11].

During dark matter freeze-out, kinetic mixing e between
the twin photon y’ and the SM y (sourced by mixing with
the twin and SM hypercharge gauge bosons), maintains
thermal equilibrium between the two sectors via the scatter-
ing process of twin mesons M off of electrons, Me — Me.
The allowed parameter space is similar to that studied in
detail in Ref. [16]: Twin photon masses between ~2m,
and 100’s of GeV are viable over a broad range of e values,
where kinetic equilibrium between the twin and SM
sectors is maintained while the annihilations M + M — SM
through y’ are suppressed compared to the 3 — 2 annihila-
tions. Multiple future experimental probes are set to test this
parameter space (see further discussion below). Note that
twin elastically decoupling relic (ELDER) DM [25,26] can
also be realized in our framework, where the relic density
of twin mesons is set by the elastic scattering off of the
electrons.

In the twin sector, some of the heavier mesons are
unstable against decays. Among the 15-plet of mesons,
the 7, D™ and D~ are stable because of their conserved
quantum numbers: the z’s are the lightest particles with a
non-trivial SU(2) ; quantum number, while the D*’s are the
lightest particles charged under the twin QED. The 6 and 7
are, in contrast, unprotected and can thus decay. If they
decay too early, they may affect the dark matter abundance
during or after the time of freeze-out [21,27-30]. On the
other hand, if they decay too late, they may affect big
bang nucleosynthesis (BBN) or the cosmic microwave
background (CMB). In what follows we show that such
constraints can easily be satisfied: (I) Early decays can be
avoided for lifetimes longer than the freeze-out time scale
of 1; 7 1073-107% sec; (II) Late time decays do not pose a
problem since the heavier mesons annihilate efficiently into
pions before they decay, and their Boltzmann-suppressed
abundances at the time of decay do not affect BBN
or CMB.

IV. LIFETIMES

We now address the decay rates of the unstable heavy
twin mesons, 7 and . We begin with the # meson lifetime.
Its decays proceed into two off-shell twin photons via the
anomaly diagram, with each twin photon decaying into
e"e™ pairs via the kinetic mixing with the SM photon, or
via two loops into a pair of muons (due to helicity
suppression).

The decay rate of the # via the one-loop 4-body process
(see top diagram of Fig. 1) can be estimated by starting with
the standard formula for pion decay via the anomaly diagram
in the SM, replacing the photons with off-shell dark photons,
and further decaying each of those into an e*e™ pair, which
suppresses the decay rate. We arrive at the estimate

/
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=
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FIG. 1. Sample Feynman diagrams for (top to bottom)
n—eteete , n—>utu, and @ - reTe"ete”. The cross in
the diagrams refers to the kinetic mixing between the twin photon
Y’ and the SM photon y.

- 1 € \*/3GeV)\?
Fln—etemere )z4x10“ sec <10‘4> ( m, )
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300 MeV,) \1/4x 2 )

(2)

Note that our definition of the decay constant f, follows
that in Refs. [11,13,14] and differs from the notation often
used in the SM by a factor of 2v/2. The decay is fastest for the
largest value of kinetic mixing and smallest twin photon
mass, € ~ 107 and m), ~ 2m,.

The decay rate of the # via the two-loop 2-body process
where the dark photons are closed into a loop (see middle
diagram of Fig. 1) is helicity suppressed, and hence the
final state will be p*u~, with an estimated decay rate

1 e \*/3 GeV\*
r )~
gl 10 sec <10‘4> ( m, )

m, 30 ap \2
x (300 Mev> (1/4;:)

m 2/m,\?2
)G e

While more important for higher m,, this is moderately
suppressed compared to Eq. (2) for small m,,.
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The € meson has the same quantum number as 7 under
the exact SU(2), and hence decays as 6 — zy*y* — 7 +
2(ete™) via r-channel W-exchange (see bottom diagram of
Fig. 1). We estimate

) B 1 e \*4 ap 2
[(0 - meterere )22 x 103 sec <10_4> <1/4”>
) A \8(v\4(3 GeV)8
10% f my
. 13
X 2” m” ) (4)
My fr 300 MeV

which is much longer than the age of the Universe. If
A < 4m,/m,, the decay is kinematically forbidden. For
lifetime longer than 10?7 sec, the decay does not lead to an
excessive y-ray signal from the galactic halo [31].

We learn that the # and 0 twin mesons can both be
present at the time of freeze-out and participate in the 3 — 2
annihilation process.

After freeze-out, the strong interactions among the twin
mesons can maintain chemical equilibrium between z and
heavier mesons. For instance, with the strong interaction of

2 m%

my
<Gv>my—>7m = Wﬂf?

this process decouples at

(00) gy Y e 2 Tt s (T o) 2 H(Tpem)» (6)
and similarly for other mesons. We find that the heavier
meson abundances are Boltzmann suppressed and do not
contribute significantly to the current dark matter density.
This can be seen in Fig. 2, where we present solutions to the
Boltzmann equations. Solid curves represent the total
mesons, while the dashed curves represent the # mesons,
for different mass splittings and lifetimes. As is evident, for
sufficiently large # lifetimes, the pion abundance set by the
3 — 2 annihilations is unaffected by the decays of the
heavy 1 meson.

The decays of 7 can also potentially cause dissociation
of light elements after BBN and/or possibly affect the
CMB. If the lifetime of 7 is longer than 10° sec, its decay
may cause distortions in the CMB spectrum, depending on
how Boltzmann-suppressed the # abundance is [32]. The
BBN constraints may be stronger down to 7, ~ 10* sec for
decays to electrons. However, the limits have been derived
in the literature only for heavy decaying particles, with
masses above a few 10’s of GeV (see, e.g., Ref. [32]), as
opposed to the case at hand where the decaying particles
are O(300 MeV). As a result, the constraints in the
literature are not directly applicable here: the actual
BBN constraint in our setup is expected to be weaker.

t [sec]

107° 1073 107" 10 10° 10°

T

T T T

mY /g [GeV ]

_
1
=)
_
S B R I B B B B I B B B Mo i B

10 102 103 104 10°
x=m/T

FIG. 2. A schematic description of the sequence of events for
twin SIMPs. Solid (dashed) curves depict the mass times total
meson (7 meson) yield per degree of freedom. At very high
temperatures, the 3 — 2 annihilation process reduces the abun-
dance of all twin mesons. At x =m,/T ~20, the 3 - 2
annihilations freeze out. Two different lifetimes are shown to
illustrate distinct scenarios: (1) Blue curves, T, = 105 sec,
A = 1072, The decay happens much after chemical decoupling,
in which case the pion abundance is not affected by the decays,
and the correct dark matter abundance is set by the 3 — 2
annihilations. (2) Orange curves, 7, = 10 sec, A = 10~*. The y
decays out of equilibrium with the SM, but decays in chemical
equilibrium with the other mesons. In this case the dark matter
abundance is depleted via the decays, and then freezes out,
leading to too small a relic abundance.

We are not aware of detailed constraints on electromagnetic
energy injection during the BBN era when the decay
products have sub-GeV energies [33]. When taking into
account the Boltzmann suppression of the heavy mesons at
the time of decay, we have checked that the #-lifetime
estimated in Egs. (2) and (3) can easily satisfy the currently
derived limits for mass splittings A > 107, and we expect
the accurate allowed range to be even broader as
explained above.

We note that kinetic equilibrium between the twin
mesons and SM sectors has been assumed thus far
throughout. However, depending on (m,,€), the mesons
may drop out of kinetic equilibrium with the SM soon
after freeze-out occurs. In this case, the meson system
cools more rapidly than the SM sector—T7T eqon X @2 VS
Tgm « a~'—resulting in a more severe Boltzmann sup-
pression of the heavy meson abundances and weaker
constraints.

A lower bound on the mass splitting A arises also from
indirect detection data. This is because the annihilation
process zzx — ny — SM  could, in principle, produce
large gamma ray fluxes in the galactic center today. The
current experimental limit is (6v) < 1072 cm? sec™! [31],
compared to the naive expectation in our setup of

(ov) ~ 1072 cm? x vy ~ 10717 cm® sec™!, which would
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be unacceptably large. Here, v, ~ 220 km/ sec is the veloc-
ity dispersion at the galactic center. This present-day anni-
hilation process is, however, kinematically forbidden if the
mass splitting among the mesons is larger than the typical
kinetic energy in the galactic halo, A > v3 ~ 1075.

We conclude that the dark matter is not depleted after
freeze-out despite the fact that some of the twin mesons
decay into the visible sector. Constraints from BBN and
indirect detection are evaded for meson mass splittings
A > 1074, while for A ~ 107*-107, a detailed analysis of
the impact on BBN is required for this light dark matter
mass range—an effort which is underway [33]. It would be
interesting to study whether slight modifications to the light
element abundances are possible and/or if observable y-ray
signals can arise due to the Maxwellian tail in the kinematic
distribution of mesons in the halo. This and other mech-
anisms to set the twin pion abundance in this setup beyond
the SIMP will be explored in detail in future work [34].

V. EXPERIMENTAL SIGNATURES

The strongest limit to date on twin Higgs theories arises
from the invisible Higgs width. In the Z,-limit, electroweak
symmetry breaking in both sectors would occur at the same
energy scale f = v, and the observed 125 GeV Higgs
would contain equal components in both sectors, decaying
invisibly into the twin sector 50% of the time. Clearly this is
not the case; the invisible width of the Higgs dictates f/v >
3 at present. The LHC will further improve this limit, and
the ILC would probe the invisible width down to the 0.3%
level [35]. We note, however, that the Higgs decay into the
twin sector is not entirely invisible in our model. If the
Higgs decays into twin gluons ¢'¢/, the ¢ fragments into
mesons. As discussed above, some of the mesons decay
visibly 6 — meTe"ete™ and n — eTe"eTe™, uTu~, and
therefore part of the twin jet is visible with narrowly
collimated low-mass lepton pairs. Some of the twin vector
mesons p would also mix with the twin photon and lead to
p =y — y* =[]~ and be visible. Such phenomenology
is reminiscent of Hidden Valley models [36].

The twin photon is in essence the kinetically mixed dark
photon which has been studied extensively in recent
literature. In the near future, the Belle-II experiment will
improve the sensitivity by at least an order of magnitude,
substantially cutting into the parameter space [37,38].
Belle-II may even do better because their calorimeters
do not point exactly to the collision point and they hence
can avoid cracks that allow a real photon to escape
detection [39]. Spectroscopy of the resonance states in
the twin QCD can be performed as well, using single-
photon events at low energy lepton colliders [16,40]. This is
particularly interesting if the ' is lighter than the b to allow
for twin bottomonium spectroscopy.

Twin SIMP dark matter shows promise in direct detec-
tion efforts as well. For example, D* mesons can interact
with the SM particles via the exchange of the massive

twin photon. The details depend on the twin meson
splitting A that determines the Boltzmann suppression of
their abundance. Potential prospects in this mass range
include the use of either electron recoils in semicon-
ductors [41-46], atomic ionization [41,47], superconduc-
tors [48,49], scintillators [50], two-dimensional targets
such as graphene [51] and carbon nanotubes [52], or the
use of nuclear recoils in color centers [53,54] and in
superfluid helium [55,56].

VI. SUMMARY

We have proposed a model that addresses both the
hierarchy problem (via the twin Higgs mechanism) and
the dark matter problem (as a strongly interacting massive
particle, or SIMP). The twin pion-like bound states are the
lightest particles in the twin sector, and are stable due an
exact global SU(2), symmetry between the first two
generations. The relic abundance of dark matter is set
through 3 — 2 self-annihilations of the twin mesons via the
Wess-Zumino-Witten term. The near coincidence of strong
scales between the scale of QCD and that of the SIMP
sector, as required in the SIMP mechanism, is naturally
explained in such a framework.

The framework predicts rich and diverse experimental
probes into its parameter space. Dark matter self-scatterings
near their current astrophysical limit are expected, which
may address small-scale structure puzzles. Precise mea-
surements of the velocity profile of stars in dwarf galaxies
using the Prime Focus Spectrograph on the Subaru tele-
scope [57] will further test this. At high energy colliders,
final states with missing energy and soft collimated leptons
can be produced, as well as entirely visible final states.
Moreover, low-energy ete™ colliders such as Super
KEK-B and direct detection searches for dark matter are
promising experimental avenues for testing the theory. We
leave a detailed study of the phenomenology of this setup to
future work [34].
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