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We present a simple and natural dark sector model in which dark matter particles arise as com-
posite states of hidden strong dynamics and their stability is ensured by accidental symmetries. The
model has only a few free parameters. In particular, the gauge symmetry of the model forbids the
masses of dark quarks, and the confinement scale of the dynamics provides the unique mass scale
of the model. The gauge group contains an Abelian symmetry U(1)p, which couples the dark and
standard model sectors through kinetic mixing. This model, despite its simple structure, has rich
and distinctive phenomenology. In the case where the dark pion becomes massive due to U(1)p
quantum corrections, direct and indirect detection experiments can probe thermal relic dark matter
which is generically a mixture of the dark pion and the dark baryon, and the Large Hadron Collider
can discover the U(1)p gauge boson. Alternatively, if the dark pion stays light due to a specific
U(1)p charge assignment of the dark quarks, then the dark pion constitutes dark radiation. The
signal of this radiation is highly correlated with that of dark baryons in dark matter direct detection.

Introduction.—Numerous observations consistently
point to the existence of dark matter (DM), which con-
stitutes most of the matter content of the Universe. The
Weakly Interacting Massive Particle is a highly motivated
DM candidate, since the properties necessary to repro-
duce the observed DM abundance are testable by direct
and indirect detection experiments.

In this Letter we propose a model of Weakly Inter-
acting Massive Particles based on chiral gauge symme-
try, where all the masses in the model originate from
the confinement scale A of the gauge theory, and the
stability of DM is guaranteed by accidental symmetries.
The model is remarkably simple, having only a few free
parameters. While Ref. [I] considers this model for
A ~ O(0.1—-1 GeV), we present in this Letter that taking
A ~ O(1-100 TeV) leads to rich phenomenology, includ-
ing indirect detection of two-component DM, direct de-
tection of DM, resonant production of a new gauge boson
at colliders, and an observable amount of dark radiation.
A combination of these signals allows us to probe the
structure of the dark sector in future experiments.

Model—The model consists of four Weyl fermions ¥y,
Wy, Uy and ¥y charged under SU(N) and U(1)p gauge
groups, which we refer to as dark quarks. Their gauge
charges are given in the two left columns in Table[I] For
N > 2 and a # 1, the theory is chiral and the mass terms
of dark quarks are forbidden by the gauge symmetry. The
only mass scale of the model is then the dynamical scale
of the SU(N) gauge group A. This makes the model fully
natural and relates the masses of all particles in the dark
sector with each other.

At the vacuum the dark quarks condense
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breaking the approximate SU(2)y, x SU(2)g flavor sym-
metry down to the vector subgroup SU(2)y. This yields
three Nambu-Goldstone bosons. One of these bosons
is eaten by the U(1)p gauge boson—the dark photon—

|SUWN) UM)p|UMW)p U(1)s
U, O 1 1 1
Uy| O -1 -1 1
\111 i —a -1 -1
Uy O a 1 -1

TABLE I. Charge assignment of the dark quarks under the
SU(N) and U(1)p gauge groups (N > 2). Here, W12 and
@1’2 are left-handed Weyl fermions, and we take 0 < a <
1 without loss of generality. The charges under accidental
global symmetries U(1)p and U(1)p are also shown.

since the condensation breaks U(1)p. The mass of the
dark photon is given by

map, =ep(l —a)fr, = geD(l —a)mp,, (2)
where ep is the U(1)p gauge coupling, fr, is the dark
pion decay constant, and m,, ~ A is the mass of the
lightest spin-one resonance, which we call the dark rho
meson.

The remaining two Nambu-Goldstone bosons form a
complex scalar ¢, in analogy with the charged pion in
QCD. We call it the dark pion. The mass of ¢ depends on
the charge a. For a # 0, the flavor symmetry of SU(N),
SU(2)r x SU(2)r x U(1)p, is explicitly broken down to
Ul)p xU(1)p x U(1)p. Here, U(1)p is a subgroup of
SU(2)y, and U(1)p is the baryon symmetry of the dark
sector, whose charges are shown in Table[l] The dark pion
¢ receives quantum corrections to its mass from U(1)p
gauge interactions [1I 2]

3aln2
my ~ STe%mf,D . (3)

If a = 0, the flavor symmetry is explicitly broken only
down to U(1l)p x SU(2)r x U(1)p, and the dark pion
remains massless. In both cases, ¢ couples to the dark



photon through gauge interactions
L= (Duo)(D*¢)", (4)
where
D,¢=0,0+tep(l+a)Ap.¢. (5)

Other resonances obtain masses of O(m,,,,). In partic-
ular, the dark baryons have masses

My, (6)

where ¢ is an O(1) coefficient. For QCD (N = 3), ¢ ~ 0.8.

The dark and standard model sectors communicate via
the so-called vector portal [3H7]. We introduce kinetic
mixing between U(1)p and the standard model hyper-
charge, U(1)y,

1 1 1 €
L=—--B,B" —ZAp, A" + = ——
4" 4 Pr D + 2 cos Oy
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where B,,, and Ap,, are the U(l)y and U(1)p gauge
field strengths, and Oy is the Weinberg angle.

After the gauge structure is determined by the num-
ber of dark colors N and the U(1)p charge a, the model
involves only the following three parameters: 1. the dy-
namical scale A—the overall mass scale of the dark sec-
tor, 2. the U(1)p interaction strength ep, controlling the
hierarchy between dark pion/photon and baryon masses,
and 3. the kinetic mixing parameter €, connecting the
dark and standard model sectors. The first two param-
eters are relevant for the relic abundance and indirect
detection, while the third one is important for direct
detection and dark radiation signals. In principle, the
phenomenology of the model is predicted by these three
parameters. In practice, since the theory involves strong
dynamics, there are a few numerical factors that we can
only estimate—mp/A and fr,/A—or must treat as a
free parameter—the dark baryon annihilation cross sec-
tion. To avoid dark baryon overabundance, A must be
smaller than O(100 TeV) [8]. We require ep < 1 to avoid
hitting a Landau pole below typical unification scales of
10417 GeV. If the mixing parameter € is generated via
one-loop quantum corrections, ¢ = O(1073) is expected.

For models involving strong dynamics and U(1)p but
with massive quarks, see Refs. [0H12]. Models involving
strong dynamics with vectorlike quarks and a Higgs por-
tal are considered, e.g., in Refs. [I3] [I4]. Models in which
chiral fermion representations are obtained from larger
anomaly-free gauge groups are studied in Refs. [15] [16].

Dark Pion as Dark Matter.—The accidental symmetry
U(1) p ensures the stability of the dark pion ¢. For a # 0,
this renders the dark pion a good DM candidate. This
possibility was considered previously in Ref. [I] for mg <
O(10 GeV), but here we investigate the region mgy 2
O(10 GeV). The freezeout process of dark pions depends
on the relative value between the dark pion and dark
photon masses.
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FIG. 1. Contours of the dark pion abundance €24 in units of
the value of DM observed today, Qpn. Here, we take f(z) =1
for Eq. , a very good approximation unless ma, ~ mg. As
labeled, the black curves show the sensitivities of the current
and proposed experiments.

In the case where mg > my,, the dark pion relic
abundance is set by the process in which two dark pi-
ons annihilate into two dark photons via U(1)p gauge
interactions. The annihilation cross section is given by

,_ 3ch+a) f(miD) ®)
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where f(z) = V1 —x (% (;:52 + %) As this s-wave an-
nihilation mode remains active during big-bang nucle-
osynthesis and recombination, the dark pion mass less
than O(10 GeV) is excluded observationally [T [1I7]. The
annihilation constraint is much weaker for a higher mass
(i.e. lower number density). The numerical result of the
dark pion abundance is shown in Fig. [1| as a function of
mg and ep (1 + a), which is well approximated by

4
thzo.ll( Mo )2< 0.7 ) ! :
¢ 4 TeV ep(l+a)) f(m?, /m3)

(9)
where h =~ 0.7 is the Hubble constant in units of
100 km/s/Mpe. If we require that dark pions comprise
all of the observed DM, Q4 = Qpw, then this translates
into the prediction of ep (1 + a) in terms of m.

In the case where my < m 4, , the dark pion annihilates
into a pair of standard model fermions f via s-channel
dark photon exchange, and the cross section is propor-
tional to €2. However, the size of € needed for the correct
DM abundance is excluded by direct detection experi-
ments for my 2 O(10 GeV) [6]. We thus focus on the
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FIG. 2. Similar to Fig. [I| but for the dark baryon. For the
projected sensitivity, curves using different values of the Som-
merfeld enhancement factor S are shown; see text.

case with mg > ma, for a # 0. This provides a lower
bound on a through Egs. (2) and (3).

Dark Baryon as Dark Matter—The stability of the
lightest dark baryon, which we simply call the dark
baryon, is guaranteed by the accidental U (1) g symmetry.
The dark baryon annihilates via dark strong interactions,
and its cross section is expected to be large

—— (4”)25, (10)

mp

where 0 is an incalculable factor. We expect that the
dark baryon is well approximated by a point particle at
the freezeout temperature, so d is subject to the unitarity
bound § < 1/(4ww) [8]. This factor may be as large as
O(1) around the time of freezeout. On the other hand, for
large N it might be exponentially small, § ~ e~V with
some constant v, since the annihilation requires one to
connect N dark quarks and antiquarks [18]. In principle,
0 can be predicted from N, e.g. by lattice calculations,
but we treat it as a free parameter. The numerical result
of the dark baryon abundance is shown in Fig. [2 as a
function of mp and J, which is well approximated by

2 o mp_\? (0.01
Qph _0'11<20Tev) ( =) (11)

Indirect Detection.—In the present Universe, DM an-
nihilates into dark photons, which decay into standard
model fermions via kinetic mixing in Eq. @ These de-
cay products are observed as cosmic rays. Here we mainly
discuss gamma-ray signals, which are free from uncer-
tainties from propagation. In our model, DM generally
consists of dark pions and dark baryons.

Dark pions annihilate into dark photons with the cross
section in Eq. . In Fig. 1| we show the current and fu-
ture sensitivities of the Fermi-LAT satellite [19] 20] and
the expected sensitivity of the proposed Cherenkov Tele-
scope Array (CTA) observatory [2I]. We define the ef-
fective cross section

(040 = (040) < e ) x5 (12)

and compare it with the estimated sensitivities for the
annihilation mode DM DM — bb, which is expected to
have a similar photon spectrum as our case. The factor of
1/2 accounts for the fact that the dark pion is a complex
scalar. The NFW profile [22] is assumed for the CTA
sensitivity, which becomes weaker for cored profiles.

Dark baryons annihilate into dark hadrons, which end
up as dark pions and dark photons. As one of the Nambu-
Goldstone bosons is eaten by the dark photon, dark pho-
tons are efficiently produced by the annihilation of dark
baryons. This is a striking feature of the chiral structure.
We define the effective cross section as

O \? 1 1
(UBU)eff = (GBU)freezeout <QDI\/I) X 5 X g X S7 (13)

where the extra factor of 1/3 accounts for the fact that
dark baryons annihilate both into dark pions and dark
photons. Figure [2| shows the CTA prospect for detecting
the annihilation of dark baryons. From Refs. [23] 24],
we expect that the dark baryon annihilation receives a
Sommerfeld enhancement [25] 26] S of order a few due
to dark pion exchanges; even S 2 O(10) may occur if
parameters such as ep are moderately tuned. We find
that the dark baryon can be probed if S 2 O(3) or if
CTA slightly outperforms its expected sensitivity.
Figure shows the correlated predictions on the
masses, mpy, and effective annihilation cross sections,
(ov)esr, of the dark baryon (solid colored curves) and the
dark pion (dotted colored curves) for various values of
0 labeled by different colors. Here we require the ob-
served DM abundance to be explained by a mixture of
dark baryons and dark pions. Specifically, for given ¢
and mp, we determine ep and mgy from the observed
DM density and the mass relations in Eqgs. and @,
using N = 5 and a = 0.5 (which is consistent with the
condition my > ma,). The values of ep are labeled by
symbols along the curves. The colored curves are trun-
cated on the left (right) by the cosmic microwave back-
ground (CMB) constraint [I7] of mg 2 10 GeV (ep < 1).
The dark baryon is the dominant DM component at the
locations of the stars, whereas the dark pion dominates
toward the other end of each colored curve. As an exam-
ple, for ep = 0.3 and § = 0.1, we predict that the dark
baryon and pion signals will be discovered at mg ~ 1 TeV
and mp ~ 50 TeV with the corresponding effective cross
sections labeled by the orange dots, and that the DM will
be a good mixture of both. For different values of a with
fixed § and mp, the dark baryon prediction remains un-
affected, while the predictions associated with the dark
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FIG. 3. The predictions on the masses, mpwm, and effective
annihilation cross sections, (ov)est, of the dark baryon B (solid
colored curves) and dark pion ¢ (dotted colored curves) for
N = 5 and a = 0.5, assuming that the DM density today
is explained by a mixture of the dark baryon and dark pion.
Each color corresponds to a fixed value of §, while the symbol
shapes indicate the values of ep. (The black symbols trace
out the dark pion properties for fixed ep.) The two horizon-
tal lines represent the effective cross sections when either the
dark baryon or dark pion is the dominant component of DM.
The gray region shows the constraints from the CMB and the
Fermi-LAT satellite. The black curves show the prospects of
CTA (solid), GAPS (dashed), and Fermi-LAT (dot-dashed).

pion change as my x a/(1 + a)? and ep x v/a/(1 + a)?
with (o0v)eg unaffected. These variations are at most of
0(30%) for 0.3 < a < 1, so our results are rather robust.

We finally comment on the large antiproton fraction
at high energies and the B/C ratio observed by AMS-
02 [27, 28]. These data suggest a propagation model
leading to a large flux at the Earth [29]. If this is the case,
the sensitivity of searches with charged cosmic rays may
exceed that with gamma-rays. As an example, we assume
the “MAX” propagation model and show in Figs. [T]and [3]
the projected sensitivity of the GAPS experiment [30],
which goes beyond gamma-ray searches for a low mass
region. In the case where propagation gives a small flux,
the large antiproton fraction observed by AMS-02 is well
fitted by the annihilation of DM having an O(1—10 TeV)
mass and a cross section larger than that required for the
correct thermal relic abundance [3IH33] (although it may
still be of astrophysical origin, e.g. Refs. [34, [35]). With a
modest Sommerfeld enhancement, our dark baryon may
be used for this purpose.

Direct Detection.—The dark pion, ¢, and dark baryon,
B, scatter with the standard model protons, p, in the
nuclei via exchange of virtual dark photons. The spin-
independent dark pion and dark baryon scattering cross
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FIG. 4. The direct detection constraint on the dark pion
scattering cross section per nucleon given in Eq. (14). For
each mg, we determine ep such that Q4 = Qpwm and ma,
from Egs. and using N = 5 and a = 0.5. The dot-
dashed line shows the sensitivity of HL-LHC14 to the resonant
production of the dark photon, pp — Ap — [T1~.

sections per nucleon in the non-relativistic limit are

22,2 22
SI € DD My

m2 7\ 2
_ p =
T T+ mp)Pmd (A) ’ )

where x = (¢, B), go = (1 +a), ¢qg = (1+a)/2 (or 0) for
an odd (or even) N, and Z and A are the atomic number
and atomic weight of the target nucleus. In Fig. [4] we
compare the dark pion scattering cross section against
the current and future direct detection limits [36H39]. If
U(1)y-U(1)p kinetic mixing is generated via one-loop
quantum corrections, € = O(1073) is expected. The dark
pion with mg = O(100 GeV) can then be detected by
near future experiments.

Collider Searches.—Through kinetic mixing, the colli-
sion of standard model fermions can resonantly produce
the dark photon, which decays back to two fermions. We
show the sensitivity of the high luminosity LHC 14 TeV
run (HL-LHC14, 3000 fb™ ') to this process [40] in Fig.
This provides an interesting correlated prediction be-
tween direct detection experiments and collider searches.

Dark Radiation—We finally consider the case with
a = 0. In this case, the dark pion is nearly massless
because its mass is no longer generated radiatively by
U(1)p gauge interactions. This implies that, after de-
coupling from the thermal bath at temperature Ty, the
dark pion contributes to additional relativistic species

8 (g.(1 MeV)\*?
AN = - (g*(Tde> ) : (15)

where g, is the effective entropy degrees of freedom of the
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FIG. 5. The correlated prediction between the direct detec-
tion and dark radiation signals for a = 0 and an odd N. The
dots indicate the value of € eD/m?qD7 which controls both o3
and ANeg. The Planck 2015 constraints [42] are shown by
the shadings.

standard model thermal plasma, and g.(1 MeV) = 10.75
is that around the neutrino decoupling. The smallest
ANqg that Eq. predicts is 0.05, which can be com-
pletely probed by CMB-S4 with the expected sensitivity
of o(Neg) ~ 0.03 [41].

The dark pion decouples when the scattering rate, I' =
nov, drops below the Hubble expansion rate

g« Tde Tde
~ 4 / . 16

16 ¢(3)€? eDe
3mdmly

In estimating I', we have approximated the thermal bath
of standard model charged particles as an ideal gas of
e, ut, 7*, and K*. As AN.g and o3 depend on the
same combination of parameters e e/ miD, we can make
a distinct correlated prediction between direct detection
and dark radiation, presented in Fig. Here, the func-
tion g.(T') has been extracted from Ref. [43]. The value

of eeD/miD is shown along the curve by the dots.

The mass of the dark pion could be generated by the
SU(2) g breaking dimension-6 operators W1 W, W, W, /M2,
where M, is the cutoff scale. The resulting mass is

2108 GeV

A2 A
100 TeV M,

1672 M, - (17

Mg ~ NO.leV<

The dimension-6 operators with ¢ = j also break the
U(1)p symmetry and hence the two components of the
dark pion receive different mass contributions. These
nonzero masses may leave imprints in the CMB and the
large scale structure, although the signal largely depends
on the size of the dimension-6 operators.
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