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1 Introduction

All the current evidences for the existence of dark matter (DM) rely on its gravitational
interactions. At late time the most convincing observations are gravitationally collapsed
structures ranging from the smallest known galaxies to the largest known galaxy clusters [1]
while CMB strikingly confirms this picture at early times [2]. Lacking any non-gravitational
evidence for DM, truly dark sectors that perhaps interact only gravitationally are a plausi-
ble possibility. To this end, pure gravitational production of dark sectors has gained much
attention in recent times, and several models have been studied [3–12].

In the landscape of secluded dark sectors one possible hint to the nature of DM is the
idea of accidental DM stability. Stable particles are at the heart of the visible universe.
While the electron is exactly stable, the proton is known to have an extremely long lifetime,
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τ > 1034 yr. In the standard model (SM) proton stability is beautifully explained by acci-
dental baryon number conservation of the SM lagrangian that is only violated by dimension
6 operators which are suppressed by the scale of new physics, perhaps the unification or the
Planck scale. The same level of elegance is typically not shared by the dark sector where
DM stability is often granted imposing ad hoc global symmetries, most notably R-parity
in supersymmetry. Motivated by this observation, models with composite DM have been
proposed in the literature [13–23] (see also [24] for a review on the topic).

A large fraction of previous studies focused on dark sectors charged under the SM,
leading to DM phenomenology in the same universality class of weakly interacting massive
particles. In the most compelling scenario DM is a baryon of the dark sector with electro-
weak charges [18], whose mass is expected to be around 100TeV if thermally produced or
lower if asymmetric [25]. In this work we consider dark gauge sectors with fermions neutral
under the SM.1 This framework yields DM candidates in the form of dark hadrons which
are characterized by a compositeness scale Λ and by the absence of any renormalizable
interactions with the SM. Concretely we will study SU(N) gauge theories with NF light
flavors, that we dub dark QCD (dQCD), see [26–28] for related work. The physics is
described by the lagrangian,

∫
d4x
√
−g

[
LSM −

1
4G

a
µνG

µνa + ψ̄i
(
/D −mi

)
ψi +

∑ OSMOdark

M#
Pl

]
. (1.1)

where OSM (Odark) are gauge invariant operators of the SM (dark) sector.
In the most minimal case with no fermions the lightest glueballs are accidental DM

candidates [29–34]. In this context, gravitational production leads to viable models with
dark sectors much colder than the SM [11, 35].

The addition of fermions gives rise to a host of new possibilities and novel phenomena.
Accidentally stable DM candidates are in this case the lightest dark baryons and pions,
where the latter can be arbitrarily lighter than Λ in principle. Baryon DM in dQCD was
also studied in [26] with somewhat different conclusions. Contrary to the pure glue scenario
the leading interaction between the dark sector and the SM is through the Higgs portal,
|H|2ψ̄ψ. This dimension 5 operator even when suppressed by the Planck scale dominates
DM production and controls pions stability. The latter turn out to be cosmologically stable
if their mass is below the GeV scale. Gauge theories with fermions are approximately Weyl
invariant except for the fermion mass terms and confinement scale. This implies that
inflationary production is suppressed if the Hubble scale during inflation is larger than Λ.
These sectors are instead populated through tree level gravitational interactions leading
to sectors colder than the SM. It is also possible that heavy degrees of freedom provide
thermal contact with the SM or that the inflaton has a sizable width in the dark sector
producing warmer sectors.

Depending on the dark sector initial temperature different scenarios emerge. We will
show how dark baryon (pions) can constitute heavy (light) DM, spanning many orders
of magnitude in mass, can be realized in dQCD. Contrary to models with SM charges

1For a discussion of secluded U(1) models we refer the reader to refs. [3, 6].
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the pions turn out to be excellent DM candidates beside baryons. This setup naturally
endows DM candidates with intrinsic self-interactions at low energies, that leads to the
exciting possibility of observable effects in structure formation. Thus we illustrate how
completely secluded dark sectors could be phenomenologically tested through cosmological
probes. In particular dark sectors that are initially in thermal equilibrium with the SM
are generically excluded.

The paper is organized as follows. In section 2 we review the basic features of confining
SU(N) gauge theories, and describe few properties of the lightest dark-baryons and -pions.
In section 3 we describe in detail how dark sector particles could be produced in the early
universe. We outline three such possibilities namely, gravitational production of CFTs,
production through Planck suppressed operators, and inflationary production. In section 4
we follow the thermal history of the dark sector. We first consider a phase transition in the
dark sector that results in confinement, and then proceed to the computation of the relic
abundance for dark-baryons and -pions. In section 5 we study the phenomenology of our
setup and present the main results. Broadly, we find three viable regions of parameter space
where confined dQCD would provide DM candidates. Finally, we draw our conclusions in
section 6. In the appendix we present general formulae for the production of a dark sector
through the Higgs portal.

2 Dark QCD

We are interested in asymptotically free non-abelian gauge theories with fermions lighter
than the dynamical scale Λ. This can be realized with classic SU(N), SO(N) and Sp(N)
gauge theories with vector-like fermions. For simplicity we focus on SU(N) gauge theories
with NF light flavors described by the lagrangian (1.1). At energies much larger than
the confinement scale Λ this system is weakly coupled and approximately Weyl invariant.
Assuming standard QCD dynamics this sector confines producing hadrons. The dynamics
is such that the global chiral symmetry SU(NF )× SU(NF ) spontaneously breaks to the
diagonal subgroup SU(NF ) producing Nambu-Goldstone bosons, the pions. In this paper
we assume that all the fundamental fermions ψi are singlet under SM so they will have in
general non-degenerate masses, miψ̄iψi, preserving individual species number ψi → eiαiψi.
In practice we will consider degenerate quark masses for simplicity. Among the hadrons
we will focus on the pions that are the lightest states and baryons that are the natural DM
candidates being accidentally stable.

Pions. The spontaneous breaking of chiral symmetry produces N2
F − 1 light Nambu-

Goldstone bosons in the adjoint of SU(NF ). Their interactions are described as in QCD
by the corresponding chiral effective lagrangian of the form

Lπ = f2

4 Tr(∂µU)2+bTr[MU+h.c.]+WZW, U = exp[iπ/f ]and Mij =miδij .

(2.1)
where WZW is the Wess-Zumino-Witten topological term [36] and π ≡ πaT a, where T a
are SU(NF ) generators. Expanding the lagrangian above to fifth order in the pion field,
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for degenerate quark masses one finds

Lπ = 1
4Tr [∂µπ∂µπ]− M2

π

4 Tr [ππ] + 1
48
M2
π

f2 Tr
[
π4
]
− 1

24 f2 Tr [ππ∂µπ∂µπ − π∂µππ∂µπ] .

+ N

240π2f5 ε
µνρσTr [π∂µπ∂νπ∂ρπ∂σπ] + . . .

The interactions in the first line induce pion elastic scattering while the second line from
the expansion of the WZW term is responsible for pion number changing processes [37].

Baryons. The baryon spectrum is obtained by simply generalizing the eight-fold way of
the strong interactions. The lightest multiplets are [18]:

• for NF = 1, baryons are spin N/2 antisymmetric combinations of N quarks.

• For NF even, baryons are spin 0 particles in the symmetric representation of the
flavor group.

• For NF odd, baryons are spin 1/2 particles in the octet-like representation of flavor.

With our normalization, using QCD values, the lightest baryons are expected to have
masses MB ∼ 10f .

2.1 Cosmological stability

The dark sector is invariant under a global U(1) dark-baryon number. As a consequence
the lightest dark baryon is accidentally stable. The lightest pion is also stable as it is
lightest state of the dark sector. Allowing for higher-dimensional operators can in principle
make dark baryon (pion) unstable over cosmological time scales.

In the absence of light right-handed neutrinos, we have two possibilities to break the
above mentioned dark-baryon number. They involve SM operators |H|2 and LH as the
dark sector is a singlet under the SM. For the lightest baryon B, there are two effective
interactions that lead to decay, B|H|2 (BLH) for even (odd) number of dark colors N .2
The most constraining situation arises when N = 3 as BLH originates from a dimension
7 operator Ψ3LH/M3

Pl. This results in baryon lifetimes that are compatible cosmological
stability of DM,

τB ∼
8πM6

Pl
M7
B

∼ 1027 s
(

4× 108GeV
MB

)7

. (2.2)

Dark pions can decay through dimension 5 and 6 operators of the form,3

1
Λ5

Ψ̄iγ5Ψj |H|2 + 1
Λ2

6
Ψ̄iγµγ5Ψj f̄σµf . (2.3)

2For the special case NF = 1 baryons are higher spin, therefore the effective operators must contain
extra derivatives leading to slower decays. For N odd in the presence of right-handed neutrinos we can also
write BνR, this however leads to suppressed decay within the standard see-saw mechanism.

3Note that operators coupling to SM bilinear fifj are not allowed for dark sectors made of SM singlets.
If right-handed neutrinos exist the decay of pions are chirally suppressed by the mass ratio of light and
heavy neutrinos, within the see-saw mechanism.
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These operators allow the lightest pion to decay to the SM, since they break individual
species number. We focus on the Higgs portal operator that owing to its dimensionality pro-
duces the largest effects. Using 〈0|Ψ̄γ5Ψ|π〉 = c 4πf2 this generates the effective operator,

c
4πf2

Λ5
|H2|π . (2.4)

For Mπ > MH/2 the dark pions can decay into on-shell Higgs. For Mπ < MH/2 the
leading effect is due to the mixing with the Higgs boson, see [22]. The most relevant decay
are tree-level decay to SM fermions and 1-loop decay to photons when the pion is lighter
than electrons. One finds,

Γπ→ff̄ = Nc
Mπ

16πy
2
f sin2 α , Γπ→γγ = α2

256π3
M3
π

v2 cγ sin2 α , (2.5)

where sinα ≈ c4πf2v/(Λ5M
2
H) and the coefficient cγ can be found for example in [38]. For

Mπ < Me, neglecting confinement effects one finds cγ = 121/9. This leads to the lifetimes,

τπ
∣∣
Mπ>2MH

≈ MπΛ2
5

2πc2f4 ≈ 1s
(10TeV√

cf

)4( Λ5
MPl

)2( Mπ

10TeV

)
, (2.6)

τπ
∣∣
2Me<Mπ<2MH

≈ 20
Mπ

Λ2
5M

4
H

c2f4v2
1
y2
f

≈ 2×108 s
(TeV√

cf

)4( Λ5
MPl

)2(Mb

Mf

)2(10GeV
Mπ

)
, (2.7)

τπ
∣∣
Mπ<2Me

≈ 4
M3
π

Λ2
5M

4
H

α2c2f4 ≈ 5×1024 s
(TeV√

cf

)4( Λ5
MPl

)2(MeV
Mπ

)3
. (2.8)

These lifetimes determine the allowed region of parameters of dQCD. If pions are DM
conservatively their lifetime should be larger than 1026 s, see [39, 40] for a more detailed
discussion. In practice since pion DM requires masses below GeV a weaker bound will apply.
If DM is made of baryons the pions can be a subdominant component of DM if they are
cosmologically stable or they should decay before BBN, τπ < 1 s. Since in this case pions are
only a fraction of DM a more detailed study is in principle required but we expect roughly
similar constraints from decays. Concerning baryons instead their lifetime does not lead
to interesting constraints, at least in the regime where the DM abundance is reproduced.

The allowed region of parameter space is drawn in figure 1.

3 Production mechanisms

The dQCD sector we consider in this work is secluded from the SM. Since the SM and the
dark sector communicate only through gravity and Planck suppressed higher dimensional
operators, they are never in thermal equilibrium. It is therefore necessary to explain how
the dark sector is populated in the early Universe. The possible mechanisms of production
in our setup are sensitive to UV parameters, such as the Hubble scale during inflation, HI ,
the reheating temperature TR, or the inflaton couplings. Generally, dark sectors could be
produced in the following ways:
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Figure 1. 2-D contours of the life time of dark baryons (pink) and pions (blue) as a function of
the pion decay constant f and the pion mass Mπ, with Λ5 = MPl and MB = 10 f . Blue region
is excluded if the abundance of pions is comparable to the DM abundance. Massive pions decay
through a dimension 5 operator, see text for details..

1. Production from the SM plasma: through exchange of graviton at tree level [3, 6, 8]
and at loop level [5], as well as through dimension 5 operators suppressed by the
Planck scale via the Higgs portal, as we discuss in this paper.

2. Inflationary production: through quantum fluctuations in an expanding back-
ground [41]. This mechanism requires explicit breaking of Weyl invariance. In our
model at high energies, this breaking is proportional to the fermion masses leading
to very small effects as we will show below.

3. Inflaton decays: the dark sector could be produced with an energy density ∝ρD/ρSM =
ΓD/ΓSM, i.e. the production is proportional to the inflaton branching ratio to the
dark sector.

4. Renormalizable interactions: if heavy fermions charged under the SM exist then the
system will be in thermal equilibrium with the SM at temperatures above the mass.

In the rest of this section we discuss the first two production mechanisms and provide for
them rather general results.

3.1 Tree level production

Any dark sector can be produced from the SM thermal bath as long as it has some fee-
ble interactions [42]. The only unavoidable production mechanism is through tree-level
graviton exchange. In our scenario however higher-dimensional operators (suppressed by
the Planck scale) can also give sizable production rates. We qualitatively discuss these
possibilities below.
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Gravitational production. The yield of gravitationally produced relativistic particles
is given by [11]

YD = 6× 10−6 cD

(
TR
MPl

)3
. (3.1)

Where cD is the central charge of the dark sector and TR the reheating temperature.4 The
presence of the central charge is due to the fact that at TR both the SM and dark sector are
well approximated by relativistic CFTs, and given the tensor structure of the gravitational
coupling, the production rate can be computed simply in terms of the two-point functions
of the stress-energy tensor [44]. Gravitational production gives rise to a dark sector that is
under-populated compared to thermal equilibrium. The typical energy of the dark quanta
produced are however of order of the temperature of the visible sector so that the energy
density is of order ρD ≈ cDT

4T 3
R/M

3
Pl. More precisely, solving the relevant Boltzmann

equation, and neglecting small corrections from quantum statistics, one finds the following
phase space distribution [11]

fD(T, p) ≈ 2π4g∗
135 YD

p e−p/T

T
, (3.2)

which is only marginally different from a thermal Boltzmann distribution.

Planck suppressed operators. The abundance of particles that are produced from
scatterings mediated by Planck suppressed effective operators can be comparable or even
more important than graviton exchange depending on the dimensionality of the operator.
However, contrary to gravitational production these contributions are model dependent,
determined by the UV completion of the model. As a conservative assumption we will
thus allow for higher dimensional operators suppressed by the Planck scale. The most
phenomenologically relevant case arises when we consider the lowest dimensional operator
in the SM, i.e. OSM = |H|2 (Higgs portal). Here we show the production rate for this case
by considering a general d-dimensional operator in the dark sector O as follows

1
Λd−2

UV
|H|2O , [O] = d , (3.3)

where the effective scale ΛUV ∼MPl. As reviewed in appendix A, in the relativistic limit,
scale invariance implies that the 2-point function of O is given by

〈O(x)O(0)〉 = aO
8π4

1
(x2)d . (3.4)

The annihilation cross section is then given by

〈σv〉 = 1
g2
i

aO
4π

T 2d−6

Λ2d−4
UV

. (3.5)

4For a real scalar, Weyl fermion and massless gauge field the values of the central charges are respectively
c0 = 4/3, c1/2 = 4 and c1 = 16, see [43].
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The abundance of dark sector particles is obtained by solving the Boltzmann equation
(see appendix A), we get

YD =
∫ TR

0

dT

T

〈σv〉s
H

Y 2
eq = aO

135
√

5/2
4(2d− 5)g3/2

∗ π8

(
TR

ΛUV

)2d−4 MPl
TR

. (3.6)

Assuming ΛUV = MPl in the above, the dark sector operator of dimension three will result
in the largest yield. This observation is relevant since such operators exist in the dQCD
case considered in this work, the fermion bilinears O = Ψ̄iΨj and O = Ψ̄iγ5Ψj . Such d = 3
operators are also responsible in making the dark-pion unstable.

Inflaton scattering. The dark sector could also be produced through tree-level inflaton
scatterings during reheating [8, 45]. This contribution is negligible in our case in light
of the classical Weyl invariance of the action. As shown in appendix A.1 for a traceless
CFT the production rate is identically zero. This implies that for elementary fermions
and conformally coupled scalars the production is suppressed by the mass of the particle as
found in explicit computations. When the mass gap is created dynamically the suppression
is even stronger because the dynamical scale should not be treated as a mass until the
temperature drops below Λ.

3.2 Inflationary production

A different production mechanism relies on quantum fluctuations, usually called inflation-
ary fluctuations, that can be relevant during (and after) inflation. We assume here Λ < HI

so that the dark sector is deconfined during inflation. The basic principle here is the
time-dependence of the metric background, which induces a change in the vacuum state
interpreted as particle production (see for example [46] for a recent discussion and refer-
ences). Such an effect is very reduced if the theory enjoys an approximate Weyl symmetry,
through which the time-dependence of the metric can be (classically) removed. This is
the case of deconfined gauge fields and fermions, that are Weyl invariant in the massless
limit. This implies that particle production must be proportional to the breaking of Weyl
invariance, due to confinement at H ∼ Λ,during reheating or radiation domination. For
this reason, in our case we expect that the details of reheating will be important, but the
overall contribution to energy density is small as we now discuss. This discussion differs
from the one in [35].

Within the inflationary context, several works have studied the gravitational produc-
tion of elementary particles.5 It is interesting to summarize the results for an elemen-
tary fermion of mass M [10, 48, 49]. If the mass is small compared to Hubble at the
end of inflation He, two contributions are possible depending on the value of Hubble at

5We focus the simplest possibility where the fermions do not couple to the inflaton. Such couplings may
lead to new effects and different phenomenological predictions, see [47].
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reheating HR [10],

YD ≈


5× 10−25

(
M

3.3× 1011 GeV

) 5
2

HR �M ,

5× 10−22
(

M

109 GeV

)(
TR

1010 GeV

)
He �M � HR .

(3.7)

While the precise abundance depends on the details of reheating, the crucial and robust
result for the present discussion is that the production is dominated by co-moving momenta
of order

kc
a
≈M ≈ H(a) . (3.8)

Since we assume M < He this will happen during reheating or in radiation domina-
tion [10, 48]:

kc
ae

= M

(
He

M

) 2
3

or kc
ae

= M

(
He

M

) 2
3
(
M

HR

) 1
6
. (3.9)

In other words, these modes are not produced by inflationary fluctuations but during
reheating or radiation domination when the modes re-enter the horizon and they are non-
relativistic at production.

The discussion above makes it clear that for confining gauge theories the earlier esti-
mates cannot be applied. Since by assumption M < Λ one needs to take necessarily into
account confinement. Similarly to finite temperature as long as H/(2π) > Λ the physical
degrees of freedom are gluons and quarks as the Hubble patch is smaller than the size of
hadrons. When H/2π < Λ the physical degrees of freedom are the hadrons so that one
should turn to a computation in terms of composites. Roughly in the equation above M
should then be replaced by the mass of composite states g∗Λ if this is not too large. A more
detailed computation could be done for the Goldstone bosons. However, we expect these
effects to be rather small and subdominant compared to the contribution from vacuum
misalignment which originates in a completely similar fashion to the case of axion-like par-
ticles. After confinement, the pion field will emerge with a random initial value, π(x) ∼ Λ,
in a given Hubble patch, which should be averaged upon. When Hubble drops below the
mass of the pions Hπ ≈Mπ, they will begin to oscillate behaving as non-relativistic energy
density. It is important to distinguish if oscillations occur during radiation domination or
during reheating. In the latter case the entropy in the SM plasma increases, so we need to
check whether HR ≈Mπ. The yield in the two branches are as follows

MπY ≈


M2
πΛ2

s(Tπ) ≈
0.4
g

1/4
∗

√
MπΛ2

M
3/2
Pl

<
Λ2

M2
Pl
TR , Mπ < HR

M2
πΛ2

s(TR)
H2
R

H2
π

≈ Λ2

M2
Pl
TR , Mπ > HR

. (3.10)

Note that in the second estimate above we have taken entropy dilution into account. We
see that the first case gives a smaller final abundance, numerically we obtain

Ωh2 ∼

√
Mπ

GeV

( Λ
1010 GeV

)2
, Mπ < HR . (3.11)

This contribution will be negligible phenomenologically.
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In the case of pure glue theories [11] no light degrees of freedom analogous to pions
exist. In that case we expect the abundance from inflationary fluctuations to be given by
the formulae above with Mπ →MDG ∼ 5Λ. Note that this estimate agrees parametrically
with the energy released during the phase transition ∼ Λ4.

4 Thermal history

The cosmological history of the dark sector begins with their production. As discussed in
the preceding section, gravitational and inflationary mechanisms considered here lead to a
non-thermal distribution of free quarks and gluons initially. Because of interactions in the
dark sector as the universe expands the system is driven towards equilibrium. The issue of
thermalization of gauge theories is general a complicated problem see for example [50, 51].
Here we will follow [11] where a discussion of thermalization in a cosmological setting is
presented in the context of pure glue gauge theories. Thermalization of the dark quark-
gluon plasma is achieved through number changing processes such us 3 → 2 interactions.
For gravitational production the typical energy of the quanta is of order T so that on
dimensional grounds σ2→3 ≈ α3

eff/T
2 where αeff is the effective coupling that controls

number changing processes. αeff can in principle be derived in terms of the perturbative
gauge coupling and is thus related to the confinement scale. The number density in the
dark sectors is roughly nD ∼ YDg∗T

3 so that the rate for number changing process Γ ∼
YDg∗α

3
effT . Given that the Hubble rate during radiation domination scales as H ∼ T 2/MPl

thermalization unavoidably occurs as long as the temperature is larger than the confinement
scale. We can estimate the visible sector temperature where thermalization takes place as,

T∗ ∼ YDMPl
√
g∗α

3
eff , (4.1)

where αeff is the effective coupling that controls number changing processes, σ2→3 ≈
α3

eff/T
2. A posteriori we can check that the dark sector thermalizes in the deconfined

regime when the DM abundance is reproduced. For this reason the only memory of the
production mechanism is the ratio of temperature between visible and dark sector that we
will take as input in the phenomenological analysis.

As the produced dark sector particles are relativistic, we use conservation of energy
and find that the dark sector temperature is given by

ξ0 ≡ TD
T

=
(
g∗ρD
gDρSM

) 1
4
, (4.2)

where T (TD) is the visible (dark) sector temperature. With g∗ (gD) being the relativistic
degrees of freedom in the visible (dark) sector. This reasoning is valid for the production
from the thermal plasma (through graviton exchange or higher dimensional operators) and
from inflaton decay. Whereas, for the case of inflationary production this argument does
not apply, as dark sector particles are produced while non-relativistic as discussed in the
previous section.

As mentioned before, dQCD is conformal at high energies, thus quantities such as the
central charge (cD), degrees of freedom (gD), and the coefficients of 2-point functions are
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completely determined by N and the number of light flavors (NF ), as follows

cQCDD = 16
(
N2 − 1

)
+ 8NF , gD = 2

(
N2 − 1

)
+ 4NFN ,

aΨ̄Ψ = 8NNF , aF 2/4 =
(
N2 − 1

)
24 .

Depending on the production mechanism considered the initial dark sector tempera-
ture TD has different parametric dependence on the reheating temperature TR, and other
variables in the theory. For example, if the two sectors interact in a renormalizable way ther-
mal equilibrium is always reached at earlier times (or large temperatures) then, ξ0

ren = 1.
Whereas, production via tree-level graviton exchange results in [11]

ξ0
gr ≈ 0.3

(
TR
MPl

) 3
4
. (4.3)

If effective operators with d = 5 dominate the production, then the initial temperature
ratio depends more weakly on the reheating temperature,

ξ0
|H|2 ≈ 0.2

(
aΨ̄Ψ
gD

MPlTR
Λ2

UV

) 1
4

∼ 0.1
(
TR

ΛUV

) 1
4
. (4.4)

Finally, if produced through inflaton decay ξ0 is proportional to the inflaton branching in
the dark sector,

ξ0
dec =

(
g∗ΓD
gDΓSM

) 1
4
. (4.5)

Let us note that the inflaton decay can generate a dark sector temperature larger than the
SM one. As we will discuss below this possibility is rather strongly constrained. With the
initial dark sector temperature determined we now proceed to the discussion of confinement
and phase transition in the dark sector.

4.1 Dark phase transition

Before we evaluate the abundance of DM candidates, we must first consider the nature
of phase transition in our dQCD model. We assume that the sector has thermalized in
the relativistic regime (unconfined phase). Similarly to ordinary QCD, as the dark sector
temperature TD drops below some critical temperature the dark sector confines, resulting
in color singlet states such as dark-baryons and dark-pions.

Depending on N and NF the phase transition could be first-order, or a cross over. A
few comments are necessary at this point. Most studies often focus on the dynamics of
pure-gluonic theory as they are relevant from a fundamental perspective, i.e. they capture
the essential qualitative features of the phase transition, and they are numerically more
convenient [52]. In this case it is found that the phase transition is first order [53] (and
references within) from lattice calculations. Essentially, transition occurs without super-
cooling and in equilibrium, resulting in a small increase of entropy [54].

Inclusion of light fermionic degrees of freedom can change the above picture qualita-
tively [55, 56]. In this case phase transition can be first order or cross-over depending on
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NF . It is found that the transition is weakly first order for 3 ≤ NF . 4N for N > 3 [54],
which is expected to be adiabatic with the critical temperature Tc ' O(1) f [57].

As the phase transition completes the system reorganizes in color neutral states. We
call TΛ the SM temperature when this happens. In this confined phase baryons and pions
are the physical degrees of freedom. As pions are quite light (Mπ . 5 f), they are relativistic
at production in the dark plasma. Consequently their interactions grow with energy, such
that they are sufficiently fast and equilibrate. Baryons on the other hand are heavy with
MB ∼ 10 f . Nevertheless they also thermalize with dark thermal bath, but their abundance
is suppressed at the phase transition as the temperature is smaller than MB.

If the phase transition is a cross-over or sufficiently adiabatic we can use entropy
conservation to determine the temperature after the phase transition.6 One finds that the
ratio of temperatures ξ ≡ TD/T |TΛ right after the phase transition is given by,

ξ

ξ0
≈
(

2
(
N2 − 1

)
+ 4NNF

N2
F − 1

) 1
3

. (4.6)

Let us discuss the case when the interactions are not sufficiently strong to thermalize
in the relativistic regime, i.e. T∗ < Λ in eq. (4.1). If the pions are relativistic right after the
phase transition they will thermalize. The leading number changing process is due to the
Wess-Zumino-Witten term N/(4π)2∂4π5/f5 that induces 2 → 3 processes. This leads to
number changing processes with cross-sections σ2→3 ∼ N2T 8/f10 which are unsuppressed
at the phase transition leading to rates faster than Hubble. In this case we can estimate
the temperature using conservation of energy as in eq. (4.2).

4.2 Dark sector temperature after the phase transition

On the completion of the phase transition the dark baryons and pions thermalizes with
a ratio of temperature ξ = TD/T if rates are sufficiently fast. In this phase we take TD
to be the temperature of the dark pion gas, which will be relativistic for (much) longer
than baryons. In principle the dark sector can have a temperature evolution different for
each (relativistic/non-relativistic) species. However, as baryons and pions interact with
each other we expect their temperature to be the same, thanks to kinetic equilibrium. In
principle, however, they might be different and can be defined as [59, 60]

Ti ≡
Pi(Ti)
ni(Ti)

= gi
ni(Ti)

∫
d3pi
(2π)3

p2
i

3Ei
fi(Ti) . (4.7)

where Pi is the pressure of the i-th species. By integrating the Boltzmann equation for the
i-th species, with a weight p2

i /(3Ei), we get

ni
Ti

(
Ṫi + δiHTi

)
= −

(
ṅi + 3Hni

)
+ gi
Ti

∫
dπiC[fi ·

p2
i

3Ei
] . (4.8)

6In [58] the temperature after the phase transition was determined through energy conservation assuming
that the phase transition of pure glue theories is explosive, increasing the entropy. We believe a transition
in quasi-equilibrium is more plausible for QCD-like theory. Nevertheless the two conditions lead to a similar
temperature after the phase transition.
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With
δi ≡ 1 + gi

Tini

∫
d3pi
(2π)3

p2
i

3Ei
m2
i

E2
i

fi(Ti) =
{

1 Ti � mi

2 Ti � mi .
(4.9)

We consider the case where kinetic equilibrium is maintained in the dark sector, this
enforces all temperatures to follow the one of dark pions, Ti = TD. It is then useful to
define the total number of dark sector particle, n ≡ ∑i ni, to recast the set of Boltzmann
equations into a single one

n
ṪD
TD

+ nHTD +
∑
i

ni(δi − 1)HTD ≈ −(ṅ+ 3Hn) . (4.10)

Given that pions are more abundant that baryons we can simply follow the evolution
of the number density of pions. Moreover the total number of dark sector particles is
approximately conserved during the freeze-out of baryons (we neglect possible cannibalistic
effects when pions are non-relativistic), so that the evolution of the dark sector temperature
TD only depends on pions being relativistic or non-relativistic. Therefore in terms of the
visible temperature we expect the following behavior

TD(T ) =


(
gs∗(T )
gs∗(TΛ)

) 1
3
ξ T, TD > Mπ equivalent to TΛ ≥ T > Mπ/ξ(

gs∗(T )
gs∗(TΛ)

) 2
3
ξ2 T

2

Mπ
, TD < Mπ equivalent to T < Mπ/ξ

, (4.11)

where we have included the effect of the decoupling of SM species.

4.3 DM abundance

In what follows we assume that the system has thermalized and ξ is the ratio of tempera-
tures of the dark sector and SM after the phase transition.

Pion abundance. The numerical abundance of dark pions is mainly set by the phase
transition. If the phase transition takes place in approximate thermal equilibrium we can
estimate the abundance of pions at the onset of the confined phase as

nπ =
(
N2
F − 1

) ζ (3)
π2 T 3

D∗ , ρπ =
(
N2
F − 1

) π2

30T
4
D∗ . (4.12)

The yield of pions (defined with respect to the SM entropy), at the end of the phase
transition, is then given by

Yπ =
(
N2
F − 1

) 45ζ(3)
2π4g∗

ξ3 . (4.13)

We notice that, since the dark sector only consists of baryons and pions, and that the
baryons are heavier than TD∗, the baryon abundance is already suppressed at the onset.
The above yield (and energy density) of pions is mostly unaffected by the subsequent evo-
lution. The reason for this is that pions will be relativistic during the freeze-out of baryons.
There might be an exception if pions are subject to number changing processes while non-
relativistic during and/after baryon freeze-out, however this ‘cannibalistic’ phase would
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only deplete the above yield by a logarithmic correction [14]. If the pions are cosmologi-
cally stable eq. (4.13) can be used to compute the DM abundance and the corresponding
DM mass

Ωh2

0.12 ≈ 0.6
(
N2
F − 1

) Mπ

0.1GeV

(
ξ

10−2

)3 (106.75
g∗

)
→ MDM

π ≈ 0.14 keV
N2
F ξ

3

(
g∗

106.75

)
.

(4.14)
The value of DM mass is compatible with cosmological stability if it does not exceed
O(100 GeV). Lighter DM masses are achieved in theories with large number of flavors, as
MDM
π ∼ 1/NF . Which takes into account the dependence on NF in ξ and ξ0.
In realizations where ξ0 � 10−3 the prediction for DM mass is incompatible with

stability as estimated in eq. (2.6). In this case the pions decay to the SM injecting entropy
into the SM plasma diluting the abundance of baryons. We estimate this by computing
the release of energy at a temperature TΓ ≈ 1.9(MPlΓπ)2/3/(g∗MπYπ)1/3 when H ∼ Γπ
(assuming matter domination, valid for TΓ < (4/3)MπYπ), we derive the new entropy
density of the SM and the corresponding dilution factor η as

η = s

sΓ
≈ min

[
1, 0.8(TΓ/Mπ)3/4

Y
3/4
π

]
≈ min

1, 1.3
g

1/4
∗

(
M2

PlΓ2
π

M4
π

)1/4 1
Yπ

 . (4.15)

Asymptotic yields of stable particles have to be multiplied by η. Numerically we imple-
ment the full calculation, and under the assumption of matter domination at the time of
decay [61]. In order for the scenario to be viable we require that the reheating temperature
after the entropy release from the decay of the pions to be TR,π ≈

√
MPlΓπ & 10 MeV.

Baryon abundance. The relic abundance of baryon is set by annihilation into multi-
pion final states and the corresponding Boltzmann equation reads,

dnB
dt

+ 3HnB = −
∑
n

〈σv〉n
[
n2
B −

(
nπ

neq
π (TD)

)n
(neq
B (TD))2

]
. (4.16)

Where we have allowed for annihilation to n pions that are expected to dominate compared
to two-pion processes [62]. The equilibrium number density are computed in terms of the
dark sector temperature given by eq. (4.11). In the relativistic regime whether the pions
are in equilibrium or not they will have thermal distribution at temperature TD = ξT due
to the initial conditions. This allows us to rewrite the equation above in terms of the total
annihilation cross-section. With the standard manipulation the equation above can be cast
in the following form

dYB
dTD

= 〈σv〉s (T )
H (T )TD

[
Y 2
B − (Y eq

B (TD))2
]
, (4.17)

with TD being the dark sector temperature. Due to the linear relation between T and
TD this is just the standard freeze-out equation with an effective cross-section 〈σv〉/ξ0. It
follows that the freeze-out takes place as usual when Td ∼ MB/25 and the abundance is
just re-scaled by ξ.7 When the baryons are in thermal contact with the SM the abundance

7The freeze-out condition on TD is still determined by the condition 〈σv〉neq
B (TD) ≈ H(T ), which gives

a condition MB/TD
∣∣
f.o.
≈ log(MBMPl〈σv〉/(5.2

√
g∗)) + 2 log ξ.
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is obtained for masses around 100TeV corresponding to annihilation cross-section σv ∼
25/M2

B. In this case the abundance is given by,

ΩBh
2

0.12 ≈ ξ
(
g∗ + gDξ

4

106.75

)1/2 ( MB

100 TeV

)2
→ MDM

B ≈ 100 TeV√
ξ

( 106.75
g∗ + gDξ4

) 1
4
. (4.18)

Note that this mechanism allows us to easily avoid the unitarity bound of standard freeze-
out. In the case of pion DM the baryon abundance is a negligible contribution to the energy
density. The above formula does not take into account the possible dilution coming from
the late decays of unstable pions (see eq. (2.6)). In this case the final abundance has to be
modified by a factor equal to eq. (4.15). If pions inject sufficiently large entropy, the DM
baryon mass estimate gets modified to

MDM
B ≈ 100 TeV√

ξ

( 106.75
g∗ + gDξ4

) 1
4

max

1, 10NF ξ

(
g∗ + gDξ

4

106.75

) 1
8 ( Mπ

104 GeV

)3/8
 , (4.19)

where we used eq. (2.6) for pion decay through the Higgs portal. For the model under
consideration, we notice that when dilution is important the dependence on ξ drops out
when ξ →∞. The abundance scales as

ΩBh
2

0.12 ∼
g

1/4
∗

g
1/2
D

√
MPlΓπ
Mπ

(
MB

100 TeV

)2
. (4.20)

This corresponds to the limiting case where initially the SM sector is not populated and it
entirely originates from the reheating of the plasma upon pion decay.

The above estimates need to be revised if the baryon freeze-out happens when the
pions are also non-relativistic. In order for this regime to be relevant the pions have to
be Mπ & TD|f.o, and we have two possible cases to consider depending on whether pion
number changing processes are fast or not.

Non-relativistic pions decoupled. Assuming that pion number changing processes are
irrelevant nπ ∝ 1/a3. Since v2 ∝ 1/a2 the effective temperature drops as TD ∼ 1/a2. This
implies that the second term in the Boltzmann equation is enhanced by enMπ/TD . Note that
in this case the Boltzmann equation cannot be cast in terms of total annihilation cross-
section and processes with the largest number of pions are favored. By taking inspiration
from nuclear physics data [62] we argue that the dominant channel is the one dominated
by the largest number of pions allowed kinematically, Qn,max = 2MB − nMπ → 0. The
Boltzmann equation then reduces simply to

ṅB + 3HnB ≈ −〈σv〉n,max

[
n2
B −

(
nπ

neq
π (TD)

)n
(neq
B (TD))2

]
. (4.21)

The loss of equilibrium is then set by the condition 〈σv〉n,max (nπ/neq
π )n/2 neq

B ≈ H, which,
taking into account that T =

√
TDMπ/ξ, gives a freeze-out temperature Qn,max/TD|f.o. ≈

2 log(〈σv〉n,maxMπMPlξ
2). By solving the differential equation we get

Ω(n,max)
B

ΩB
≈ 0.1 MB√

mπQn,max

〈σv〉
〈σv〉n,max

. (4.22)
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This shows that we do not expect a large deviation from the previous case, since the largest
deviation appears forMπ &MB/20 and Qn,max ≈Mπ, which does not lead to a large effect.

Non-relativistic pions in equilibrium. If the pion number changing processes are fast,
then dark pions undergo ‘cannibalism’ that will make nπ track neq

π with a new scaling of the
temperature TD(T ) fixed by conservation of entropy. Since we are studying the freeze-out
of baryons, we do not consider pion-number changing processes involving baryons, that
will eventually decouple, but we focus on pion self-interactions induced by the WZW in
the chiral lagrangian, that allows for πππ → ππ. If self-interactions decouple later than
baryon annihilations, this corresponds to a ‘cannibal phase’ [63, 64]. We acknowledge the
possible presence of this effect, but neglect the logarithmic corrections to baryon and pion
abundance induced by cannibalism. Phenomenologically in the regions where Mπ ≈ MB,
pions are non-relativistic during baryon freeze-out, this will not play a major role in the
following discussion.

5 Phenomenology

The phenomenology of our scenarios is essentially determined by 3 parameters,

f , Mπ , ξ . (5.1)

The dark pion decay constant f is also roughly the temperature of the deconfinement phase
transition while the mass of the baryon is MB ∼ 10f . The relic abundance formulae for
both baryons and pions (when they are stable) impose a relation between these quantities
so that ξ can be eliminated in terms of the other parameters. It is then useful to discuss
these models in the plane (Mπ, f). We will discuss the phenomenology of our model in
terms of these two parameters, determining ξ from the DM abundance constraint.

The results of the phenomenological study are summarized in figure 2.
In the rest of this section we discuss in detail the phenomenological implications of our

model, and at the end we characterize the possible phases of our scenario.

5.1 DM self interactions

The elastic self scattering cross-section of dark baryons is expected to be at least geometrical
and possibly enhanced by light di-baryon intermediate states. Re-scaling the QCD value
one finds

σBel ≈
4π
M2
B

. (5.2)

The abundance of baryons reproduces the correct DM abundance only for extremely heavy
baryons, MB & 100 TeV (see eq. (4.18)), and this does not lead to any experimentally
interesting constraints. Of more interest are pions self-interactions, that could show up both
in the Bullet Cluster and Ly-α constraints as we will discuss in the following. The leading
interaction can be computed from the expansion of the chiral lagrangian (2), see [37]. The
elastic cross-section at low energy is just,

σπel '
1

64π

(
3N4

F − 2N2
F + 6

)
N2
F

(
N2
F − 1

) M2
π

f4
NF→3= 77

1536π
M2
π

f4 . (5.3)
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Figure 2. Parameter space of (secluded) dark QCD as a function of Mπ and f , with baryon
mass fixed to MB = 10f , NF = 3 and Λ5 = MPl = 2.4 × 1018 GeV. On the black solid isolines
DM abundance is reproduced by dark baryons, while on the black dashed isolines by dark pions.
Regions of stability are as in figure 1.

We show regions (shaded in gray in figure 2) that are excluded by the limit on DM self-
scattering cross section (σπel/Mπ < cm2/g) from the Bullet cluster [65].

5.2 Dark radiation

If the quark masses are vanishing, Mπ ∼ 0, DM is made of baryons while pions contribute
as dark radiation. Assuming TΛ > 100GeV, the contribution to the relativistic number of
degrees of freedom at the CMB epoch is

∆Neff
∣∣
CMB = 4

7

(
gν
geff

)4/3 (
N2
F − 1

)
ξ4 = 0.027

(
N2
F − 1

)
ξ4 , (5.4)

where gν = 43/4 is the number of degrees of freedom at neutrino decoupling. For NF = 3
and ξ0 = 1 this leads to a contribution close to the experimental bound, which we take
∆Neff . 0.25 at 95% confidence level [66]. This translate into a bound on the ratio of
temperature ξ . 1. This bound is expected to significantly improve in the coming years to
reach a 1σ exclusion bound of ∆Neff < 0.027 during the CMB stage IV [67]. These regions
are depicted in dark green in figure 2.

5.3 Structure formation

Two of the key parameters that control structure formation are the free streaming and
collisional damping scales [68]. We discuss this for the case of pion DM, since baryons
are usually sufficiently heavier than the mass scales probed by structure formation. Here
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we summarize the relevant equation for free-streaming and collisional damping scales. As-
suming that DM becomes non-relativistic at a time a(tNR) = aNR before matter-radiation
equality, aeq = a(teq), we have the following expressions

λFS =
∫ teq

tdec

dt

a(t)〈v(t)〉 , (5.5)

λ2
coll. =

∫ tdec

0

dt

a(t)2
〈v(t)〉2

n(t)〈σelv〉
. (5.6)

In order to perform these integrals it is often convenient to change variables dt=da/(aH(a)),
taking into account that deep in radiation domination H(a) ≈ H0(aeq/a)2(1/aeq)3/2.
We can derive analytical expression depending on whether decoupling occurs while DM
is relativistic or non-relativistic. We identify the decoupling time through the relation
n(t)〈σelv〉 ≈ H(tdec) as in [69],8 and we parameterize the DM velocity as 〈v(t)〉 = θ(aNR −
a) + (aNR/a)θ(a− aNR), which takes into account the non-relativistic behavior with a step
function, see also [70]. The scale factor when DM becomes non-relativistic is given by

aNR ≈ ξ
3T0
Mπ

(
gs∗(T0)
gs∗(TΛ)

) 1
3
. (5.7)

The above integrals are dominated by the time when DM becomes non-relativistic, and
they scale with the above parameter, aNR. Indeed we can compute the above formulae
in two different regimes for the DM velocity and find that the maximum scale is always
proportional to aNR, with or without interactions. Depending on whether the decoupling
occurs when DM is relativistic or not, one finds

λFS = aNR

H0
√
aeq

[
1− adec

aNR
+ log

(
aeq

aNR

)]
θ (aNR − adec) + aNR

H0
√
aeq

log
(
aeq

adec

)
θ (adec − aNR) ,

(5.8)

λcoll. = adec√
3H0
√
aeq

θ (aNR − adec) + aNR√
2H0
√
aeq

(
1− 1

3
a2

NR
a2

dec

) 1
2

θ (adec − aNR) . (5.9)

We see that the largest scale is always of the order of λmax ≈ aNR/(H0
√
aeq), while

adec, and hence the self-interactions, only gives a subleading correction. This is similar to
the case analyzed in [70], where self-interactions give negligible effects unless they are large
enough to be in tension with the Bullet Cluster constraint (see our footnote 8).

Therefore with this observation, and for the level of our discussion, it is enough to
compute the free-streaming length. By retaining the relevant parametric dependencies we
find the following approximate expression

λFS ≈ 0.3 Mpc KeV
Mπ/ξ

( 106.75
gs∗(TΛ)

) 1
3
. (5.10)

8Requiring that the self-interactions decouple at matter-radiation equality gives an upper bound on
σel/Mπ,

σel

Mπ

∣∣∣∣
eq

.
aeq

aNR

a
3/2
eq

3H0M2
PlΩDM

≈ 10−3 aeq

aNR

cm2

g ≈ 10−3 Mπ/Teq

ξ

cm2

g .

This bound has to be compared with the one arising from the Bullet Cluster and it is usually subdominant
if DM becomes non relativistic early on.
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We notice that the SM temperature when pions become non-relativistic is approximately
TNR ≈ ξ−1(Mπ/3)(gs∗(TΛ)/gs∗(TNR)) 1

3 , which can be much smaller than MeV, so that it
makes sense to consider gs∗(TNR) = gs∗(T0). See also [71] for an analytic estimate of the
above quantity. An upper bound on λFS arises from the study of the Ly-α forest [68],
assuming 100% of DM. By using eq. (4.14) we can therefore impose the relic abundance
constraint and we get the following expression for the free-streaming length

λFS
∣∣
ΩDM

≈ 20 Mpc ξ4
(
N2
F − 1
8

)( 106.75
gs∗(TΛ)

) 1
3
. (5.11)

We see that the effect decouples fast when ξ � 1. Upon imposing the constraint from the
relic abundance we see that TNR|ΩDM≈60eV/(N2

F ξ
4)×(g∗(TΛ)/106.75)×(gs∗(TΛ)/gs∗(TNR)) 1

3 ,
which for the region relevant for Ly−α constraints is certainly below the e+e− decoupling
temperature, as expected. Phenomenologically we impose the constraint λ2

FS + λ2
coll. .

(0.06 Mpc)2 [69]. These regions are shown in light green in figure 2.

5.4 Gravitational waves

The confinement/de-confinement phase transition is expected to be first order for 3 ≤
NF . 4N massless fermions. In this case there can be production of gravitational waves.
Actually, most likely the transition proceeds in quasi equilibrium [72, 73] leading to a very
small amplitude. Here we entertain the possibility that the transition occurs explosively
leading to a larger amplitude. Even so as will show it is quite difficult to obtain an
observable signal, see [74] for related work.

If the phase transition completes while the expansion of the Universe is driven by the
visible sector we expect a very small power spectrum of gravitational waves, roughly speak-
ing suppressed by a factor ξ8

0 , with respect to the case of an analogous phase transition hap-
pening in the visible sector. The reason for this suppression can be understood as follows.
If the phase transition in the dark sector happens at the dark nucleation temperature and
amount of energy ρGW is deposited into gravitational waves, the relic abundance today is

Ωgw = Ω∗gwΩγ

(
gs∗(T0)
gs∗(TΛ)

) 4
3 g∗(TΛ)
g∗(T0) ×

ρtot(Tn)
ρR(TΛ) . (5.12)

Where TΛ is the SM temperature after the phase transition, and gs∗(T ) = gs∗,SM(T ) +
ξ3g∗D(T ) and g∗(T ) = g∗,SM(T ) + ξ4g∗D(T ). If reheating is instantaneous, by conservation
of energy ρtot(Tn) = ρR(TΛ), where ρR includes all the relativistic contributions to the en-
ergy density ρR = ρSM+ρD. The expression for Ω∗gw depends on the production mechanism
for gravity waves, by focusing for example on bubble collision contribution we get

Ω∗gw
∣∣
vacuum≈

(
H (Tn)
β

)2 L2
h

(ρR+Lh)2

∣∣∣∣
Tn

≈
(
H (Tn)
β

)2 900 L2
h

T 8
D,n

π4g2
SM,∗

ξ8
0(

1+ ξ4
0
g∗

(
gD+ 30

π2
Lh
T 4
D,n

))2 .

(5.13)
Where in the second equality we have estimated the latent heat Lh = T 4

D,c, with TD,c the
critical temperature. Without substantial supercooling TDn ≈ TD,c, therefore we see that
Ω∗gw ≈ ξ8

0 and therefore completely negligible.
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Figure 3. Gravity wave amplitude and frequency for the case of unstable pions. Blue and red
isolines correspond to the amplitude and frequency of the gravitational waves respectively (assuming
supercooling β/H ∼ O(1)). In this region of parameter space the largest signal is achieved when
the dark sector is initially at higher temperature than the visible one: the extreme scenario where
DM abundance is reproduced starting from an empty visible sector (ξ → ∞) is given by the solid
black line. The points where blue and black lines intersect are predictions for the amplitude of the
gravitational wave spectrum with the constraint on DM abundance.

The only exception to this intrinsic suppression is to explore models with supercool-
ing TDn � TD,c (see for example [75] for supercooling in the visible sector). A phase
of supercooling depletes exponentially ρR and makes Lh dominant in the above formula,
maximizing Ω∗gw. In this scenario after the phase transition, only the dark sector is popu-
lated, leading naturally to models with ξ → ∞. As we discussed in section 4.3, for large
ξ, the models are viable only if pions decay fast enough to the SM. In this case, however,
the computation of today’s abundance has to be revised to take into account the dilution
coming from entropy injection due to pion decays.

Supercooled dark QCD with unstable pions: DM producing the SM. Let us
now consider supercooled phase transitions, with TDn � TD,c. When the phase transition
completes the dark pions dominate the energy budget of the Universe and then they decay
to the SM, reheating it at a temperature TR,π. The energy density of gravitational waves at
production, ρgw redshifts as a−4, giving today ρgw,0 = ρgw(a∗/a0)4. If the reheating of the
SM happens instantaneously after the phase transition, then eq. (5.12) applies. However,
in our secluded case the decay to the SM is not fast and we have to take it into account for
the computation of the scale factor. Schematically we identify three stages of evolution,
i) relativistic pions; ii) matter domination due to pion abundance up to pion decay, iii)
standard cosmological evolution starting from a reheating temperature TR,π (instantaneous
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entropy injection). Therefore we approximately decompose the redshift evolution as

a∗
aNR

=
(
ρNR
ρ∗π

) 1
4
,

aNR
aΓ

=
(
ρSM (TR,π)

ρNR

) 1
3
,

aΓ
a0

=
(
T0
TR,π

)(
gs0
gsR

) 1
3

, (5.14)

where ρ∗π is given by eq. (4.12) and TR,π is the SM (reheating) temperature after the
injection of the entropy of the dark sector. Assuming instantaneous decay of pions at
HR ≡ 0.33√g∗T 2

R,π/MPl = Γπ the overall redshift can be cast in the form,

a∗
a0

=
(
aNR
a∗

) 1
3
(3M2

PlΓ2
π

ρ∗π

) 1
3
(
T0
TR,π

)(
gs0
gsR

) 1
3
. (5.15)

Here we assume that the Hubble parameter is dominated by the dark sector until pion
decay. With supercooling and instantaneous reheating of the dark sector after completion
of the PT ρ∗π ∼ Λ4. Using eq. (5.15) the abundance reads,

Ωπ−decay
gw = Ωγ

ρgw
ρ∗π

(
gs∗ (T0)
gs∗ (TR,π)

) 4
3 g∗ (TR,π)
g∗ (T0) ×

(
aNR
a∗

) 4
3
(

3M2
PlΓ2

π

ρ∗π

) 1
3

(5.16)

that holds when (aNR/a∗)
4
3 (3M2

PlΓ2
π/ρ
∗
π) 1

3 is smaller than one. The peak frequency is also
affected by the dilution, becoming smaller

fpeak = 3.8× 10−6 Hz f∗
H∗

(
g∗(TR,π)
106.75

) 1
6
(

TR,π
100GeV

)
×
(
aNR
a∗

) 1
3
(

ρ∗π
3M2

PlΓ2
π

) 1
6
. (5.17)

The numerical values of the above two quantities are shown in figure 3, where we also show
the baryon DM abundance compatible with supercooling (ξ →∞).

As shown in figure 3 maximal peak frequency in the supercooled scenario is ∼ 10−1

mHz. At such frequencies the maximal amplitude of GWs ∼ 10−11 could be eventually
tested with LISA [76]. It is worth noting however, at these frequencies and amplitudes
stochastic astrophysical foregrounds also exist. Most notably from the mergers of compact
objects such as neutron star- neutron star [77] and white dwarf — white dwarf binaries [78,
79]. Indeed, to probe our scenario (or any other similar scenario) one has to identify and
subtract the astrophysical foregrounds. There are two distinct sources of foregrounds at
GW frequencies O(mHz), galactic compact binaries and extra-galactic ones, respectively.
It is thought that the galactic component of the foregrounds could be subtracted, however,
the extra-galactic binary mergers are thought to contribute to the irreducible background
or so called confusion noise [80–82]. Finally, we remark that foreground subtraction appears
to be experimentally challenging even at frequencies ∼ Hz which is studied in great detail
in refs. [83, 84]. Considering all the current experimental challenges, supercooled phase
transitions could perhaps be tested given a far future experimental break through.

In this section we have made a preliminary assessment of GW signals in the most
optimistic case of super-cooled phase transition followed by dilution due to the decay of
massive dark pions. A positive detection of these GWs could point towards new physics
realised by models which are classically conformal at high energies. We leave a more
dedicated study of GW signals for future work.
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5.5 Phenomenological summary

From the previous discussion we have identified three possible scenarios that provide the
correct relic abundance of dark-baryons and -pions. In this subsection we summarize our
findings and comment on the novelty in each of the scenarios. The overall parameter space
is shown in figure 2.

Baryon DM + pion DM. If the dark pions are lighter than GeV, they can be cosmo-
logically stable. In this branch, both baryons and pions are DM, and the mass scale varies
significantly with the value of ξ. The baryons are the dominant component of DM as long
as the pions are lighter than Mπ < 100 MeV(f/105GeV)6. This scenario is represented in
the left region of figure 2. For ξ < 10−3 the DM abundance is dominated by the baryons
(horizontal solid lines in figure 2), and it corresponds to the darkest scenario, with basically
no observable effects. For moderate value of ξ instead and for DM dominated by the pions,
there could be visible effects in structure formation, both from the Bullet Cluster and Ly-α
constraints. The latter strongly disfavor secluded dark sectors with ξ ≈ 1. It is interesting
for example to consider the case of an initial value of ξ0 = 1, such a scenario with equal
initial temperatures is realized if renormalizable interactions exist between the dark sector
and the SM, most simply if there exist heavy fermions charged under both the SM and the
dark sector. Note that from eq. (4.6) after the phase transition the dark sector temperature
slightly increases. For example for N = NF = 3 one finds ξ = 1.85 (while N = 3 with
NF = 2 gives ξ = 2.35). Such values of ξ are grossly excluded by structure formation.

Baryon DM with ultra-light pions. When the dark pions are so light that they cannot
be DM, they behave as radiation at the BBN and CMB epoch, therefore they are subject
to the bound from ∆Neff . This region, where DM is made entirely by the baryons is the
leftmost part of figure 2. For moderate ξ this region is constrained by the value of the
number of relativistic degrees of freedom. In the plot we show the expected bound from
CMB stage IV, in dark green.

Baryon DM with fast-decaying pions. For larger dark pion mass, pions are unstable,
although they could be sufficiently long lived to modify the baryon relic abundance through
late entropy injections (still with τπ < 1s to avoid BBN constraints). This region is on
the top-right part of figure 2. Since DM baryon are heavy, there is no constraint from
self-interactions in this branch of the parameter space. The relic abundances isolines of
figure 2 are of two types in this region: horizontal lines with no dependence on Mπ and
oblique lines with dependence on Mπ. The former correspond to small values of ξ, that
are insufficient to achieve a large entropy injections, while the latter to moderate and large
values of ξ. When ξ is sizable, the DM abundance of baryon does not depend anymore
on ξ: this is the limiting case where the SM is extremely cold initially and it originates
entirely from the dark sector (cfr. eq. (4.19)). As discussed in the previous subsection it is
the region of parameter space where we can expect a signal in gravitational waves, albeit a
very tiny one and possibly unobservable. The most optimistic predictions for the amplitude
and frequency of the gravitational waves are shown in figure 3, which is a zoomed-in version
of the upper right region of figure 2.

– 22 –



J
H
E
P
1
2
(
2
0
2
1
)
1
3
9

6 Conclusions

If DM is part of a truly dark sector, with no sizable interactions with the SM, the experi-
mental chances to have a glimpse of the nature of DM are dim. However, while being clearly
a nightmare scenario, this possibility cannot be merely discarded. A strong theoretical mo-
tivation to study secluded dark sectors is that they elegantly provide cosmologically stable
DM candidates without ad hoc assumptions. The seclusion is automatically realized when
the dark sector is a non-abelian gauge theory with fermions that are singlet under the SM.
This in turn gives rise to interactions with potentially interesting effects for cosmology.

In this work we studied a QCD-like dark sector, connected to the SM only through
gravitationally suppressed interactions. This leads to dark baryon and dark pion DM can-
didates in different regions of parameter space. Depending on the production mechanism
the dark sector has a different temperature from the visible sector and this determines the
DM relic abundance and phenomenology. This simple example already generates reach
and non-trivial dynamics: an early phase of dark radiation, then a confinement (chiral
symmetry breaking) phase transition to a dark sector with two mass scales, the baryon
and pion mass.

In the context of gauge theories with fermions a dimension-5 operator through the
Higgs portal has a dramatic impact even when suppressed by the Planck scale. This
boosts the production of the dark sector through freeze-in and it allows the pions to decay.
The latter effect can modify the cosmological history of the Universe with an early phase
of matter domination, and severely constrains the scenario if the pions decay at late times.
Contrary to the pure glue scenario [11], the existence of pions that are lighter than the
confinement scale opens new phenomenological avenues.

Quite remarkably we have shown that gravitationally coupled dark QCD is quite con-
strained through a combination of constraints from CMB, BBN, structure formation and
self-interactions and can be further tested with future observations. The constraints de-
pend on the initial temperature of the dark sector. If the dark sector was originally in
thermal contact with the SM only a small region of parameters is allowed where DM is a
baryon and pions decay rapidly.

Two regions of parameters are currently allowed. If the pions are lighter than GeV they
can make up all the DM and be as light as the mass scale currently tested with Ly-α forest
observations. We have carried out a very preliminary study of the impact of light pion DM
on structure formation, emphasizing both the role of free-streaming and self-interactions.
It turned out that both effects gives parametrically the same model dependence on the
matter power spectrum. When the temperature of the dark sector is equal to the SM pion
DM would have mass around KeV and this is grossly excluded by structure formation.

On the contrary, when the dark pions are heavier than the Higgs mass they decay before
BBN but they can be sufficiently long lived to realize an early phase of matter domination.
Upon decay to the SM such a phase ends with a large entropy injection into the SM plasma
diluting DM abundance. This leads to baryon DM with mass 100TeV or larger. In such
a scenario the energy budget of the Universe at the dark QCD phase transition might be
dominated by the dark sector, opening up the possibility to have signals of gravitational
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waves from the first order confinement phase transition, albeit their amplitude and peak
frequency are diluted by the entropy injection. Our preliminary study indicates that even in
the most optimistic case of sizable supercooling (that is unlikely in QCD-like theories), the
peak amplitude and frequency are about ΩGW ∼ 10−11 andO(mHz), respectively. Allowing
for a faster decay of the pions might lead to larger observable gravity wave signals.

The exploration of truly dark sectors can be pursued in several future directions. We
plan to explore more general portal interactions between the visible and the dark sector,
employing the formalism of CFTs, and generalize the discussion of freeze-in in section 3.
Dark sectors with a tiny connection to the SM can provide an early phase of matter
domination terminated by the decay to the SM via irrelevant operators. Since this can
have an impact for gravitational waves, we reserve to explore this possibility in greater
detail in future work. For baryon DM indirect detection signal of decaying pions deserve
further study. Finally for pion DM a more detailed study of effects on structure formation
due to free-streaming/self-interactions is required in some regions of parameters.
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A Production of CFT from contact operators

In this appendix we extend the computation in ref. [11] to the production of a dark sector
through the Higgs portal coupling,

1
Λd−2

UV
|H|2O , [O] = d . (A.1)

We will phrase our formulae for a general operator O of the CFT, see [85] for a recent
discussion. As a special case they can be applied to perturbative gauge theories with
fermions and gauge fields or conformally coupled scalars. The two point function of O in
real and Fourier space is given by

〈O (x)O (0)〉 = aO
8π4

1
(x2)d

, 〈O (p)O (−p)〉′ = −i aO2π2
Γ (2− d)
4d−1Γ (d)

(
−p2

)d−2
, (A.2)

The total cross-section for production of CFT states from two Higgs can be simply obtained
through the optical theorem. In the massless limit σtot = ImMforward/s, where

iMforward = − 4
Λ2

UV
〈O(p)O(−p)〉′ . (A.3)

By taking the imaginary part one finds

σHH→CFT = 4aO
π3/2

Γ(d+ 1/2)
Γ(d− 1)Γ(2d)

sd−3

Λ2d−4
UV

. (A.4)
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With this we can compute the collisional term in the Boltzmann equation, which can be
cast into the following form [11]

C(t, p)
E

≈ e−p/T

512π3p2

∫
ds

∫ ∞
s
4p

dp3
2
s
e−p3/T 16πσ(s) = T

e−p/T

16π2p2

∫
dsse−s/(4pT )σ(s) . (A.5)

Inserting (A.4), we obtain the expression

CHH→CFT
E

= aO
pd−3e−

p
T

2π3Γ(d)
T d

Λ2d−4
UV

. (A.6)

This can be used to determine both the thermally averaged cross-section and to find a
solution for the phase space distribution by direct integration of the Boltzmann equation.
We can compute the thermally averaged cross-section as

2γ ≡ n2
eq〈σHH→CFTv〉 =

∫
d3p

(2π)3
CSM+SM→CFT

E
= aO

4π5
T 2d

Λ2d−4
UV

, (A.7)

where neq = giT
3/π2 in agreement with [86]. This relation then allow us to compute the

thermally averaged cross section as in eq. (3.5) in section 3. From eq. (A.6) we then derive
the phase space distribution as a function of momenta and temperature, assuming that
production takes place during radiation domination,

f (T,p) =
∫ TR

T

dT ′

T ′H (T ′)
C
(
T ′, pT

′

T

)
p

= aO
π4

3
√

5/2
(2d−5)Γ(d)√g∗

(
1−T

2d−5

T 2d−5
R

)
MPl
ΛUV

T 2d−5
R

Λ2d−5
UV

pd−3

T d−3 e
−p/T .

(A.8)
From this we can finally compute the number and energy densities

n (T ) = aO
3
√

5/2
2π6 (2d− 5)√g∗

T 3
(

1− T 2d−5

T 2d−5
R

)
MPl
ΛUV

T 2d−5
R

Λ2d−5
UV

, ρ (T ) = d Tn(T ) . (A.9)

Corrections from quantum statistics. In the previous discussion we neglected quan-
tum statistic for the SM bath. While this is completely negligible in the non-relativistic
regime it can give a correction in the massless limit. To take this into account the space-
time density of interaction in the massless limit can be written as [86],

2γ =
∫

d3p1
(2π)3

d3p2
(2π)3 feq(E1)feq(E2) sσ

2E1E2
. (A.10)

Where feq(x) = (exp[x]∓ 1)−1 for Bose/Fermi statistics. Using,

d3p1d
3p2 = 2π2E1E2dE+dE−ds , E± = E1 ± E2 ,

|E−| ≤
√
E2

+ − s , E+ ≥
√
s , s ≥ 0 . (A.11)

we find,

2γ = Id
aD

16π4
25−2∆

Γ[d]Γ[d− 1]
T 2d

Λ2d−4
UV

, Id =
∫ ∞

0
dy yd−2

∫ ∞
√
y
dx+

∫ x+

0
dx−feq(x1)feq(x2)

(A.12)
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Numerically we find,

I3 I4 I5 I6
Bose 92 1799 79273 6100000
Fermi 52 1377 69674 5700000

Maxwell 64 1536 73728 5800000

For gravitational production the relative value is the same as d = 4 corresponding to an
O(10%) difference.

A.1 Inflaton scattering

Let us consider gravitational production of the dark sector from inflaton collisions. As usual
the inclusive cross-section is proportional to the imaginary part of the forward amplitude
of φφ→ φφ. Using the tree level graviton propagator

〈hµν(p)hρσ(−p)〉 = Pµνρσ
i

p2 + iε
, Pµνρσ = 1

2(ηµρηνσ + ηµσηνρ − ηµνηρσ) , (A.13)

one finds,
iM = 1

(p2)2T
φ
µνP

µνρσ〈Tρσ(p)Tγτ (−p)〉P γταβT φαβ . (A.14)

The two point function of the energy momentum tensor of a CFT is fixed up to an overall
normalization. One finds [44],

〈Tµν (p)Tρσ (−p)〉 = c

7680π2 (2πµνπρσ − 3πµρπνσ − 3πµσπνρ) log
(
−p2

)
, (A.15)

where πµν = ηµνp
2 − pµpν and c is the central charge of the CFT. Since the inflaton is

non-relativistic pµ = (2m, 0, 0, 0) the cross-section vanishes identically since πµν = 0. This
agrees with perturbative computations where the cross-section is controlled by the explicit
breaking of Weyl invariance.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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