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Thermal history of composite dark matter
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We study the thermodynamic history of composite dark matter models. We start with classifying the
models by means of the symmetries partially protecting the composite dark matter decays and constrain
their lifetimes. For each model, we determine the impact of number-changing and number-conserving
operators on its thermal history. We also develop the analytic formalism to calculate the asymptotic
abundance of stable relics. We show how the relative strength between number- changing and number-
conserving interactions together with the dark plasma lifetime affect the thermal fate of the various
composite models. Additionally, we show that the final dark relic density of composite particles can be
diluted due to an entropy increase stemming from dark plasma decay. Finally, we confront the models with
experimental bounds. We find that indirect detection experiments are most promising in testing this large

class of models.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the most
fascinating questions that remains to be addressed in
particle physics. Several ideas have been put forward that
can be broadly classified according to whether dark matter
emerges as an elementary particle or a composite one made
up of more fundamental matter. Both possibilities have
been explored in the literature [1-18].

Among the proposed models, one class is unique in the
following sense. In a model in which the dark matter
particle is in thermal equilibrium in the early Universe, the
asymptotic relic abundance is uniquely determined by its
decoupling process from the thermal plasma. The best-
studied scenario is based on the process DM + DM —
SM + SM: weakly interacting massive particle (WIMP)
annihilation [19,20]. This process also provides us with a
target annihilation cross section, which can be searched for
in indirect detection experiments. However, other processes
for dark matter decoupling have been considered as well.
Number-changing interactions among dark matter particles
only (DM + DM + DM — DM + DM) lead to strongly
interacting massive particle (SIMP) freeze-out [21], and a
mixed topology (DM + DM + SM — DM + SM) leads to
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Co-SIMP freeze-out [22]. The advantage of the thermal
models is their predictivity, which gives us guidelines for
testing those hypotheses.

In this paper, we focus on the thermal history and
ultimate fate of some of the prime candidates of composite
dark matter. A generic property of composite models of
dark matter is that, at low energies, they feature a complex
multicomponent structure [23]. In particular, in the con-
fined phase the lightest composite particles can kinetically
decouple from the Standard Model (SM) plasma and evolve
as an independent dark thermal bath. This can significantly
affect the relic abundance and late-time target cross section
and we will elucidate this issue in several scenarios arising
from a dark composite model. Our analysis is based on
features of the low-energy theory common to many con-
fining models, attaining a certain level of generality. In
some explicit examples, we will, however, employ a
minimal setting consisting of SU(N) gauge theories with
fundamental fermions.

Composite dark matter arising in confining gauge
theories is a well-motivated particle physics scenario to
explain the observed missing mass problem. Its particular
advantage lies in the fact, that it provides an explanation for
the long dark matter lifetime. The explanation is analogous
to the Standard Model proton stability, which can be
understood in terms of an accidental global symmetry—
the baryon number. In the confining gauge theories, new
accidental global symmetries arise and lead to long-lived
relic particles [24-26].

The paper is structured as follows. In Sec. I we give a
brief summary of our philosophy and main findings. In
Sec. III we identify the composite dark matter candidates
arising in gauge theories. We classify them according to the
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symmetries protecting their decays, as suggested in
Refs. [23,24,26,27]. We further discuss higher-dimensional
operators inducing composite dark matter decay that can
emerge in a full ultraviolet theory including gravity, as
suggested in Ref. [24]. We use these operators to estimate
the composite dark matter candidates’ lifetime.

Section IV is devoted to the thermal history of the
composite dark sector. For each model, we elucidate the
impact of both number-changing and number-conserving
operators [28,29]. In Sec. V we construct solutions to the
Boltzmann equations allowing us to determine the asymp-
totic abundance of stable relics.

This preparatory phase is then exploited in Sec. VI to
determine the relic abundance in each model. Here we
provide analytic expressions for the asymptotic relic
abundance stemming from each scenario. We observe that
the relative strength between number-changing and -con-
serving interactions determines the thermal fate of the
various composite models and further depends on the dark
plasma lifetime.

We find that the final composite dark relic density can be
diluted due to an increase in entropy stemming from dark
plasma decay, as pointed out in Refs. [26,30]. We constrain
the models with strongly coupled bound states [24] and
weakly coupled bound states [30] via the experimentally
observed relic density. The entropy ratio between the
Standard Model and the dark sector is another parameter
affecting the ultimate relic abundance which we fix by
assuming the two plasmas to be in thermal equilibrium in
the early Universe.

Section VII confronts the model predictions with experi-
ments such as H. E. S. S. and Fermi-LAT. The details of the
experimental signatures depend on the concrete Standard
Model quantum numbers chosen for the dark quarks; a
classification of viable quantum number assignments can
be found in Ref. [24]. Finally, we offer our conclusions in
Sec. VIIL

In Appendices A and B we offer a glossary of multifluid
thermodynamics and in Appendix C we summarize the
Boltzmann equation for number-changing processes.

II. EXECUTIVE SUMMARY FOR
THE BUSY READER

As we will show in this work, confining dark sectors
provide a very rich and interesting phenomenology and
phase structure, despite being based on models with only a
few ingredients and parameters. Those parameters are, in
the UV regime, the number of gluons, based on the chosen
confining gauge group, the number, mass and quantum
number assignments of dark quarks and the strength of the
dark gauge coupling. This coupling strength can be related
to the confinement temperature scale, the relation of which
to the quark masses determines the dynamics of the system.

One central question of any dark matter model-building
endeavor is dark matter stability. This question, can be

naturally addressed in a confining dark sector, since it has
particles which are protected by accidental global sym-
metries, just like the proton in the Standard Model.
Generically, as we will discuss, the considered theories
have light particles with lifetimes shorter than the age of the
Universe and long-lived heavier states. For this reason,
thermal freeze-out in such a dark sector shows interesting
complex phenomena. In particular, the bath of the lighter
dark particles, which we also call the dark plasma, can
undergo self-heating effects and significantly change the
freeze-out of the heavier long-lived dark matter candidates.
Note that from now on, we denote by freeze-out the
deviation of interaction rates from the thermal interaction
rate, leading to particle number conservation by the
considered process.

As a template model, we will focus on the SU(Np()
theory with vector-like fermions in the fundamental rep-
resentation. We additionally assume that there is at least
one dark quark in the spectrum, which carries both dark
sector and Standard Model quantum numbers. This setup
provides a thermal-contact bridge between the sectors at
large temperatures. It thus unavoidably sets an upper bound
on the entropy ratio between the Standard Model sector and
the dark sector { = sqm/sp < gsm ~ 106.

We demonstrate the freeze-out in different mass hier-
archies of the model. It is particularly interesting that larger
target cross sections, compared to the standard scenario
with (6w, ) ~ 10726 cm?®/s, are expected. Furthermore,
decreasing the ¢ parameter introduced above by postulating
dark sectors with more degrees of freedom, increases the
expected late-time annihilation cross sections, making the
scenarios more easily accessible. This allows to system-
atically test the dark sectors with thermal dark matter in
indirect detection experiments.

Very broadly the systems can be classified in the
following way:

(1) Strongly coupled dark baryons as dark matter can-
didates, with light dark pions comprising the dark
plasma.

(2) Weakly coupled dark baryons as dark matter can-
didates, with light dark glueballs being the dark
plasma particles.

Last, we also discuss the possibility of long-lived dark
plasma particles. It appears that to be consistent with
existing experimental limits, they should comprise a
subdominant dark matter fraction. This naturally leads to
multicomponent dark matter sectors with possible impli-
cations for structure formation in the dark sector.

ITII. COMPOSITE DARK MATTER CANDIDATES

A particle description of DM requires a lifetime above
7 > 10%-10% s [31,32] which is orders of magnitude times
the age of the universe (10'7 s). A near-exact symmetry is
a time-honored way to ensure long lifetimes. A famous
example is the baryon symmetry that protects the proton
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from decaying. For this reason, we investigate here models of
composite DM stemming from the dynamics of Yang-Mills
gauge theories featuring fermionic matter. In these models,
we identify potentially long-lived composite relics and
systematically investigate their cosmological consequences.

Historically, models of composite DM, such as the ones
inspired by technicolor [7,33-35], linked the baryon asym-
metry to a potential DM asymmetry in order to achieve the
experimentally observed dark relic density. Another class
of composite DM models was introduced to generate the
desired relic density via number-changing operators in the
dark-pion sector [36]. Here we consider composite DM
models in which the primary source for the observed relic
density is due to a thermal production mechanism.

A. The composite framework

As an illustrative example we consider a SU(Np¢) gauge
theory with N, fundamental Dirac fermions y and Ny
antifundamental Weyl fermions y, with Np- being the
number of dark colors. The Lagrangian is

Ny

1 _—
L= —ZGWGW‘FZQi(W”Dy -My)Q;. (1)
=1

The well-known local and global symmetries of the dark
quarks are summarized in Table L. For sufficiently small N,
this model confines at a scale Ap, and the chiral symmetry is
spontaneously broken. The breaking pattern SU(N); ®
SU(N;)g = SU(Ny)y has an order parameter

(0:0)) = ApS;. (2)
If we assume a hierarchy of scales as

Ap =4nf,>My, V i, (3)
the effective low-energy theory is described in terms of a
unitary matrix U(x) = exp i[l(x)/f, where I = >, T%xn"
are Goldstone bosons associated with the breaking
patterns. Their dynamics at lowest order in derivatives is
described by

2 . 3M
L= %Tr[@MUG”UT] +]¥Tr[m LU (4)

where M is a matrix in flavor space that parametrizes the
explicit breaking of chiral symmetry due to quark masses.

TABLE 1. Field content of the lightest fermions in the model.
[SU(Npc)] SU(Ng), SU(N/)g Ul)y

0 0 O 1 1

0 O 1 O -1

The lowest-order operator providing number-changing
processes is a five-point interaction, the so-called Wess-
Zumino-Witten (WZW) term, present for specific breaking
patterns [36]. In our case this reads

Noc e
‘CWZW = mé‘” p Tr[H(?”H@UHapH(?gH} (5)

Because much is known for Npc = 3 either via experi-
ments or via lattice simulations we use it as our bench-
mark model.

On general grounds, part of the dark building blocks will
carry SM quantum numbers that can bring into thermal
equilibrium the dark and the SM sectors.

Depending on whether M, < Ap (strongly coupled
regime) or Mgy > Ap (weakly coupled regime) the
composite states will behave differently. In the latter case
the low-energy theory is a pure Yang-Mills with the
confinement scale that can be estimated to be

% ~ exp (— 6—ﬂ) , (6)

where ap(My) = g7,/4r is the dark coupling strength.

Because of either the presence of dark fermion mass or
the generation of the Yang-Mills confining scale none
of the lightest composite particles (LCPs) are massless.
Respectively for My < Ap and My > Ap the LCPs are:

(1) The near Nambu-Goldstone bosons of the broken

global symmetry (pions), with the dynamics de-
scribed above.

(2) The dark gluon bound states (glueballs), with the

lightest state being a scalar singlet.

Another class of interesting composite states is con-
stituted by composite baryons, the reason being that, even
though they are not LCPs, the dark baryon number is
protected. As a teaser, we notice that in both limits the
LCPs will feature number-changing operators generating
intriguing thermodynamics.

B. Composite particles and their lifetimes

Here we summarize the composite particle spectra and
discuss their lifetimes due to the possible breaking of the
accidental global symmetries via higher-order operators
[24]. The spectrum and operators are summarized for the
reader’s convenience in Table II.

As mentioned above, among the composite particles we

have dark baryons QVoc ~A%NDC_1>B (for this case we
consider Np¢ odd), dark mesons QQ ~ A%z and last but
not the least dark glueballs G,,G* ~ A3S. Their decays
can occur via higher-dimensional operators such as the
ones envisioned in Table I and generated by new dynamics
or gravitational interactions. We also introduced the
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TABLEII. Composite particles and their maximal masses, compatible with DM lifetime limits. We list the decay operators which lead
to the decay of the DM candidates to SM fields with the lowest possible dimension, as they will be most efficient. F*¥ is the
electromagnetic field-strength tensor of U(1), while f are SM matter fields. It is assumed that the symmetry violation scale associated
with the decay operators is at most A &~ Mp, since the global symmetries are expected to break down at least at the quantum gravity

scale. Here Ay, Ay and Ay are the scales at which baryon number, G-parity and species number are violated, respectively.

State Symmetry (if applicable) Decay operator (fundamental fields) Decay operator (on EFT level) Allowed mass M,
QNoc Dark baryon number % Ag(ﬁ—Z)S/z(N“C_I)Bf %300 TeV
00 G-parity %Z’dgl %aEMcijMijFﬂyaﬂ” ~10 MeV
0,0; Species number % //\\—ZDycijMin*H ~5 MeV
G, G" GG HH N SH'H ~50 TeV

interpolating low-energy fields with the help of dimen-
sional analysis.

Due to the dark flavor structure of the models, the
mesons can carry further accidental symmetries as well.
Some examples include the species number, which would
make 7z, stable in the SM were it not for the presence of
weak interactions that violate this symmetry, and general-
ized G-parity [37], which would stabilize 7, but it is broken
by the chiral anomaly that induces its decay into photons.
Additionally, new physics can lead to induced higher-
dimensional operators that further break these symmetries.
These, however, are suppressed by the scale of the new
physics. Using dimensional analysis for the dark sector and
constraining ourselves to dimension-five operators we
naively estimate the decay rates to scale as I" o m3 /A%,
for the dark mesons in terms of the new physics scale Ayp.
Intriguingly even for Aynp =~ Mp, one discovers that the
experimentally required lower bound on the dark lifetime
induces an upper bound [31,32] of m, 5 10 MeV for this
type of DM.

In general, within this framework, several relics can be
long-lived on cosmic scales. Their abundances have to
satisfy the overclosure bound ), Q; < Qpy. Particles
with lifetimes shorter than the current lifetime bound on
DM (~10?® s) must decay before the production of light
elements in the early Universe i.e., 7 < 1 s as constrained
by successful big bang nucleosynthesis (BBN) [38] (for the
annihilation limits see Ref. [39]).

We find four interesting scenarios:

(1) If My > Ap the glueball is the LCP and we take it to
be the DM candidate. The dark baryon mass is
independent of the glueball mass mp =~ NpcM.
The dark baryons can be made heavy and decay
before BBN. If the dark baryons are long-lived a
multicomponent dark matter scenario will arise.

(2) Within the above mass hierarchy one can find a
parameter space of the theory where dark baryons
are the DM candidate. Here the glueballs will have to
decay before BBN via, for example, SM residual
interactions. Nevertheless as they are still the LCPs

they now provide a thermal bath of massive particles
with a finite lifetime.

(3) If there are light fermions in the spectrum with
My < Ap, the LCPs are dark pions, which generi-
cally will not be long-lived on cosmological time
scales. Thus the pions have to decay before BBN and
provide a plasma with a finite lifetime as well, taking
the role of glueballs. Here the dark baryons are
strongly coupled states that we take to be the DM
candidate with a mass of the order of NpcAp.

(4) A small fraction of the above parameter space can
exhibit long-lived pions when their masses are below
the GeV scale. This is indeed the case of the simplest
miracle [36] where the baryons, however, are not
present in the spectrum of the theory because of the
choice of the underlying dynamics. If dark baryons
are present one will have to consider the presence of
additional stable relic states.

As sketched in Fig. 1, we observe that the ingredient
which is common to all scenarios, is the existence of an
LCP plasma made of massive particles (glueballs/pions).
This plasma will generically lose thermal contact with the
SM and undergo a distinct thermal history once the LCPs
become nonrelativistic [28,29]. In particular number-
changing interactions among the LCPs will lead to unusual
phenomena in the dark plasma. The relevant quantity we
will excessively use, is the cross section, which controls
the relevant number-changing process. In particular for the
3 — 2 process, it can be found from the matrix element of
the underlying process that [40]

9495

2
oV =
(0v") 12345 6478 mymym

x A2 (my + my + ms, my, ms)| M3, (7)

where g; are the number of degrees of freedom of the
final-state particles, S, is the symmetry factor, m; are
the corresponding particle masses and A(x,y,z) =
(1= (z+y)?/x*)(1 = (z—y)?/x*). Matrix elements for
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FIG. 1. Schematic overview of the thermal history, of a non-

Abelian dark sector. At high temperatures, we expect the systems
to be in thermal contact. After this connection is lost, the dark
force confines and forces the dark quarks in dark-color neutral
bound states. Baryons (3) and glueballs (S) are nonrelativistic at
confinement; pions (zp) on the other hand become nonrelativistic
substantially later. Relativistic particles are denoted by red ovals,
while nonrelativistic particles are represented by purple ovals.
The number-changing interactions can heat up the LCP plasma,
but eventually, they decouple at 7', and a phase begins, where the
dark particle number in the plasma is conserved. Dark baryon
freeze-out can happen in the number-changing and number-
conserving eras of the dark (or LCP) plasma and the freeze-out
process will be different. Finally, the decay of the dark plasma to
SM final states partially reintroduces a thermal link of the systems
at T gecqy- The decay of the LCPs can furthermore lead to entropy
injection into the SM bath and dilute the dark baryon relics.

the number-changing processes for many symmetry-
breaking patterns can be found in Ref. [41].

Finally, due to the finite lifetime of the LCPs, their decay
will partially restore the thermal contact with the SM at late
times. To investigate the resulting intriguing phenomenol-
ogy, we will briefly review the unusual thermodynamics of
a nonrelativistic dark plasma.

IV. DARK THERMODYNAMICS

In DM theories with a nontrivial spectrum with a mass
gap, the freeze-out will show strong deviations from the
standard scenario, as discussed in Refs. [28,29]. The
qualitative picture one has to have in mind is the following.
Dark matter freeze-out happens when the dark sector has
already confined, and it mainly consists of dark baryons, as
they are guaranteed to be long-lived thanks to dark baryon-
number conservation. The light part of the spectrum (pions
or in suitable cases glueballs) are relativistic and can
influence the Universe’s expansion leading to a freeze-
out process for B+ B — LCPs which is nonstandard.

Especially in the cases of heavy glueballs, however, no
clear hierarchy between scales is present and they might
contribute to the relic abundance. Despite the fact that LCP
decay is not symmetry protected, they could be long-lived
on cosmic scales, if sufficiently light. We will come back to
this possibility in Sec. V C. Here we will summarize the
conditions which lead to nonstandard freeze-out and that
have to be satisfied before the DM (dark baryon) annihi-
lation reactions decouple.

(1) First of all dark sector particles must not be in kinetic
equilibrium with SM particles at the freeze-out
temperature, meaning that at that temperature scale
the reactions ySM — ySM have to be weak. This
condition is generically satisfied if the lightest
composite particles are SM singlets. This is realized
when the lightest dark quarks in the spectra are SM
singlets and heavier dark quarks establish the ther-
mal link at higher temperatures. We will also discuss
a few exceptions to this scenario.

(2) Furthermore, the lightest particle of the dark sector
(here the LCPs) is stable on cosmological scales
i.e., FLCP < H(T)

(3) The freeze-out temperature is below the LCP mass
so that the LCP is nonrelativistic.

(4) If the number-changing processes 3LCP — 2LCP
are strong enough to maintain chemical equilibrium
at freeze-out i.e., (6v?)5_,n?cp > H(T), the result-
ing hotter dark plasma leads to a nonstandard freeze-
out. Here and in the following, we denote with v the
relative velocity between initial particles ina 2 — 2
process; this normalization is also used in multi-
particle processes with the appropriate power for
dimensional reasons. The (6v?);_, is the cross
section of the 3 — 2 process, which we defined in
the previous section.

(5) If number-changing processes are inefficient at the
dark freeze-out, a chemical potential develops in the
dark sector. This is a new phenomenon that must be
taken into account for the proper determination of
the DM relic abundance since the dark sector
temperature has a nonstandard scaling as a function
of the scale factor of the Universe in this case.

The most natural realization of such a thermally secluded

dark plasma arises in models, where the DM is made up of
SM singlet dark quarks and the thermal link is established by
a heavier bridge dark quark. A minimal setup of this type is a
singlet plus doublet construction, where the doublet estab-
lishes the thermal link at higher temperatures. For a complete
list of viable quantum numbers see Ref. [24].
Thermodynamics will be extremely helpful to describe
the evolution of these systems; for a summary of multifluid
thermodynamics, see Appendix B. In particular, entropy
conservation plays an important role since the dark sector
entropy is dominated by the lightest dark degrees of
freedom comprising the dark plasma. The ratio of the
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entropy densities is fixed { = sq\/sp, and generically set by
weak interactions that keep the SM and the dark sector in
kinetic equilibrium at high temperatures. After those inter-
actions decouple the entropies are separately conserved, as
we assume both sectors to evolve adiabatically. While this
assumption is justified for the SM, for the dark sector one has
to be more careful. For example within the scenario in which
M, > A the pure dark Yang-Mills theory at low energies
undergoes a first-order phase transition as a function of the
temperature when Npc > 3. In this case the entropy ratio
established at high temperature only provides an upper
bound ¢ < SSM/SD|Thigh-

We can now differentiate two profoundly different
regimes depending on the relative strength of the num-
ber-changing process.

In the following, we will refer to the generic LCP as zp
(keeping the subscript D implicit) although the formalism
applies to dark LCP glueballs as well.

A. Nonconserved dark particle number

Generically at large temperatures, the number-changing
processes will maintain chemical equilibrium in the dark
sector and enforce a vanishing chemical potential. The
crucial feature of this regime is that while the temperature
in the SM sector scales as Tqy « 1/a the dark sector
temperature scales as Tp « 1/log(a), which leads to a
large temperature difference between the two sectors; see
for example Ref. [28]. This is in strong contrast to the case
where the dark sector is dominated by relativistic degrees of
freedom (say a dark photon) and the temperatures are
linearly dependent. We thus refer to the above possibility as
the hot dark plasma phase.

The relevant thermodynamic features follow from
entropy conservation. Since the LCPs are a nonrelativistic
fluid with zero pressure P =0, we have sp = pp/Tp=~
mun,/Tp. At the same time the SM entropy density is
ssm = 272 /45gsmTay- Now, from sgy = Csp we get the

relation
45 N\ (Lg:\ s
T3y = <\/ﬁ) <—> m3Tpe v, (8)

gsm

This shows that the dark sector gets significantly hotter than

the SM at scales where the relevant degrees of freedom

are the LCPs counted by g,, which is clearly a dramatic
feature of the hot dark plasma era.

An important quantity we will need is the Hubble rate as

a function of the dark sector temperature. Solving the

|

. { —14.5 + log (("2ggltg,) + Hlog (miMp (03_,0%)) — 210g(2x.)
" -174 + 10g<gﬂ> + %lOg (miMPl<o-3—>202>) - %log(zﬂc)

where we defined z,. = m,/T..

Friedmann equation we obtain

22\ /3 2 173 2
(jzg/s—z jg%) s 27 Pe¥ for (psm > pp),
H(z,)~
( ”) g8 mk _—3/4 fe
KN or (pp > psm),

©)

with z, = m,/Tp.

The Hubble rate is an essential ingredient for the DM
freeze-out computation, we are ultimately interested in. We
now discuss what happens at temperatures at which the
number-changing processes cannot maintain the chemical
equilibrium in the plasma and 3LCP — 2LCP interactions
freeze out.

B. Conserved dark particle number

The number-changing operators are bound to switch off
when the reaction rate drops below the Hubble rate. This
happens at a critical temperature of 7'.. Below this temper-
ature, the dark particle number is conserved along with its
entropy.

Keeping into account the conservation of the comoving
entropy for a nonrelativistic pressureless gas we have the
following conservation law:

d (m—pu m—p
0=— 3H
d’(TD n)—i— (TD >n

. T
:>u+(m—y)ﬁ:0. (10)

Here u is the chemical potential for the LCP. Solving the
first-order differential equation we obtain

urp) =m (122} =me(1-2).

where we used as an initial condition u(7,) = 0.
Furthermore, using pp « Ti)/z in the first Friedmann
equation (H?  pp + psm) together with H? ~ 1/a, we
verify that the dark temperature quickly drops as a function
of the scale factor: Tj,  1/a®. This scaling holds inde-
pendently of whether the SM or dark sector dominates.
The critical temperature, at which the number-changing
processes decouple is found by solving H(Tp) =

(63_,v%)n2, which is equivalent to

(Psm > Pp)
(Pp > Psm)
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Given that the dark sector entropy is dominated by the LCP, by imposing entropy conservation { = sgy/s, and taking
into account the chemical potential one derives the new relation between the SM temperature and the dark temperature of

the two fluids:

= () (

57-'3 mg
%) , /m;zDe—r—f. (13)

gsm

The interesting feature is that now the two temperatures are no longer exponentially related. Furthermore, we have the
following expression for the Hubble rate as a function of dark temperature, expressed in terms of z,, in this regime:

a5 \V/o 2z \1/3
167° VIsM

8 \ /4 m2 —3/4
(3) " i v

H(z,) ~

Finally, to determine when either of the two fluids
dominates the energy budget of the Universe we first note
that the SM is always relativistic, as it contains massless
particles, and thus sy = (psm + Psm)/Tsm ~4/3psmTsm-
The temperature 79, (and the corresponding SM temper-
ature T§,,) for which the two energy densities are equal is
defined by psy(TSy) = pp(T5,). With the definition { =
ssm/sp we obtain the equation 4/3¢~! = T¢,,/TS,. This
can be expressed in terms of the dark sector inverse
temperature z5 = m,/T$, using Eq. (8) or Eq. (13),

90  (ge s/2,-z¢ _ (43
(27[)7/2$(Z;’> / e - <3_(:)

90 (g, 3/2 e (4)3
o oo (22) /22 pe€ e = (i) for (2, < z%),

for (z4e > 22),
(15)

which defines the temperature at which the dark sector
starts to dominate the energy budget of the Universe. In the
case in which number-changing LCP processes are active,
this is given by the solution to

28 ~5/2log(zs) +1log (&*g./gsm) — 2.8, (16)

while if the LCP number is conserved

Zac 2/3
28~ 0.64( E1IMN T (17)
" InZrel

For all z, > z¢ the dark sector dominates the energy budget
of the Universe. This will be crucially important, when
possible entropy dilution of frozen-out relics will be
considered [42].

In Fig. 2 we show schematically the evolution of the
temperature [Fig. 2(a)] and energy [Fig. 2(b)] of the dark
sector for the number-changing and number-conserving
phases and compare them to the SM temperature and
relativistic and nonrelativistic matter respectively. The
results of this section are summarized in Appendix C.

372
M, T

e

13 _, _2ng
) / zz'e e for (pp < psm),
(14)

for (pp > psm)-

V. DARK FREEZE-OUT

We are now ready to discuss the dark freeze-out following
Ref. [29]. One can envision the following possibilities:

(1) If the SM energy density dominates the Universe at
the freeze-out of B+ B — LCPs, the DM relic
density is enhanced by a factor proportional to
Tp/Tsq > 1. Depending on whether the dark
sector particle number is conserved or not the actual
functional dependence of T, on T, changes.

(2) If the dark sector dominates the Universe’s energy
density at the freeze-out of B+ B — LCPs, the
corresponding DM relic density is enhanced by
(Tp/Tsm)>? > 1. As for the point above the actual
functional dependence of T on Tg, depends on
whether the dark sector particle number is conserved
at freeze-out.

(3) If the LCPs dominate the Universe’s energy budget
and decay after the freeze-out of B+ B — LCPs,
the entropy injection dilutes dark baryon DM and
suppresses it by a factor D o« T§y,/Try, Where T§y,
is the SM temperature at which LCPs start domi-
nating and Try ~ 0.55g5+/I =My is the generated
reheating temperature; see Sec. VD 2 for the der-
ivation of this analytic estimate.

The dark baryons annihilate in a rearrangement process. As
discussed in Ref. [43], the direct annihilation process is
exponentially suppressed by e~“Noc, in contrast to the
rearrangement processes. Qualitatively, the situation can
be described in the following way. Since a baryon in an
SU(Np¢) theory is a QVoc object it carries baryon number
one or equivalently fermion number Np.. If a baryon
and antibaryon collide they can rearrange into a state with
Npc — 1 quark-antiquark pairs by meson emission. The
remaining multiquark state has baryon and fermion number
zero and thus consequently annihilates via sequential meson
emission.

The process with the maximal cross section allowed by

unitarity is a geometrical interaction. The cross section is
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(a) The temperature evolution of the dark sector

(blue line) compared to the SM sector (red line).
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(b) Red-shift of the dark sector (blue), non-

relativistic matter (green) and radiation (red).

FIG. 2. Slow temperature decrease for the dark sector in the number-changing phase is due to rest-mass conversion of the particles into
kinetic energy (a), and at the same time the energy density drops faster (b). In the number-conserving phase however, the chemical
potential leads to a rapid temperature decrease in the dark sector to maintain constant particle number density.

geometric when all partial waves, up to the maximally
allowed value of £ ~ R x p contribute. Here the baryon
radius is Rz and p is the relative momentum. In the sum
over partial waves, the largest contributions come from the
partial waves with large angular momenta. For this excited
state to decay it needs to get rid of the angular momentum,
as discussed in Ref. [44]. An efficient way is the emission
of mesons. This explains why the process with only two
final-state pions, B + B - 27, has a lower rate compared
to states with higher pion multiplicity. The emission of
multiple pions allows a more efficient deexcitation of the
higher-¢ states; on the other hand, energy conservation
limits the number of emitted pions. In the SM the branching
ratio to three mesons dominates over the two-meson
annihilation for proton-antiproton annihilation at low
energies [45]. Furthermore, as discussed in Ref. [46], the
five-pion annihilation has the largest branching fraction,
which seems to be an efficient trade-off between energy
conservation and efficient decay of large angular momen-
tum states.

In the confining dark sector, the exact multiplicity of the
final-state mesons cannot be predicted from first principles;
however, the same logic suggests that multimeson final
states will be favored. Adding this word of caution, we note
that the exact number of mesons in the final state does not
strongly affect our results. In particular, the strongly
coupled regime of the considered system does not allow
to perform precise calculations, but rather order of magni-
tude estimates. Finally, since the dark mesons annihilate to
multiple SM particles, the resulting phenomenology is a
deep cascade reaction, and as shown in Ref. [47] cascades

with more than a few steps lead to similar indirect detection
signals. Those will be relevant for our phenomenological
discussion later. For the calculation of the annihilation rate
for the freeze-out process the important assumption is that
the cross section is geometrical, an assumption that is
supported by studies of the proton-antiproton annihilation.
Note that the calculation of the asymptotic DM abundance
does not strongly depend on the final-state pion multiplic-
ity. We, thus, restrict ourselves to final states with Np¢
pions, since in this case helpful analytical expressions can
be found. The analytical treatment of the Boltzmann
equations will be sufficient for our order-of-magnitude
calculations; more accuracy could be reached numerically,
but that goes beyond the scope of our work.

In Refs. [28,29] the sudden freeze-out approximation
was adopted in order to obtain analytical results for the DM
relic abundance. Here we will demonstrate that the sudden
freeze-out approximation is not accurate because it does not
take into account the late-time annihilation processes which
count here.

We start with the full Boltzmann equation for the DM
baryons which reads

d(a’ng) _ —2;/( np _ e ) (18)

1
a® dt ngﬂ Ty
. . . L. 2
Here the space-time interaction density is 2y ~ (o-annv>n§gq
and further assumes that the baryon-antibaryon annihilation
takes place via a rearrangement of the underlying degrees
of freedom into Np. pions [43].
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It is convenient to rewrite the left-hand side in terms of a
dimensionless quantity as

1 d(a*ng) _dYp (dH\' (dH
@ dt  dz \ dz dr )°P

dYg (dH\"'( 1
=—— ——H? ) sp, 19
dz <dz> < m >SD (19)

=J(2)

with Yp=ng/spxng/s. z=mp/Tp=2z,mp/m;=2,/r
and the scale factor evolves as a « t". The Jacobian factor
in Eq. (19) contains most of the thermodynamic informa-
tion. We now move to systematically solve the Boltzmann
equations for the different cases.

A. Boundary layer solution of the Boltzmann equations

A direct application of the general formula (C13),
derived in Appendix C, gives the Boltzmann equation
for dark baryons and LCP abundances:

Fo= =y 13- (3a) 0mr]. o
sl (g
-2 - v @)

Moreover, we parametrized the rearrangement process of
baryons into LCPs with the parameter w, with w = N for
pions and w = 2 for glueballs.

The composite-model dependence enters in the quan-
tities I'y, '3, defined according to Eq. (C14). These
interactions freeze out respectively at z;, z., and we will
assume z; < z... This approximation allows us to study the
system in terms of a decoupled Boltzmann equation: the
baryons freeze out when p, = 0 and the (relativistic) LCPs
do not deviate from the equilibrium distribution. Afterward,
the 3 — 2 process among the LCPs can freeze out.

We now discuss boundary layer solutions to the
Boltzmann equation following Ref. [48]. Given a general
differential equation, a boundary-layer-type solution is a
solution that satisfies ¥ (z) < Y(z) everywhere apart from a
finite number of narrow regions in which the opposite is
true. These narrow regions are called boundary layers, and
the size is typically controlled by a small parameter in the
differential equation. A boundary layer solution is found by
matching solutions in the regions outside the layers with
solutions found inside the layers.

1. Baryon freeze-out

The general
equation is

template for the baryon freeze-out

Y = —af(2)[Y* = (Y=9)?], (22)

where we kept a general z-dependent function. In the case
in which the LCP is the most abundant species and drives
the expansion of the Universe we have the ordinary result
f(z) = Az72, with A constant for s-wave processes only.
We will find a solution with a boundary layer at a value of
7 = z; to be determined. For 1/1 < 1 and z < z, we have

Y(z) = Y*(z) : <);> +0(7%).  (23)
eq

21f(2)

The position of the boundary layer can be estimated by
finding the value of z for which the leading-order approxi-
mation in 1/ breaks down:

1 . )
WYW(Zf) = qu(Zf) . (24)

On the other side of the boundary layer, z > z; the

inhomogeneous term can be dropped and the equation
reads

1

Y =-if(2)Y* = Y(2) :%,—/If"" )

(25)

These two solutions have to be matched inside the
boundary layer, where we can change the variable to z =
7y +kZ with k < 1. Defining J(Z) = Y(z) the equation
now becomes

Y= —Akf(zp +kZ)|V(Z)* = Yoq(zp +kZ)*] =
V=-Y(Z)+0(x) (26)

where we used the consistent balance x = 1/(4f(z)) and
dropped higher orders. The solution is easily found and
matched with the z > 4 patch,

1 1

y(z):D—f—Z:é—ﬂ S e () =
D :im—/l/w dxf(x) (27)
vy

as well as with the z < z; patch,

1

Y(2) ~Diz

1
~2Yoq(zs) ~k+O(K*Z) = D = (28)
Finally, the asymptotic relic density is calculated as

Yy = /11 <f(zf) + /: dxf(x)>_1. (29)
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2. Number-changing process freeze-out

We now apply the boundary layer method to the freeze-
out of particles interacting with number-changing operators
among themselves. First let us assume that the pions are
relativistic. The corresponding Boltzmann equation is

. 1 +¢)2n%g, M2 .
Y, =~ [W DoV - YiYe] (30)

with the general structure

Y, = —Az73Y2(Y, — Y¢), Yeq = const. (31)

eq)v eq

Taking in the outer region z < z; (with z > 1) an ansatz of
the form Y =Y, + > ,_, A7"Y, we immediately obtain
Y, =0and Y, = Y. This trivially implies that the freeze-
out cannot happen while the pions are relativistic, con-
sistently with the I's,/H estimate.

Freeze-out happens when pions become nonrelativistic,
and the general equation is then

Y = —2f(2)[Y? = Y2V, (32)

In the outer region z < z; (z > 1), we proceed as in the
previous section with the ansatz ¥ = Y, + % Y, and get

__1Yg_ 1 d (L)
)Yy f(z)dz \ Y
A 1
~—— 327 33
77 %e .
7@ Yl )
The freeze-out temperature is determined as
Veala) i = Ve ) . (34)
T Af(zp)Yeq(2p) A (zy)

In the post-freeze-out region the equation reduces to

Y=-f)V’ =Y = ! . (35

\/@ —2), [* f(x)dx

Inside the boundary layer, by choosing xk = 1/(Af(zs)) the
solution reads

1 1 0
yZ:—:>D:——2/1/ dxf(x). (36
@ =5z~ D= ¥, @) 69
Matching in the pre-freeze-out region instead, we have
Y(2) L oy (e~ 2Rt o D=
—_ -~ e z ~ K PN = —,
VD+t2z 4x
(37)

leading to the following asymptotic relic abundance:

2 1
e = \/f(zf) +8 [ dxf(x) (38)

Equipped with the general analytic or semianalytic
solution for the Boltzmann equations, we will study the
asymptotic solutions for baryons and pions/glueballs in
concrete regimes, assuming different hierarchies between
zp and z,.

B. Application to freeze-out in
the number-changing era

In the following sections, we will discuss the baryon
freeze-out and consider stable LCPs in Sec. VI A 4.

First, we assume that the dark freeze-out temperature 7'¢
(due to dark baryon annihilation processes) is higher than
the temperature 7. at which the dark number-changing
operators freeze out. Here the number-changing processes
keep the chemical potential at zero while heating up the
dark plasma. Furthermore, we assume that the plasma
degrees of freedom do not decay in this erai.e., ', & H(T)
and Ty > T, >T,.

We use Eq. (9) to evaluate the Jacobian factor and the
fact that the LCPs are in thermal equilibrium with vanishing

chemical potential. These assumptions yield
1dYp
7 dz = —f(Z)(Y%a - Y%.eq)' (39)

The large constant in front of the derivative ensures that
asymptotic methods will give good results and is given by

A= a<6ann.U>MleB7 (40)
with
1/3
% (12%54‘2 %) for (pSM > pD)’
a =
rl/“\/ﬁ

TS for (pp > psm)-

The temperature-dependent function is given by

142z ,—zr/3
%e a/ for (psm > pp),

f(2) = '
%e—zrﬂ for (pp > psm)s

with r = m,/mg being the ratio of LCP and dark baryon
masses. The explicit form of the equilibrium baryon
number density, normalized to dark entropy is

ggel 1)

Ygeq = 2. 41
B.eq g,,rs/zz ( )
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We determine the freeze-out temperature by expanding the
solution of the Boltzmann equation in powers of 1/4. The
freeze-out is defined as the temperature at which the next-
to-leading order in 1/4 is of the same size as the leading-
order contribution. Thus defining Y~ Y%+ YL/A=
Ygeq+Y }3//1 we can insert this ansatz into Eq. (39) and
by solving Y4 = YL/4, we obtain for the case that the
SM dominates the energy budget

15/ 2/ (1=(r-1)z)
log|%er] + e[|

ZfN (%r—l) )

(42)

and for the case when the dark sector dominates we have

5/6,5/6 974 A 1=(r=1)z;)
97 e " % 1

10g|: gBCS%U } + |: 1+3rz, :|

G-1)

Following the boundary layer method suggested in
Ref. [48] we find the asymptotic solution to Eq. (39) to be

Fa(oo) = (41(z) + / @) )

In the case of (6,,, v) ~ const the integral can be found
analytically (assuming z. > zy)

L for >
zgj, f(Z)dZ N l+2rzf7 (pSM pD)a
f(zf) - 4z; <eTfE%(,%)+l)

2rz;+3 for (pD > pSM)?

where E,(x) is the nth exponential integral. We see at this
point again that the post-freeze-out regime dominates over
the standard scenario where fz": f(2)dz/f(zs) = zy.

C. Application to freeze-out in the
number-conserving era

Next, we consider the case T, > T’y such that freeze-out
occurs when number-changing processes are inactive and a
chemical potential leads to conservation of dark particle
number. We still assume that the plasma degrees of freedom
do not decay in this era i.e., T. > T > T,

There will still be two possibilities, depending on
whether the SM or the dark sector dominates the
Universe at DM freeze-out. We use Eq. (14) to evaluate
the Jacobian factor together with the chemical potential
u=my(1=Ty/T,), which implies n, ~ nyle®/™>. The
Boltzmann equation (18) reads now

ldYB_ 7 2 72 Npcu/Tp
;d—zf—f(z)(YB—YB,eqe c#/Tp), (45)

The equilibrium baryon number, normalized to dark
entropy, reads

~ g[ge_Z-HZ‘ . mg
Yoy =225 with z,=-2. 46
Bea ™ 0 15727, < T, (46)

The temperature-dependent function reads

313;/3 e~ r/3
~ 22

7o) = for (psm > pp),

z gsz-r/Z
7 for (pp > psm)-

Following the procedure outlined in the previous subsec-
tion the freeze-out temperature is

9x(2=rNpc)rt3

NP + () + Sloglz]

(B +)r=1)

log[
zf ~

. (47)

in the regime where the SM dominates the energy budget.
The case in which the dark sector dominates the energy
density gives

g5/6g5/6
log [ AL
~Y

=

(2-rN ),9/4Zl_1/4
T }+Zcr(¥+1)—2.1

((Yec2)r-2)

(48)

The boundary layer method leads to the following asymp-
totic solution for Eq. (45):

¥a(oo) = (4(z) + / f°° ). @)

In the case of (o,,, v) = const the integral can be solved
analytically (assuming z, < zy)

5 f@)dz {ZZf for (psm > pp)
flzy) 1zp for (pp > psm).

We find that also in this scenario, the late-time annihilations
play a significant role and corrections to the sudden freeze-
out approximation are substantial. These solutions are
applicable if freeze-out happens on time scales on which
the LCPs are stable.

D. Application to freeze-out with decaying LCPs

Here we consider the decay of the LCPs and consider
two scenarios, with different effects on the asymptotic dark
baryon abundance.

1. LCP decay before baryon decoupling

Here we assume that the lifetime of the Universe
becomes larger than the LCP lifetime, while dark baryons
are still in chemical equilibrium with the LCP plasma.
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In this case the set of Boltzmann equations governing the
system reads

dy Y2 Y. \ Mo
_B:_2y<2_8_< ,,) c>’ (50)
dt Yieo \Yreq
dy, 5 (Y2 <Y,,)Nnc) 3 <Y3 Y2>
=¥\~ — Y32
dt Yy Vi Yieg Yieg
Y,
_yann<ﬁeq_1>’ (51)

where the space-time interaction densities are given by
27/ ~ <61)>n236q and Yann %Fannnﬂeq and 3}’32 ~ <O—3—>202>n7316q-
Here we allow for the annihilation rate of the LCPs into SM
particles.

The LCP plasma begins to decay away once the Hubble
rate drops below the annihilation rate H(Tpecay) < Ianns
which defines the decay temperature Tpec,y. The dimen-
sionless number densities are now conveniently defined
with respect to the SM entropy density ¥ = n/sqy during
the radiation-dominated era.

As discussed in Ref. [49], once the annihilation rate is
faster than the Hubble rate, the left-hand side of Eq. (51)
can be neglected at leading order and the equation becomes
algebraic. Now, the effective equation for the DM number
density can be obtained by inserting the solution of Eq. (51)
into Eq. (50). We obtain

ary_ v :

H(z) 2 f
= S —_ — —_—
dr dz <)ZSsm Veff Y%ﬁeq

- 1>, (52)
where the effective interaction density is for Npc =3
1+ NDC71nn273732)

yann( (Yann +ND(, 27)
Yann T N DC 27

2eis X 2y <Gv>n%gquR(z), (53)

with the branching ratio defined as

NDCFzmnn%eqn;‘zeq <61)> <63—>2 7}2>>
(Fannnﬂeq + NDC<GU>I’l%eq)3
NDC<av>néeq> -1

Iﬂann Nzeq

BR(z) = (ov)np,, <1 +

X <1 +
In fact baryons in large color groups can be constructed by
means of the two-index antisymmetric representation [50],
in which case these formulas apply to arbitrary Np.

This final Boltzmann equation can be integrated and
yields

(54)

Ys(co) </1<m]>;R Zf) © Ao BR( )

!

dz> : (55)

This effective description clearly shows how the decay
of the LCP generates a thermal link between the SM and
the dark sector. The crucial factor is the interaction
proportional to I'y,, (Y, — ¥ 4eq) in the Boltzmann equation,
which establishes the thermal link, provided that [, >
H(Tpecay). Below the temperature T'pec,y, the LCPs cannot
be regarded as stable any longer, as the Hubble time starts
exceeding their lifetimes.

2. LCP decay after baryon decoupling

If the dark baryons have already decoupled from the dark
plasma at the time of LCP decay, the only effect which can
be relevant is entropy injection and DM dilution [26,51,52].
This is relevant if, at the time of the LCP decay, they are the
dominant energy components of the Universe. The con-
dition for the dominance of LCP energy density has been
discussed in the previous sections. After the LCPs decay
to SM particles the relic abundance of the dark baryons will
be diluted by

Srh
A =M (56)

Decay
Sp

To find this ratio four facts are crucial:
(1) Before the LCP decay there is a point in the
evolution of the Universe where p}, = pgy.

(2) At the decay of the LCPs their entire energy is

injected in the SM sector and reheats it pp°® = pih.

(3) We can equate ratios of covariantly conserved
quantities, since they are just related by the ratio
of the initial and final volumes of the Universe i.e.,

Decay Decay

we have p$/p, > =s5/sp

(4) Before the decay of the LCPs the SM and dark
entropy ratio remains constant; in particular we
use sy /55 = ¢.

We therefore, have

Decay SED __ Decay SDSSM _Decay SEM
PSM=PD=PD  Decay —PD e Jbecay — PD Decay ’
Sp SsmMSD Sp
(57)
and can rewrite
h,
5 ssvPsmé _ Tsmé
A= SM _ SM SM SM (58)

D .
D = ot T8
The reheating temperature is determined by the
condition that the LCP lifetime equals the Hubble time
7y =I'zL. Which for a matter-dominated universe is

Ty = 2/3H[pp™]". We make use of the fact that all of
the dark sector energy density is converted to SM energy
density in the reheating process and rewrite the Friedmann
equation
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87
H Decayq2 Decay’ 59
o =3 P (59)
to find the reheating energy density

1—‘amnlw 2 r
pgecay — ( 6” Pl) — ,081}\1/[ (60)

The reheating temperature is therefore given by

e = (2 1/4(MF )12 (61)
SM 7[3gSM PI* ann .

The dark baryon relic abundance is then given by
Yg = Yg(o0)/A. In the case that the LCP energy is a
subdominant fraction of the total energy density in the
Universe, no dilution takes place.

The questions regarding whether the dark baryon freeze-
out takes place during the number-changing or -preserving
era, as well as what is the actual LCP lifetime can be
answered in a concrete model. Note that the number-
changing interactions are generically present among LCPs
(glueballs or pions) at low energies. We will study the most
economical and appealing models of this type in the
following sections.

VI. WEAK AND STRONG COUPLED REGIMES
OF DARK BOUND STATES

Here we employ the formalism developed in the previous
sections to investigate the asymptotic abundance of stable
relics in different regimes of non-Abelian gauge theories.
First, we focus on the strong coupling regime, where the
gauge coupling at typical momenta inside the bound states
is nonperturbative.

A. The strongly coupled bound-state limit

Here we assume the vector-like fermion masses to be
small compared to the dark confining scale. In this limit, the
dark bound states are relativistic and interact nonperturba-
tively among each other. This situation mirrors ordi-
nary QCD.

1. DM self-annihilation

Because of the QCD resemblance we can use it as a
physical analog to determine DM self-annihilation by
properly rescaling the measured QCD proton-proton anni-
hilation cross section. The annihilation is exothermic since
ov = const and the s-wave contribution dominates. Thus
the dark baryon annihilation cross section is [24]

4 A

OV, =

2. Dark pion interactions

In the current setup the lightest dark particles are
Goldstone bosons described by the chiral Lagrangian;
for details see Appendix A. Because the coset space of
the spontaneously broken global symmetry has a nontrivial
fifth homotopy group we can write, for SU(N); ®
SU(Ny)g broken to SU(N), for N, > 2 the following
term induced by the WZW [53,54] action:

N
L8 e T1(110,110, 110, 110,11],
24072 f3

with 4zf,~Ap and M= 7 (63)

where 4, are the broken generators. The resulting cross
section for the 3 — 2 processes is

5V/5 (&)5
211 5f5 f;-;

where T = Tr[A;Aj4diA,] and {...} denotes an order-
ing procedure, for example {1,5,4,3,2} =1, 2, 3,4, 5
(also, we changed A — IT in the equation above). For a
breaking pattern of the form SU(N;) ® SU(N;) — SU(Ny)
we have (see Ref. [36]) N, = NJ% -1 and £ =
4/3(N7 = 1)(N7 —4). Within this framework of chiral
perturbation theory the dark baryon abundance and the
effects of the dark plasma can be computed.

In Fig. 3 we show the relic abundance for two selected
dark baryon masses, resulting in annihilation cross sections
of 107> and 10726 cm?®/s. Even for the cross section
that is significantly larger than the naively expected target
cross section of O(1) x 1072° cm?/s the correct dark relic
abundance can be achieved. This effect takes place, as the
self-heating of the dark plasma enhances the dark baryon
relic density when r~ O(1). At intermediate values, the
freeze-out happens in the presence of the chemical potential
in the dark sector and suppression of the abundance is
achieved. This behavior leads to multiple solutions with the
correct asymptotic DM relic density, as can be seen from
the red curve in Fig. 3.

At small relative pion masses, the effects do not impact
the DM relic abundance. This can be understood in the
following way: the asymptotic solution of the Boltzmann
equation is dominated by the inverse of the integral
f ® f(z){(ov)mmdz, where f(z) falls off with the power
-1

1
DC ~

between z~!and z72 (as discussed in the previous sections).
Numerically this leads to complete suppression of effects at
z > 10*. The pions become nonrelativistic at temperatures
of the order of z & r~!. Thus, it is obvious that at » > 10~*
all the nonstandard thermodynamic effects subside.
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FIG. 3. The predicted dark baryon relic density as a function of

the dark pion to dark baryon mass ratio r. Two dark baryon
masses of mg~ 10 TeV leading to 1074 cm®/s and mg~
100 TeV leading to 1072 cm?3/s are shown. In the second case
there exist two pion to baryon mass ratios, that lead to the correct
dark baryon relic density. This effect results from the fact, that at
intermediate values of r the relic density is suppressed with
respect to the naive estimated value, while on the other hand an
enhancement takes place when r approaches values of order one.
This enhancement leads to significantly larger target cross
sections for heavy DM candidates. At r values below 107 the
pions are relativistic throughout the entire annihilation history of
the dark baryons and no effect is present.

Figure 4(a) shows the dark baryon relic density in the
strongly coupled regime as a function of the dark baryon
and pion masses while neglecting possible dilution due to
pion decay. Depending on the parameter space the resulting
dark baryon density will come from either number-
preserving or number-changing types of interactions out-
lined above. Therefore, the dynamics of the system is
governed by the Boltzmann equations from either Sec. V B
or Sec. VC. The pion lifetime is varied as a model-
independent free parameter and for comparison the two
regimes are contrasted. In the case that the pions are stable
on cosmic time scales during the confinement and freeze-
out process (z, > 72°) the relic abundance depends on the
initial entropy ratio ¢. If the pion decay is significant during
the freeze-out (z, < 79°) the established connection to the
SM plasma erases the ¢ dependence. The Boltzmann
equation used for the relic abundance is in this case
described in Sec. V D.

3. Pion decay effects

To discuss the pion lifetime effects more concretely,
we specify a model, by choosing it to contain a dark
quark with SM quantum numbers. The simplest viable
model, as discussed in Ref. [30] contains only one quark
multiplet with my < Ap is the Q= (3,1,3,0) of

SU3)p, x SU(3).xSU(2), xU(1)y. Here the dark
diagonal flavor symmetry is SU(3) under which we have
eight Goldstones that decompose under SU(2); SM as
a3®s.

The dark Goldstones enjoy a G-parity symmetry (charge
conjugation followed by a weak isospin flip) that would
stabilize 7,. However, the symmetry can be broken by a
dimension-five operator induced by physics at the scale A¢.

This physics may induce, for example, the operator
—k(agm/ A¢)7[OF " enabling the decay with

_ K'2(1]25M mio (65
=YY T 647[3 AZ . )

¢

The coefficient « is O(1) and Ap < A¢ < Mp;, which

defines the minimal and maximal lifetime of the pions
respectively.

A simple way to UV complete this decay scenario is the
introduction of heavy vector-like dark quarks, which trans-
form as Q, = (3,1,2,1/2). Those will allow a Yukawa
mixing with the dark quark which comprises the DM
parametrized by e and induces an anomaly leading to the
above decay process. The decay rate, in this case, would
have an additional suppression factor of e* and would thus
favor longer pion lifetimes making the pions stable during
the dark baryon freeze-out. Note that this UV completion
is also valid for SM singlet DM component quarks, as a
Yukawa interaction is also allowed in this case [24].

It is obvious, that in order for a pion to be stable on
cosmological scales its mass has to be below the GeV scale.
Thus, we have a severely limited parameter space for a
long-lived pion as a DM candidate. In the generic case, as
mentioned before, the baryon will be the DM candidate and
thus the pions have to decay before BBN i.e., 7, < 1 s. In
the case that the dark pions have such long lifetimes, the
entropy dilution, as discussed in Sec. V D 2, takes place.
The resulting relic abundance is shown in Fig. 4(b). Note
that in this case, the dark baryon mass can be significantly
higher than expected from unitarity considerations [55,56]
or even tighter mass bounds, derived in Ref. [57].

4. Stable pion abundance

As discussed in the Introduction, it is possible to
construct models with global symmetries, in which the
pions are long-lived DM candidates. This implies that the
pion cannot be heavier than a few GeV. In this section, we
predict the relic abundance of the long-lived pions as a
function of the model parameters.

While for the dark baryons, the freeze-out and produc-
tion depend to a lesser degree on the couplings of the
constituent quarks to the SM particles, the situation is
different in the pion case. This is due to the fact that
viable models feature light pions and therefore, depending
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(a) No entropy dilution due to pion decay. Short

lived or stable pions are assumed.

Qh2>0.12

Dark Baryon Mass (GeV)

10*
107! 10° 10! 10? 10° 10*

Pion Mass (GeV)

(b) Entropy dilution in the case that pions are

unstable and their lifetime is 7, ~ 1s.

FIG. 4. The model parameter space allowed by the relic density constraint in the case of Ap > M. So far it is assumed that no
entropy dilution is happening. The model considered has Npc =3 and Ny = 3. The light green region shows how ignoring the
thermodynamic effects leads to significantly different relic abundance predictions. Note that in the strongly coupled model, the freeze-
out always happens in the regime with conserved dark particle number and an active chemical potential.

on the concrete realization of the model, the pion-SM
elastic scattering might be strong enough to maintain
kinetic equilibrium between the sectors, leading to the
equality of Tp = Tgy. Whether temperature equality is
achieved dramatically changes the resulting freeze-out
phenomenology.

5. Kinetic equilibrium

In Sec. IV, it was shown that a dark pion sector, which is
not in kinetic equilibrium with the SM bath cools slower
than normal nonrelativistic matter. Thus, structure forma-
tion excludes a secluded, self-heating pion sector as the sole
component of the DM fluid in the Universe [58].

Therefore, we first consider a scenario in which the
temperature equality between the dark pion and the SM
sector is maintained throughout the freeze-out process, as
in Ref. [21]. Here the general Boltzmann equation (32)
greatly simplifies and the temperature-dependent function
is just f(z) = zz". The WZW interaction cross section
includes the z;2 scaling of the pion scattering cross section
forn=717.

The asymptotic number density with n =7 is thus
given by

o 2( I B >—1/2 3( .
= R—F— e prw ~ -2 )7
ssmo VA NED" n—=1(zH)!

where

L2001+

135\/§géﬁ mf,Mplagz, (67)
is the large parameter enabling the boundary layer method
to work. Here we have defined 69, = (63,0%)z> and
assumed { < 1.

In the case of 3 — 2 freeze-out and equal temperatures in
the SM and dark sectors, the critical temperature at which
the number-changing interactions decouple can be found
analytically to be

1 4”224—11 3+n
% = —(n _ 3)W<(14L))’

2 a=i(n —3) (68)

where W(x) is the ProductLog function.

Since the relic density is given by Q, ~ s\m, Y2 /p. ~

2.6 x 103((N% = 1)m, /69, GeV3/?) " this scenario alone
does not point to a fixed target cross section, as in the case
of the well-known thermal WIMP [59]. Fixing the relic
density to be the maximally allowed relic abundance of DM
we obtain the constraint (N7 — 1)*mz69, > 10% GeV~3.
Given the scaling of 69, ~2.3 x 10°N},r'%mz N7,
we find that the relic density is Q, ~ O(1)r>NpL(m,/
(N GeV))¥? and m, < 0.3r10/3N%,/2Nf GeV. Since at
values of r~ (O(1) the chiral perturbation theory used to
set up the pion Lagrangian breaks down, we find that the
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FIG.5. The red shaded region describes the case that dark pions

are in kinetic equilibrium with SM particles. It shows the
parameter space within which the dark pion relic abundance is
below the experimentally observed DM abundance. The region
intersects with the black band, which indicates the breakdown of
chiral perturbation theory at a pion mass of order GeV. The green
shaded region describes the scenario, where the dark pions are
kinetically decoupled from the SM bath and show number-
changing behavior and self-heating. Note that in this case the
dependence on the pion to baryon mass ratio r is much weaker.

mass ordering scenario of my << Ap provides an upper
mass bound for the pion dark matter of the order of GeV.

Figure 5 shows the numerical result for the stable dark
pion relic density for Npc =2, Ny =3 and N, = 36,
where SU(N;)r ® SU(Ny)g is broken to a diagonal
SU(Ny)y. The results agree very well with the analytical
estimate.

There is another important point which is crucial and
very general to take into account here. The pion self
scattering cross section is given by [60]

4734 (Ny = 1)(Ny + 1)(3N} — 2N7 + 6)
[P
T m Ni(NG = 1)

~ 1273 r* /m2. (69)

Note that this cross section only weakly depends on the
number of fermion flavors. Observations of galaxy clusters
provide upper bounds on the DM self-scattering cross
section demanding that ¢,_,/m, <cm”/g~4.5103 GeV~3
[61-63]. Given the upper bound, we derived on the pion
mass from the relic density constraint, we get a lower bound
on this quantity 6;_,/m, > 1.8 x 10*/(r°NpoN}) GeV~>,

which implies that r > 1.25N*N;'/2.

This lower bound on r indicates that at low values of
Npc and Ny the viable models are close to the regime
where chiral perturbation theory breaks down. In fact

Ref. [64] demonstrated that at values of » > 0.3 next-to-
leading-order and next-to-next-to-leading-order corrections
increase the self-scattering cross section beyond the exper-
imentally viable values. A possible way to reconcile the
stable pion DM scenario with data is to consider modes
with large numbers of colors or fermion flavors N > 20
or Ny > 16, such that r < 0.3 and higher orders of the
chiral expansion are subleading. It is intriguing that the
allowed mass range for stable pions is in the sub-GeV
regime, which is compatible with the pion lifetime esti-
mates we performed in the Introduction. Thus this scenario
is self-consistent.

6. Kinetically decoupled pions

Even though Ref. [58] showed that self-heating secluded
pions cannot be the DM of the Universe, Ref. [65]
discussed the possibility that a subdominant DM fraction
of self-heating light particles is acceptable and might
alleviate the observed tension in the matter power spec-
trum. To this end, the fraction has to be of order 1% of the
total DM relic density.

Figure 5 shows the numeric result for the secluded dark
pion relic density as the green shaded region. Since in
analogy to the baryon freeze-out the Hubble rate has a
complicated dark temperature dependence there is no such
simple analytical expression for the final relic density. It is
interesting to observe, that in this case the mass of the dark
pions is expected to be between 10 and 100 keV, with a
mild dependence on the ratio r = m,/Ap ~ m,/mg, with
the dark baryon mass mg.

As shown above, in order to obtain a symmetric relic
abundance of dark baryons in accordance with the observed
DM relic density, those baryons have to have mass of order
100 TeV, which implies an extremely small value of
r < 10719 which makes the pion self-scattering cross
section tiny. In the case that dark baryons are produced
with an asymmetry and a smaller mass, the ratio r can be
much larger. However, since the dark pions are a subdomi-
nant DM fraction, the DM self-interaction constraint does
not apply to them.

B. The weakly coupled bound-state limit

In this subsection, we consider the interaction regime, in
which M, > Ap, and thus bound states are perturbative
objects similar to heavy quarkonia. In this regime, the
annihilation takes place in two ways.

1. Dark baryon interactions

(1) Constituent annihilation which is dominant when the
length scale corresponding to the baryon momenta is
shorter than the naive size of the colliding baryons
(mpvie)™" = pg' < Rp =~ (apCymgp)~", which im-
plies that v, > apCy/Npc with the group factor
Cy defined below. The cross section in this case is
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analogous to the free quark case since it is dominated
by direct constituent annihilation and it is given by
OannVrel X K70ty /m7) [where k is a model-dependent
number of O(1)].
(2) Rearrangement annihilation, which is effective in

the complementary regime i.e., v, < ap. The proc-
ess takes place when two baryons rearrange into a
quarkonium state with 2(Npc — 1) quarks emitting a
meson BB— QQ(Npc—1)+0Q. The (Npe—1)00Q
state has baryon number zero and self-annihilates
by stepwise meson emission. The rearrangement
cross section is given by 6,,~7RE/\/Exin/Ep
and 6,0,V & 7/ (v/NpcCyapmy), where Cy is
the quadratic Casimir of the fundamental representa-
tion of the considered group [30].

The resulting cross section is thus a temperature-dependent

quantity, given by

2 2 2
Kma, | ay, Cymg
sz 5 TD > DNZN 5
~{ > 70
(Ganny) ~ 2 ( )
z T < apCymss
\/NDCCNaDmZQ ’ D Néc

The group factor can be computed in a given model; for
example for an SU(Npc) group itis k=(N},c—3N3-+2)/
16N%C, assuming the quarks are SM singlets [30].

The value of the rearrangement cross section quoted
above can be estimated by numerical simulations of the
classical rearrangement process, where the color charge of
the dark quarks is taken into account. This is done by
augmenting the Maxwell equations, by a classical evolution
equation for the color vector Q“(t) with the adjoint index a,

which is constructed from the bilinear Q¢ = cj/l?jc ; with
the color vectors of the fundamental fields c¢; and the
corresponding group generators Af; [66]. The parallel
transport equation dictates the evolution of this color
vector v - DQ® =0 [67,68], where v, is the four-velocity
of the quark. This equation can be written and approxi-
mated in the nonrelativistic limit as

04(t) = gpf™ P ALQS ~ gp feALQS,  (T1)

where f¢ is the structure coefficient of the gauge group.
At leading order in the gauge coupling the equation for the
potential in the Lorentz gauge is just (JA, = gpJ%, where
the sources are Ji; = >, [ drQ,(7)v48(x — x;(r)). We can
use the Lienard-Wiechert ansatz and get at leading non-
relativistic order

(72)

FIG. 6. Classical meson rearrangement of weakly coupled
bound states. The quarks are in the fundamental representation
of SU(2). The line color indicates the time evolution of the
bilinear color vector. The numerical study of this system confirms
that the process is s-wave dominated and (6,,,v) ~ const, given
by Eq. (70).

With the Lorentz force equation mQ;i = gpQ0f 5A8 for the
positions of the color charges we obtain a closed system of
differential equations. As an example we show a simulated
classical meson-antimeson rearrangement event in Fig. 6.

2. Glueball interactions

The glueball spectrum is well known from lattice studies
[69] and contains the 0t = § state as a lightest particle.
The interactions among the glueballs can be described by a
low-energy effective Lagrangian, obtained in the large-N p ¢
expansion [70-72]

1 y Gy 5 a3 4rm 3
ay ((4m \? ,

_ ) st 73
! (NDC> i (73)

with a; of order unity. From this Lagrangian the cross
section for the 3 — 2 processes can be computed as

1 /4z\6 1
03,02 & . 74
2t~ s () - (4

3. Glueball decay

Glueballs are not protected from decay by any accidental
symmetry. Therefore, generically they will have a limited
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lifetime. If the theory contains quarks, which carry electro-
weak quantum numbers, effective operators will be
induced. If no Yukawa couplings with the Standard
Model fermions are present, the leading operator will be
of dimension eight [30]

Og = aEMaDGﬁyG”DaFAaFM7 (75)
with the coefficient induced by the quark loop

Tp(T, + dyrY)

(76)
GOmz

Ccg =

For the simple model, we have introduced in the previous
section, the only quarks in the theory are in the Q =
(3,1,3,0) of SU(3), xSU(3), xSU(2), xU(1)y and
thus T, =1/2, T, =2, dy =3 and Y =0. The decay
with of the glueballs is therefore

aAmd. 2
W Ay + 2000y c08* (Oyy)

mép
/ / 2
+ a3cos* (Oy) m”;vv> (77)
GB

The constant f; can be extracted from lattice data as in
Ref. [73] fg = (0|TrG,,G*|0"") ~ 3m{y /4map. In the
case of heavy glueballs with mgg > my, the kinematical
bracket separating the yy, Zy, ZZ and WW channels
respectively, simplifies to 3a§.

A

I'g =

4. Phase transitions

In this section, we will show how a first-order phase
transition can lead to a dilution of frozen-out relic particles
[74]. Numerical simulations of pure gluon dynamics
indicate the presence of a first-order confinement phase
transition for Np larger than two. We can use this analogy
for the dark scenario with heavy vector-like quarks. Here
we are interested in the discontinuity of entropy density,
which would affect the abundance of frozen-out relics.

The entropy of the Yang-mills sector just above the
critical confinement temperature is given by sp =
47%/90g,T3, — OBy /0T, where g, is the number of
gluons. The nonperturbative contribution is encoded in
the factor B,. This factor can be modeled with the MIT bag
model [75] and ascribes constant vacuum energy density to
the interior of hadrons. However, just above the phase
transition, the plasma can be considered as so dense, that B,
is a universal global vacuum energy and thus does not affect
the entropy function. The entropy density before the phase
transition is thus s, ~ s, ~ 47%/90g,T75,.

After the confinement, the lightest degree of freedom is
the 0™* glueball with a mass of mgg ~ 7Ap. Therefore,

at Tp < Ap the glueballs are nonrelativistic and have
an exponentially suppressed contribution to the entropy

density
e 'p m D
- B s (78)

KA =

If the dark sector dominates the energy budget of the
Universe at the phase transition i.e., if Ap < T a dilution
effect will take place. Since we argue that the nonpertur-
bative entropy generating contributions can be neglected
the change in entropy densities is compensated by an

expansion of the Universe i.e., s, a] = s_aj. The increase

in the volume leads to a dilution of any relic already frozen
out at the phase transition with the dilution factor given by

Sy 4\/27[7/2 (Nz c— I)Tic/nff emGB/Tconf.
D= s 45 32 - (79)
B mgp

The confinement temperature can be approximated by
Teont. ® (ﬂz(z(fo_]))l/“, where By~ A},. For the case of
DC

Npc =3 the phase transition leads to a dilution fac-
tor D =~ 400.

A further interesting aspect of this scenario is that during
this first-order phase transition dark baryons will accumu-
late in clusters at the collapse points of the false vacuum.
In the case of an asymmetry in the dark sector, those DM
clusters will persist until the present day.

5. Dark baryon abundance

Equipped with our formalism the relic density of weakly
coupled dark baryons can now be computed. We begin by
exploring the parameter space keeping the SM quantum
numbers general and varying the glueball lifetime as a free
parameter and then focusing on the predictions of a
concrete simple model.

Figure 7(a) shows the relic abundance of dark baryons,
in the case that the dark glueballs are stable at the baryon
freeze-out. The final abundance depends on the initial
entropy ratio £, which is bounded from above by the
number of SM degrees of freedom, assuming that the dark
and SM sectors were in thermal contact at some higher
temperature.

Figure 7(b) shows the relic abundance under the
assumption that dark glueballs are not stable at the time
of the dark baryon freeze-out and establish a partial thermal
link between the systems. Furthermore, we show that given
an entropy ratio ¢ > 30 at the first-order phase transition in
the case of low-mass dark glueballs additional dilution
takes place and leads to larger dark baryon masses.

Figure 8 shows the allowed parameter space in the
concrete model with only one quark in the adjoint repre-
sentation of the weak SU(2); group. The glueballs decay

103010-18



THERMAL HISTORY OF COMPOSITE DARK MATTER

PHYS. REV. D 101, 103010 (2020)

T

and £ = 1072
10*

10k
s 2

g : QOh~“>0.12 rop > THPC
@ 5 and £ = fmax
:
=
g L DC
g i TGB > TH
m
~
s
[

0h%<0.12

10°
10~

10! 102 100 10* 10° 10°

Glueball Mass (GeV)

10°

(a) No effect of the phase transition, since long

lived or stable glueballs are assumed.
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(b) Effective dark baryon dilution at the phase

transition, which is first order in this case.

The model parameter space allowed by the relic density constraint in the case of Ap << M. So far it is assumed that no

entropy dilution is happening. The model considered has N = 3. The left panel shows the relic abundance in the case that 7gg < 7,
i.e., that glueballs decay immediately at formation. This leads to an effective thermalization of the system and is the most predictive
scenario. In the right panel the situation is considered, that glueballs are stable during the freeze-out process and the final relic abundance

is sensitive to the entropy ratio at high temperatures ¢.
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FIG. 8. The model parameter space allowed by the relic

density constraint in the case of Ap << M. The figure con-
siders the entropy dilution, which results from the nonrelativ-
istic glueball decay. This dilution takes place if the glueballs
dominate the energy budget of the Universe. The contours show
the extreme cases of A) the glueball lifetime being the
maximum allowed by BBN i.e., 7g & 1 s, and B) the minimal
scenario, in which the only quark that is present in the model
and forms baryons is in the 3 representation of SU(2),, which
leads to the glueball decay S — yy, shown in Eq. (77). The
allowed parameter space for 7gg < 7, is shown for comparison.
The model considered has Npc = 3.

according to Eq. (77). Given the model parameters, the
glueballs decay after dark baryon freeze-out and strong
entropy dilution takes place. This is indicated by the purple
contour which goes up to dark baryon masses, which are
much larger than the expected unitarity bound [55]. The
maximal entropy diluted relic density is shown by the red
contour. It takes place if the glueball lifetime is assumed
to be 7gg ~ 1 s, so as large as it can get, given the BBN
constraint. For comparison, the dark baryon relic abun-
dance result with short-lived glueballs is shown in green.
Note that the provided upper bounds on the DM mass from
the requirement QA2 < 0.12 also apply if a DM asymmetry
is present. In that case, the symmetric component has to
annihilate away to at least that value in order not to
overclose the Universe.

6. Stable glueball abundance

When dark glueballs are long lived on cosmic time
scales, they can be DM candidates as well. The effective
Lagrangian for the glueball interactions is not based on
approximate global symmetry but it is a result of a 1/Np¢
expansion and works best for a large number of colors [70].
The glueball self-scattering cross section can be computed
from Eq. (73) and is directly related to the 3 — 2 reaction
cross section

1 A 4 1 NDC 2 3 2
N— ~ . 80
02-2 167z <NDC> m2GB ( 8 > mGBUS_}Z’U ( )
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The associated relic abundance can be computed in two
distinct regimes.

7. Dark glueballs in kinetic equilibrium

The same logic concerning kinetic equilibrium used
earlier for dark pions applies also to dark glueballs, and
thus the stable glueball is only a good DM candidate if
kinetic equilibrium is maintained [76].

The structure of the Boltzmann equation is given by
Eq. (32) and thus identical to the dark pion freeze-out case.
The only difference is that the 3 — 2 annihilation cross
section for glueballs is temperature independent. Therefore,
the function in Eq. (32) is f(z) =z and hence the
asymptotic number density is given by (n = 5)

yor _nGB~2< L8 )—1/2
B SSMN\/Z (z8B) n—=1(8B)!

2 9 Y
z\/%(sz)z and Qgp n~ SsMMGBTGB (81)

c

Given the strict relations between the glueball mass
and the number-changing 3 — 2 cross section (74), we
have a concrete prediction Qgp = 8.1(mgg/GeV) /N3 .
This implies an upper bound on the glueball mass mgg <
0.1/N% GeV translating into 65, > 5 x 10* GeV~2 or
equivalently o,_,/mgg > 5 x 10°N%-GeV~>. This self-
scattering cross section violates the observational bound
of 6,_,/mgg < 4.5 x 10> GeV~3 by more than 2 orders of
magnitude. Therefore, stable dark glueballs in kinetic
equilibrium with the SM plasma cannot be the dominant
DM component.

8. Decoupled dark glueballs and
multicomponent dark matter

The other DM avenue for dark glueballs is that they are
not in kinetic equilibrium with the SM plasma and have
their temperature evolution, which leads to a prolonged
phase with nonvanishing pressure. The only phenomeno-
logically viable scenario, in this case, is a multicomponent
dark sector [77,78]. The glueballs comprise in this case
only a subdominant DM fraction with a much larger free-
streaming length than the dominating DM candidates. This
phenomenon could resolve some large-scale structure
problems if the glueballs make up for about 1% of the
total DM relic abundance [65].

The explicit numerical solution of the Boltzmann equa-
tions leads to a dark glueball mass between 100 keV and
10 MeV, depending on the initial entropy ratio {. A few
comments are in order.

(1) The low-mass glueballs are expected to have sizable
self-scattering cross sections. However, the cluster
constraints do not exclude them, since they are a
subdominant DM component.

Dark Matter component Mass (GeV)

105 T T T T T
104F Qomh?®>0.12

1000
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1073

107
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107°

1077
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107° :
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FIG. 9. The model parameter space allowed by the relic density
and structure formation constraint in the case of Ap < M, and
long-lived glueballs. The resulting model features are a two-
component DM system with TeV scale dark baryons, which make
up about 99% of the DM and a subdominant keV scale glueball
population (about 1% DM abundance). This self-heating glueball
component can help to resolve observational tension in the matter
power spectrum [65]. The model considered has Np- = 3.

(2) Such low masses indicate a dark confinement scale
close to or even below Agep.

(3) In contrast to previous scenarios, the low confine-
ment scale is phenomenologically acceptable, since
the dark glueballs do not decay and do not affect
BBN in this scenario.

(4) If dark glueballs constitute 1% of the DM abun-
dance, this motivates a low confinement scale and
simultaneously predicts a mass range of a few TeV
for the dark baryons emerging as bound states of
heavy dark quarks; see Fig. 9.

This scenario is special from an experimental point of
view since glueballs are produced during annihilation of
dark baryons. Since the glueballs are long-lived and feebly
interacting with SM matter those decay channels are
experimentally invisible. Therefore, the detectability in
this scenario depends strongly on the specific SM quantum
numbers of the dark quarks that will lead to subdominant
annihilations of dark baryons into SM final states. Another
possibility is that the dark glueballs, despite being long-
lived, slowly decay leading to detectable signals in indirect
detection experiments. We will now come to the discussion
of experimental signatures of composite DM models.

VII. EXPERIMENTAL CONSTRAINTS

The composite DM models we discussed here can be
very broadly divided into two classes:
(1) Type I: Theories with composite DM particles that
carry residual SM interactions. This is the case, for
example, of one weakly charged dark quark in which
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FIG. 10. The experimental limits on a dark-gauge sector with minimal charge assignment. The dark quarks are in the adjoint
representation of SU(2), . In the left panel, we show the expected relic abundance for the weakly coupled baryons [30]. In the right
panel, we show the parameters expected for thermal production when the dark baryons are strongly coupled bound states. The most
stringent limits for light LCPs are inferred from the Fermi-LAT experiment and Planck observations of the CMB [87]. Those limits are
particularly insensitive to the cascade details and DM distribution, as only the total energy deposit matters. For heavier LCPs the H. E. S.
S. limits are dominant; however, those limits are obtained under the assumption of an Einasto DM profile and would become weaker

with a strongly cored DM profile.

the lightest baryon is by construction a multiplet of
the weak force [24] but still neutral under QCD.
Another possibility are models featuring dark quarks
charged under QCD, which lead to residual induced
chromoelectric interactions [25,44]. Another time-
honored example is a dark technibaryon [79] which
still has residual SM interactions due to its SM
charged constituents.

(2) Type II: Theories with composite DM particles, are
total SM singlets. This can be realized in a model
where the lightest dark quarks are SM singlets and
heavier ones carry SM quantum numbers leading to
LCP decays.

Here we focus on the indirect detection experiments
since the dark-baryon-matter interactions, important for
direct searches, are only present in models of type I and
are highly model dependent [30]. In general, viable SM
quantum numbers for dark baryon systems were classified
in Ref. [24].

In both type I and II models the LCPs are unstable
and therefore we expect annihilation processes of BB —
LCPs — several SM particles. The cascade depth and the
type of final-state SM particles are model dependent.
However, since photons will be present for any SM
final-state experiments such as Fermi-LAT [80] and
H.E.S.S. [81], as well as the Planck satellite [82]
observations of the CMB [83] play an important role in
discovering these models [84]. Shortly, the upcoming CTA
experiment will probe the target cross section regions very
efficiently already with the data of a single dwarf galaxy

[85]. Furthermore, the details of the spectral shape are less
relevant for an order-of-magnitude limit, because the
spectrum is sufficiently softened by cascade decays [86].

In Fig. 10, we present the limits for the minimal SM
charge assignment of the dark quarks. Here, the spectrum
of dark quarks contains a multiplet which transforms
according to the adjoint representation of SU(2),. As
discussed above this allows the dark glueballs or dark
pions to decay to photons or heavy SU(2), gauge bosons,
if kinematically allowed. Note that the limits on the dark
baryon annihilation cross section will be in the same
ballpark, even if the DM candidate baryon itself is a SM
singlet given that the LCPs decay into photons.

In Fig. 11 we show the expected annihilation cross
section in the strongly coupled baryon model with SM
singlet pions. This way of presenting the data is convenient
to investigate the experimental reach into the model
parameter space. We point out that at larger pion masses
the expected cross section is significantly larger than the
typically expected benchmark target value of (ov)=
10726 cm3/s. This makes this region of parameter space
particularly interesting from the point of view of detect-
ability. Furthermore, we observe that decreasing the
entropy ratio ¢ results in larger late-time annihilation cross
sections, which means the cross section parameter space is
bounded from below and can be tested entirely given the
necessary experimental sensitivity.

Besides the pure dark sector effects in models of type I
we also have residual interactions with SM particles that
will generically lead to additional nonperturbative effects in
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FIG. 11. The target cross section expected from the thermal

freeze-out in the strongly coupled baryon model as a function of
the pion mass. While in the low-pion-mass regime the standard
value of the annihilation cross section is recovered, larger pion
masses lead to an enhanced annihilation cross section, increasing
the detectability of this scenario.

the annihilation processes such as the Sommerfeld enhance-
ment [88-92] and bound-state formation [49,93—-100].
The above scenario does not apply when considering
long-lived glueballs yielding invisible dark baryon annihi-
lation processes. Depending on the lifetime one could hope
to experimentally test this scenario via the dark glueball
decays into SM particles. Furthermore, since dark baryons
keep annihilating into dark glueballs, which have consid-
erable self-interactions, the dark matter self-interactions
evolve with time. This could be an intriguing feature for
late-time dynamics of galaxies and galaxy clusters. We
postpone a detailed study of this scenario to a later endeavor.

VIII. CONCLUSIONS

We investigated the thermodynamic history of confining
dark sectors that can feature global accidental symmetries,
leading to long-lived particles such as the proton for the
Standard Model.

Dark sectors can generically decouple from Kkinetic
equilibrium with the Standard Model plasma and undergo
a separate thermal evolution. Since the lightest composite
particles being pions or glueballs unavoidably feature
number-changing interactions, the secluded sector plasma
heats up until the number-changing processes decouple.
This behavior leads to a nonstandard dependence of the
Hubble rate and the entropy evolution on the dark sector
temperature. Thus to find the relic abundance, we have
set up new Boltzmann equations, taking this atypical
thermodynamical behavior into account.

We adopted our formalism to investigate two regimes of
confining dark sectors: the strongly coupled bound-state

regime, and the weakly coupled bound-state regime. We
found several viable dark matter scenarios:

(1) Stable dark baryons, strongly coupled with masses
around the 100 TeV scale.

(2) Stable dark baryons, weakly coupled with masses
between a few and 100 TeV.

(3) Stable dark pions around the GeV scale and con-
siderable self-scattering cross sections.

(4) Multicomponent dark matter scenarios with dark
baryons at the TeV scale and a subdominant self-
interacting glueball dark matter component at the
1% level of the relic density with keV scale masses.

Interestingly models featuring long-lived or stable light-
dark particles can address issues related to the local
dark-matter halos. Dark light glueballs and pions have
considerably large self-interactions. Furthermore, in the
case of a kinetically decoupled subdominant dark pion
or glueball population, the self-heating due to number-
changing processes in the dark plasma can resolve some
experimental tension in the matter power spectrum.

Finally, we discussed how to experimentally test these

models of composite dark matter. We argued that the most
promising search strategy is indirect detection via space- or
ground-based experiments. The crucial point is that these
experiments are sensitive to the total annihilation cross
section of dark matter particles into Standard Model final
states via intermediate LCPs. We derived stringent limits
from CMB observables, based on the total power injection.
Furthermore, we showed the sensitivity of experiments
aimed at the Galactic Center. Remarkably, current indirect
detection experiments can place bounds on the considered
models, given the fact that the typical mass range of the
dark baryons is mostly in the multi-TeV regime. This lucky
coincidence is related to the fact, that at the large dark
baryon mass, effects of the dark plasma enhance the dark
baryon production efficiency, which results in larger target
cross sections. Thus we can hope that upcoming experi-
ments, such as CTA, will be able to cut deeply into the
composite dark matter parameter space.
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APPENDIX A: SUMMARY OF DARK
THERMODYNAMICS

1. The background evolution

We present the main formulas concerning the evolution
of the Friedman-Robertson-Walker (FRW) universe, speci-
fied by the metric
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dr?

1 —kr?

ds’> = —d* + a(t) [ + rzdﬂz] . (A1)

The source of space-time expansion (or contraction)
described by the scale factor a(t) is taken to be a perfect
fluid. This is described by the particle current N* and
stress-energy tensor T satisfying continuity equations:

Nt = nUH,

\Y% N”zOéii(ncﬁ):O or n+3Hn=0
: a*dt '
™ = (p + P)UAUY — Pg™,

VT, =0=p+3H(p+P)=0. (A2)

We denote by n(r) the particle number density and by
U* = (1,0,0,0) the fluid four-velocity in the comoving
frame. H(t) = a/a is the Hubble parameter. In general a
relation between pressure P and energy density p of the
fluid is required, for example

w=20 nonrelativistic matter,
P=wp{ w=1  radiation, (A3)
w = —1 vacuum energy.

Plugging the FRW ansatz into the Einstein equations one
finds

2_87 Kk
B 3M§,p a?’
. Az
P

We will consider exclusively the case in which k& = 0.
These equations uniquely determine the Universe’s scale
factor a(¢) with its own matter content.

2. General multifluid thermodynamics

In this section, we provide a compendium of formulas for
equilibrium multifluid systems. Considering first a single-
component fluid of particles, this is in kinetic equilibrium
if kinetic energy exchange through particle collision is
efficient. In this case, the phase-space distribution is a
Bose-Einstein (BE) or Fermi-Dirac (FD) distribution:

1

- ~ e_ﬂ(E_ﬂ)
ePE-1) 4 1

when

flp) = BE—p)>1.

(A5)

Relativistic particles have the dispersion relation E =

\/ p* +m? and = 1/T. The pressure, energy and particle
density are obtained by

dp dp
neg / Gt p=g / G E)F ().

&p _p?

with g being the number of discrete degrees of freedom
(spin, flavor, etc.). The entropy density of the system is
obtained from

(A6)

dS = (dU + PdV — udN) = s = f(p + P — un). (A7)

Useful expressions are obtained in the relativistic fm ~
pu < 1 limit:

¢((3) (1 BE. 2 (1 BE
TP o, PT30% 2,
I 4
pol, o4, A8
3P ik (A8)

For simplicity we will include the BE/FD factors in the
definition of g.

In the nonrelativistic regime fm ~ pu>1 we have
instead

3/2
n = g(m_T> / e—ﬂ(m—ﬂ)’

3
o p:mn+§nT~mn,

n

s=(m—pu)—.

P =nT~0,
T

(A9)

Although we include the chemical potential in our treat-
ment due to the presence of number-changing interactions,
we will always assume to be far from the degenerate phase.
In general as a consequence of continuity equations we
have p = pu(T).

Suppose now that the ensemble contains many species
of particles, and interspecies interactions are absent. Then
every species thermalizes separately, each one with its
temperature and chemical potential (7, ;).

In our treatment, it is convenient to work with dimen-
sionless quantities, defined with respect to a given scale M.
In terms of z = M/T,z, = pu;/T. The entropy density in
relativistic and nonrelativistic regimes are, respectively

27
§; = (E>giM3Z_3,

M
_3 r(riz -

Si i
V83

where we introduced the mass ratios r; = m;/M. If
interspecies interactions are switched on, these can provide
extra channels for thermalization (elastic processes) or
species-changing interactions (inelastic processes). The
balancing of the latter reactions for the time-reversed

3/23_(”2_%), (AIO)

lei)z_
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processes is governed by the chemical potentials. When the
sums of chemical potentials of reacting particles are equal
on both sides of the reaction the system reaches chemical
equilibrium, and the fraction of each species is then
determined and not evolving in time.

A multifluid system that is both in kinetic and chemical
equilibrium is said to be in thermal equilibrium. In this
case, every species follows the equilibrium distribution
with a common temperature of 7; = 7.

When all the species are in thermal equilibrium the total
entropy density is

45
— M'% =3
Stot <45> |:r§<<:lgl \/32—7’_;]‘91 i< Zlh

% (riz)3/ze—(r;z—z,,i):|

<247; >M3Z—3g*s( )-

In square brackets one can read the effective entropy
degrees of freedom g,s(z). For all practical purposes, the
entropy of the nonrelativistic sector can be neglected
compared to the relativistic one, and away from mass
thresholds g,5(z) ~ >, .« g; ~ const.

Studying departure from thermal equilibrium it is useful
to introduce the particle number per comoving volume
Y; = n;/s, which evaluates to

(Al1)

45¢(3)g;

37T g,s(o0)  CONSL if T>>m;,u;,
Yi - 45 Ji )32 —(riz—z,,) (AIZ)
\/ﬁg*.s’(z) (?) e Vi ) i T <<my, ;.

As a case of interest, let us discuss the relation y = u(T)
that arises when the Universe’s expansion forces a species
out of chemical equilibrium. This arises when the temper-
ature drops below the species mass threshold. If only self-
interactions are freezing out at the scale of interest, then the
entropy of the species is conserved:

d 3y _d m; —p; m; — p;
E(sia)_o_dt< T n,->—|—3H< 7 n;

(A13)

The above equation is solved by specifying an initial
condition, which can be fixed at the decoupling temper-
ature T, as u;(T,) = p%. Thus we get

— JSOT —T.) +m, (1 - T1> oT.~T), (Al4)

c

Hi(T)

or, equivalently, in terms of z variables

@) = 0=+ m(1- 2otz =z). (A13)

Assigning a specific temperature to the decoupling is an
approximation since the freeze-out happens in a range of
temperatures. As we are mostly interested in the asymptotic
values of y far from ¢, this approximation is reasonable.

APPENDIX B: RELATION BETWEEN DARK
AND VISIBLE SECTORS

We assume the SM and dark sector to be efficiently
coupled when the latter is deconfined, possibly due to weak
interactions. After these interactions freeze out the two
sectors decouple and entropies are separately conserved.
After this point, their ratio becomes a time-independent
constant as well as a measure of relative abundances:

£ =M (B1)

Sp

After this point, the temperatures of the two sectors
evolve differently depending on the degrees of freedom
of each sector. We will describe the different phases the
system evolves into as the Universe expands.

1. Deconfined phase

As initial conditions, when the dark sector (DS) is
deconfined, T > Ap as well as T'qy; > my the entropies
are dominated by relativistic species, so in order to keep ¢
constant, temperatures are linearly related:

1/3
g*S
TD - ( > TSM 5
Cgfss

where g*DSS is now comprised of dark quarks and gluons.
The total energy density driving the Universe’s expansion is

(B2)

3
Pt = Pp T Psm = 1 [{Tom + TD]SD

1/3
— |14 4390 gpTS.
[ e <QSM 30 9o

As a consequence, the Universe expands as if only the dark
quark-gluon plasma is present, the presence of the SM is
reflected in a modification of the effective degrees of
freedom, and H ~ \/p ~ T3,

(B3)

2. Confinement during baryon freeze-out

When T, ~ Ap the dark sector confines breaking chiral
symmetry. In this scenario, the dark quark mass is much
lower than the confining scale. The dark sector entropy is
dominated by relativistic pions. If we assume the SM to be
relativistic as well, then the temperatures of the two sectors
are related by
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SM\ 1/3
9
TD=< S) Tsu. (B4)

This is self-consistent as long as Ap > my as expected
from a new physics scale. The total energy density is found
analogously as in the previous case and the scale factor
evolves as

1
= H(Ap)——
( D)rizﬁ)

Hizo) = M) (2) ()

where we introduced r, = Ap/M, with M being the mass
scale of the dark matter candidate, in our case the dark
baryons. This is the regime in which the dark baryons
freeze out and the Universe’s expansion is driven by SM
and dark pions. For notational convenience we assume
rp ~ 1. This is in general not the case, and reintroducing
the factors of r, is straightforward in what follows. As a
concluding remark, number-changing interactions in the
pion sector are always active during the baryon freeze-out,
due to the significant scale hierarchy.

3. Freeze-out of number-changing interactions

In this regime, the number-changing interactions in
the pion sector become relevant for the dark sector
thermodynamics. We will restrict our attention to 3 — 2
processes. Once the expansion of the Universe makes the
temperature in the dark sector drop below the pion mass
Tp < m,, the 3 — 2 process can freeze out. As long as they
are active (u,, = 0) the entropy of the dark sector will
simply be

3
9M° s i
sp="— r,,/ zD/ e,

V83

Because of total entropy conservation, integrating from
to (time at which Tp = m,) and arbitrary time, we have
now

(B6)

“a 3 ~ (r.z )1/262”_# =T o Mz (B7)
ag mDb b 3log(a/ag)’

in which we assumed z;, > 1. As the Standard Model is
relativistic, it has instead a standard scaling:

o
Tsm=T, )

where T, is the SM at time ¢, when T = m,. The two
temperatures can still be related by the constancy of the

entropy ratio:
(TSM>3 52 .
— | ~zpTer.
Tp

(B8)

(B9)

It is then evident that the dark sector is exponentially
hotter than the Standard Model in this phase. To study the
Universe’s expansion, it is easier to consider separately
the cases in which one sector dominates over the other. The
Hubble rate can be computed in this phase to be

il

H(m,)(zpry) /e if pp > psu,
—2(y —L

H(mn)(ZDrﬂ)_]/3e S(ZD r”> Pp < Psm-

(B10)

H(T,) = {

If the 3 — 2 processes are frozen out, one needs to
consider the effect of the chemical potential in Eq. (A15).
We then have

3
- 9:M"z, orete 32,732
= e

ap

2
=Tp= m”(_> = Tp~Tiy, (B11)
a

where z,. corresponds to the 3 — 2 freeze-out temperature,
T.. The Hubble rate can be computed in this regime:

\3/2 .
H(T) ()" if po > psw

H(Tp) =
H(T,) (%)

(B12)
if pp < psm-

APPENDIX C: BOLTZMANN EQUATION FOR
NUMBER-CHANGING PROCESSES

In this section we review the derivation of the Boltzmann
equation for number-changing multiparticle processes.
The phase space density for a particle species is f;(E);
it represents the average number of particles in the unit
element of phase space. The Boltzmann equation then reads
schematically as

_ 8 28
L=Ey —Hp o

LIf) = clf) =

(C1)

where we used the form of the Liouville operator for
the FRW metric, with H being the Hubble rate. The phase
space volume element in the box normalization is
d*pgV./(2n)}, where V,.=a?V. Integrating the
Liouville operator on all phase space including the rela-
tivistic factor 1/(2E) we get

&p g [Eg _ 2%}

1
ny2E | Eor ~HP 5E| =3+ 34

5 (€2)

so that the Boltzmann equation takes the form
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&p 1

v+ 3Hn =29 | 2P
nEHn =2 | a2

C[f]. (C3)

To understand what the rhs represents, we can see that the
lhs is written as

1
ava "V =y

(C4)
which is the change in unit time of the number of particles
per unit of comoving volume. This is a Lorentz-invariant
quantity, and the goal is now to write the general collision
term for a generic interaction among particle species.

All of the states participating in the scattering are
multiparticle states with occupation number

\fi(Ei). fi(Ej). -..)- (C5)
If the transition operator allows a transition from a particle i
to a particle j then it will contain the operator a;a,-. This
will produce a factor /1 & f j\/]T,- depending on j being a
fermion or boson. We will factor these out explicitly, so that
our matrix element is between single-particle states only.
We will also approximate the ensemble to be sufficiently
diluted so that 1 & f; ~ 1 and for equilibrium distributions

f594 ~ e~PE#") Consider the following generic structure
of the reaction:

NIy + ) N x ;= Not x4+ > N x g (C6)

i€l i€0

The set 1, O consists of particle species that can appear at
each side of the reaction, with multiplicity N™°". As an
illustrative example consider a Yukawa-¢* theory in which
we want to study the number changing of fermionic

particles y due to the reaction

W+ + 3¢ — 27¢. (C7)

We then have Ni} =1, I = {1;'/,¢},N}I-‘,‘ = l,Ni;)1 =3 and
O = {¢}, Ny"* = 27. Back to our general reaction, this will
correspond to the following collision term for the y:

i + 3Hn, = (NIt N;ﬂt)Id@MﬁZ
x {(fl,,)Niw“H(f,-)N?" - (fw>N3“‘H<f,»>N?“‘],
el €0

(C8)

where we introduced a shorthand notation for the phase
space element

a0 = ao(pls~ )| T1 soriz ‘P”"]
= 0 Piot — P in
tot tot ie[’WNi ‘2El (2”)3
11 d3p»]
x e L (C9)
ng N 2E; (27)3

To avoid further complication, we adopted a slight abuse of
notation: same-species particles either in the initial or final
state have different momenta. The above definition takes
this fact into account implicitly. A few comments are
in order:

(1) The factor of N}, — N9 counts how many y are lost
in a reaction.

(2) We included factors of 1/N¢"! in the normalization
of final states with identical particles. For notational
convenience we included them in the definition of
the phase space element. This factor is included in
the typical cross-section computation in quantum
field theory (QFT).

(3) The factor 1/N"! is necessary as we are integrating
over the whole initial phase space, where states with
identical particles are present. This is not included in
the typical QFT cross section computation.

To simplify the expression further we use the fact that
during the evolution kinetic equilibrium is always main-
tained (the elastic processes are efficient, the expansion is
adiabatic) so that

fi n;

~&q = constant independent of p; = —. (C10)

fi n;
In what follows we will take f;? = e7PEi and incorporate
the u;-dependent part in the out-of-chemical-equilibrium
distributions 7;. The QFT matrix element includes a delta

function enforcing energy conservation, which enforces
detailed balance:

AN = (M T oM. (c1)

i€l i€0

Using these facts, the Boltzmann equation takes the form
n, +3Hn, = _(N,i;1 —Nﬁ,“t)Idd>|Mﬂ|2(f§f‘)N$ H(ﬁq)N}“
il
nl/,>Nli; (nl'>Ni'“
X _ _
(Ga) T
()7
! ico i

Switching to the commonly used variables Y; = n;/s this is
recast in the more familiar form

(C12)

103010-26



THERMAL HISTORY OF COMPOSITE DARK MATTER

PHYS. REV. D 101, 103010 (2020)

Yl/’ = —(Nm Nom) ()) SN,,/JerE,N;"—l
- Ge) G
q
i€l i€e0 Ye

sy ) c13)
1
The decay factor is
1 in
e p— Yool
B Y Ly ()Y e
x [T (C14)

i€l

The function J(z) = dz/dr is the Jacobian factor coming
from the variable change t — z.

1. Calculation of Jacobian factors

In this section we compute the Jacobian factor that
appears in the Boltzmann equation expressed in terms of
dark temperature:

1 dT),
T, di P

dZD

J(p) =~ "= (C15)

In the regime in which the two sector temperatures are
linearly related and the dark sector is dominated by
relativistic pions, we have

1 dTp

d
0="(T3a®) = —
(Tpa Ty dt

dr )=

—-H(Tp), (C16)

so that J(zp) = H(zp)zp. When the pions are nonrelativ-
istic and number-changing processes are active, we have
instead

dZD
dr

6ZDH(ZD)
(C17)

d _
< (@25 e ) = J(zp) =

0:
dt

Finally, once these processes are decoupled we get

d _
0=— (a3zD3/2) = J(zp) = d—tD =2zpH(zp).

- (C18)
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