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We study the effect of a first-order phase transition in a confining SU(N) dark sector with heavy dark
quarks. The baryons of this sector are the dark matter candidates. During the confinement phase transition
the heavy quarks are trapped inside isolated, contracting pockets of the deconfined phase, giving rise to a
second stage of annihilation that dramatically suppresses the dark quark abundance. The surviving
abundance is determined by the local accidental asymmetry in each pocket. The correct dark matter
abundance is obtained for O(1-100) PeV dark quarks, above the usual unitarity bound.

DOI: 10.1103/PhysRevLett.127.211101

Introduction.—Despite making up 85% of the cosmic
matter abundance, the particle nature of dark matter (DM)
is still unknown. One fundamental question is whether dark
matter’s constituents are elementary particles or composite
objects. Many studies in the literature have considered the
possibility of the DM being a composite state of a confining
dark gauge group [1-35].

In such scenarios, two events in cosmic history can
influence the relic abundance: the freeze-out of the inter-
actions that set the constituent quark abundance and the
phase transition that converts elementary constituents into
composite states. In the case that the confining phase
transition happens prior to the freeze-out, the details of the
phase transition process are irrelevant for the final relic
abundance [20]. The DM mass in this case is expected to
approach the maximum value allowed by unitarity, i.e.,
mpy ~ 100 TeV [36-38].

In this Letter we focus on the opposite regime, where the
phase transition happens at much lower temperatures than
the freeze-out of constituent quarks. This regime has been
considered in Refs. [24-26,28,30]; however, the detailed
dynamics of the phase transition have never been taken into
account. We show in this work that these details can
significantly affect the DM abundance calculation. In this
regime the phase transition is strongly first order and
features complex bubble dynamics. We study the effect
of these bubbles on the evolution of quarks and bound

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/21/127(21)/211101(7)

211101-1

states. We find that in a large fraction of the parameter
space, the relic abundance is strongly affected by the
bubble dynamics; the dark quarks are compressed within
contracting pockets of the deconfined phase, leading to a
second stage of efficient annihilation.

In this paper we summarize our main findings about the
effect of this first-order phase transition on the DM relic
abundance, while more details are provided in a companion
paper [39].

Thermal history.—The high energy Lagrangian of
our model consists of a dark non-Abelian SU(3) (Our
results can straightforwardly be extended to the case of
SU(N > 3) or more flavors of sufficiently heavy quarks, as
long as the theory remains asymptotically free. We also
assume that the CP-violating 8 angle for this gauge group is
zero.) gauge group, and a single flavor of vectorlike,
fundamental fermions with an explicit mass term:

1 _.
LD —ZG*”’GW + q(iy, D" —m,)q, (1)

where G is the dark SU(3)’s field strength, A is its
confinement scale, and m, is the dark quark mass. We
focus on the range of parameters A < 0.01m,. Below this
scale, quarks and gluons are all confined inside glueballs,
mesons, or baryons. The stable baryons are the DM
candidate in this setup.

We assume this sector is connected to the Standard Model
(SM) through an unspecified portal. The portal should keep
the two sectors in thermal equilibrium, enable the decay of
the glueballs and the mesons into the SM, and respect the
baryon number that stabilizes our DM candidate.

Since m, > A, the dark quark abundance freezes out
before the phase transition takes place. Just before the onset
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FIG. 1. Different stages of the phase transition. Top-left panel:
Once the universe cools down to slightly below T, the bubbles
of the confined phase (purple regions) start nucleating in a sea of
the deconfined phase (light blue regions). Top-middle panel:
The nucleated bubbles keep growing until they start running
into each other and percolating to make larger bubbles.
Top-right panel: Eventually, most of the universe converts to
the confined phase, with small, isolated pockets of the decon-
fined phase. Since isolated quarks (black dots) cannot move into
the confined phase, all the quarks, which are, up to this point,
well separated, are gathered inside these ever-contracting
pockets. Bottom-left panel: a single contracting pocket. The
quarks inside it are initially well separated from one another.
Bottom-middle panel: As the pocket contracts, the free quarks
start annihilating or forming bound states. The color-neutral
bound states (orange dots) can move into the confined phase
region. Bottom-right panel: Eventually, the pockets disappear.
A substantial fraction of quarks annihilate away during the
contraction, with the residue surviving in the form of color-
neutral baryons that comprise the DM today.

of the phase transition, which occurs at a critical tempera-
ture of 7. = A, the only abundant degrees of freedom are
dark gluons. For such a large quark mass, the confining
transition is similar to that of a pure Yang-Mills theory and
is of first order [40-44].

Once the deconfined plasma supercools to slightly below
T., bubbles of the confined phase start nucleating.
Following Ref. [45], in Fig. 1 we schematically show
how this phase transition proceeds. Initially, bubbles
nucleate and grow in isolation; once an O(1) fraction of
the universe converts to the confined phase, the bubbles
percolate and form a confined-phase sea surrounding
isolated pockets of the deconfined phase. These pockets
contract until they vanish.

Lattice studies show that the potential between two
quarks in the deconfined phase flattens as they move away
from each other [41]. In the confined phase, however, this
potential increases indefinitely with the quark separation.
As a result, the energy cost of moving a quark into a
confined phase bubble is very large. One might suppose
that this large energy could spontaneously convert to a

quark-antiquark pair, allowing the original quark to
enter the bubble within a meson. However, the large ratio
my/ A\ severely suppresses the pair production rate [46].
Thus, the quarks are all trapped in the deconfined phase
pockets.

As the pockets contract, they compress the free quarks
inside them. This quark density enhancement leads to an
eventual recoupling of the annihilation and bound-state-
formation reactions, reducing the quark abundance and
ultimately producing trace amounts of color-neutral dark
baryons. Our main goal is to compute the surviving baryon
abundance after this compression.

Relevant properties of the pockets.—The initial typical
pocket size, its wall velocity (i.e., the pocket contraction
rate), and the initial density of quarks therein affect the
surviving baryon abundance. For simplicity, we assume
that all pockets have roughly the same properties. In the
companion work [39], we derive expressions for these
quantities and study their effects on the relic abundance
calculation in more detail. Here, we merely summarize our
final estimates for these quantities.

Pocket wall velocity: Bubble nucleation and expan-
sion occurs when the universe supercools slightly below
T.—at T,, phase conversion is impossible. As a bubble’s
wall expands, the deconfined phase converts to the
confined phase, liberating latent heat near the wall. For
the confinement phase transition, the latent heat is large
enough [47] to heat the wall back up to T, thus impeding
the motion of the wall. The wall velocity is therefore
limited by the rate at which heat flows away from the wall
[45]. A similar argument holds for the pocket contraction
rate. Immediately after percolation, sometime between the
middle- and the top-right plots in Fig. 1, we model the heat
flow with a heat diffusion equation with characteristic
length scale A~ and assume that the pocket has attained a
steady state at which this heat diffusion exactly balances
the rate at which latent heat is injected. As the pocket
contracts, the compressed quarks build up a pressure that
counters the pocket contraction and further slows its wall
velocity. While we can obtain an expression for the pocket
wall velocity v,, when the quark pressure is negligible, a
better understanding of the underlying strong dynamics is
required when the quark pressure effects are included.
However, as we will explain shortly, this does not pose
an obstacle in finding the viable parameter space of
our model.

Initial pocket size: At the time of percolation, the
bubbles of the confined phase come into contact with
one another and begin to merge. As bubbles merge and
grow in size, the merger rate slows down since it takes more
time to move more matter. At some critical size R;, the
timescale for further merging exceeds the phase transition
timescale. This critical size determines the typical size of
the pockets after percolation, which, following the analysis
in Ref. [45], we find to be
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Mp \?3 1
R, ~ — 2
! (104A> A’ (2)

where M, is the reduced Planck mass.

Initial density of the quarks: The density of the
quarks at the onset of the phase transition can be deter-
mined from their freeze-out abundance and is given by
Nl — (47 /3)Rin,, with n, the quark number density at
the onset of the phase transition. We determine n, by
numerically solving the Boltzmann equations governing
quark freeze-out.

These are all the quantities we need from the compli-
cated dynamics of the bubbles and the pockets. In Ref. [39]
we provide a more detailed discussion of the approxima-
tions used above and show how they enter the relic
abundance calculation.

Local recoupling and baryon abundance.—During the
pocket contraction epoch, bound states are formed in a
chain of reactions culminating in color-neutral baryons that
can escape the pocket. Simultaneously, much of the initial
quark abundance annihilates away. There will be a stat-
istical overabundance of quarks or antiquarks with expect-

ation value /N in each pocket, resulting in a local

matter-antimatter asymmetry in the dark sector. This places
an upper bound on the fraction of DM that can annihilate;
in the limit of fast annihilation, essentially all of the
underabundant species (quarks or antiquarks) will annihi-
late away, leaving a residue of the overabundant species.
The final dark baryon yield from the pocket will then be
controlled solely by the local asymmetry, which in turn is
determined by the size of the pockets when they are
formed. We refer to this simple limiting scenario as
accidentally asymmetric dark matter.

More generally, we define a survival factor S as the ratio
of the quarks + antiquarks that survive within baryons by
the end of the phase transition to the initial number of free
quarks + antiquarks. If the symmetric abundance in a

. . —
contracting pocket is reduced by more than 1/4/Ny"%,

the stochastic asymmetric abundance will constitute the
dominant abundance of dark baryons at the end of the phase
transition, and the accidentally asymmetric limit will be a
good approximation.

In the remainder of this section, we build the tools to
determine whether this asymmetric limit is realized by
considering the evolution of the symmetric abundance
during the pocket contraction epoch. The degrees of
freedom in the pockets are the free quarks, diquarks,
baryons, and gluons. We neglect bound states like gg
mesons and more exotic hadrons as they promptly decay
into simpler bound states or, through an unspecified portal,
to the SM.

In what follows we denote each particle by its quark
number. We can use the conservation of the quark number
to write down all the possible 2-to-2 processes that enter the

following set of Boltzmann equations, which determine the
abundances of each particle state during the compression:

eq eq

L[] =~ i (ov) —nn, e

= Sab,e.d\OV)ab—cd | Mallp — Nclg el
a+b=c+d d

for i =1, 2, 3 referring to the quark number of different
relics (free quarks, diquarks, and baryons, respectively) and
where s/, ., is the net number of i particles destroyed in
the ab — cd process (with a, b, ¢, d referring to the quark
number of different relics again), and L[i] denotes the
Liouville operator for relic i,

Lm:m—3%m,i:L2 (4)
. v

Here (ov) is the cross section of the relevant process,
n, is the number density of species a inside the pocket
while ng! is its value in equilibrium, R is the pocket radius,
and v, ~ \/A/m, is the typical quark velocity. Finally, the
number of baryons that escape the pocket is determined by

dN$° = 4zR*n5(R) (v, + v,,)dt. (6)

The Liouville operator in Eq. (4) describes a particle
confined to a contracting pocket of radius R and wall
velocity v,,. On the other hand, the baryon Liouville
operator in Eq. (5) does not include any contraction terms
since the baryons do not feel the presence of the pocket
wall. They form inside the pocket but can subsequently
move freely into the confined phase.

The survival factor S, assuming quark-antiquark sym-
metry, is then given by

= 3 dNs 1)

initial  ’
N‘I

where the integral is taken over the entire pocket-contraction
time. In Ref. [39] we use the solutions of the Boltzmann
equations in Eq. (3) to calculate this quantity for different
parts of the parameter space. We also derive an asymptotic,
analytic expression for this quantity,

initial \ 2 3
&(Nq )N v, 4dnv;,

S=9 = —
Dy f% V%ec Dy 3f%qumnal <01)>?

. (8)

(=1)—00

where f; = [(n{")?/n3] ~ (m,T.)*?exp(~AE/T.) with
AFE denoting the heat released during the diquark production
process. We provide slightly more details on the derivation
of this equation in the Supplemental Material [48], while
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leaving a more thorough derivation to the accompany-
ing paper.

This expression provides us with an intuitive inter-
pretation of the survival factor. Increasing the quark
velocity v, enhances their escape rate, thus increasing S.
Increasing (6v)(_1)_qp also decreases the survival factor;

this is expected since by increasing this cross section,
quarks annihilate more against each other instead of bind-
ing in bound states. We also find that the survival factor
decreases as the initial number of quarks in the pocket
increases. The initial number of quarks in the pocket, in
turn, is a function of the initial quark density in the pocket
and the pocket’s initial radius.

Combining this result for the symmetric component
with the accidental asymmetric contribution discussed
earlier, the baryon survival factor at the end of the phase
transition is

S = max

initial
3 [dNge \/Ng ‘ ©

initial ’ initial
Nq N‘I

This equation is our main result, and it is in stark contrast
to Ref. [24], where only an O(1) combinatoric suppression
was considered. We find that, while valid in some regimes
of the parameter space, Ref. [24] grossly overestimates the
real dark quark abundance in a large fraction of the
phenomenologically viable parameter space.

In Fig. 2, we show an example of the evolution of the
dark quark abundance, starting from before the phase
transition temperature. To obtain a calculable result and
build intuition, we set the quark pressure to zero for this
example. We find a substantial suppression in the number
of quarks due to their compression during the pocket
contraction.

A=1TeV, m;=1000A

1074 |
>~ T>A  T<A
[0} |
£ 0 3
E v
— \
5 10-14 A S {
_____ Y \
1019 \ -
1 10 100 1000 10%

Mass Ratio, my/T

FIG.2. Evolution of the DM abundance. In deriving these plots,
the quark pressure effect on the wall velocity is neglected. The
figure illustrates that only a fraction of all the initial free quarks in
the pocket will end up inside stable baryons and survive the new
stage of annihilation at T = A.

As mentioned before, including the quark pressure slows
down the wall velocity, thus reducing the survival factor
according to Eq. (8). Consequently, a nonzero quark
pressure reduces the symmetric survival factor even further
and drives the system toward the accidentally asymmetric
regime, where the present-day DM density is set by the
local asymmetry of dark quarks in isolated pockets during
the dark confinement phase transition.

Dark matter parameter space.—We solve the Boltzmann
equations in Eq. (3) for different masses and confinement
scales to determine the survival factor. The most severe
possible suppression corresponds to saturating the asym-
metry bound in Eq. (9). In fact, we find via a numerical scan
[39] that even with zero quark pressure, S generically
comes quite close to saturating this asymmetry bound, so
even a modest quark pressure effect is capable of achieving
this saturation over all parameter space. Furthermore,
we test the self-consistency of the zero-quark-pressure
approximation and find that quark pressure is expected
to be non-negligible for all relevant parameter space [39].
Consequently, we expect the accidentally asymmetric
regime to be a good approximation for the entire parameter
space once the quark pressure and any other strong-
dynamics effects are carefully taken into account.

Under this assumption of accidental asymmetry,
Fig. 3 shows the available parameter space assuming
Qpm = 0.26 [49]. It should be noted that the dark quark
mass is significantly larger than the mass expected in a
purely combinatorial recombination of dark quarks into
baryons [24], with dark baryons of order 1-100 PeV
yielding the correct abundance. Such high masses are
unexpected for thermally produced DM, as the unitarity
bound limits the mass to be mpy; < 200 TeV [37,38]. Since

Relic Abundance

104 - N \ X =
10 I >
5000 . N\ Qpm>Qobs
10° \\ N :
——— Qpm=Qobs \\ AN
S| < 1000 N : \ <
§| < -==== mou[TeV] \ N
N \ 106
500 R \\ \ N \L \\\ 10\\
Qom<Qobs -\
100 \\102 N \1\04\ \\

0.1 1 10 100 1000
Confinement Scale, A[TeV]

FIG. 3. Dark matter parameter space in this setup. The observed
DM abundance is obtained for any point on the purple line. The
light purple band shows the effect of increasing or decreasing the
initial pocket radius by an order of magnitude. Any point above
the relic abundance line produces too much dark matter and is
ruled out. The DM relic abundance in the entire region is
determined by only the accidental asymmetric abundance in
each pocket. The contours of constant mass are shown by dashed
black lines.
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the asymmetric component of dark quarks is all that
survives the pocket contraction, the dark relic abundance
is predominantly determined by the initial size of the
pockets and the initial quark number trapped therein.

The initial pocket radius is the main source of uncer-
tainty in our results. To study its effect on the relic
abundance, we parametrize the theoretical uncertainty by
multiplying the central value of Eq. (2) by a multiplicative
factor of (0.1,10). The relic abundance line in Fig. 3 moves
within the light purple band as we vary this factor in this
range. We discuss the uncertainty in the relic abundance
calculation stemming from various quantities in more detail
in Ref. [39].

In our calculation, we neglect the initial abundance of the
bound states before the confinement. We check that this is
justified in the parameter space included in Fig. 3; however,
we find that this assumption fails as we go to lower
values of A or larger m,/A. A proper study of these parts
of the parameter space requires a more careful study of this
initial condition and is left for future works. For lower
values of m,/A, eventually the phase transition ceases
to be first order [50], eliminating the second annihila-
tion stage.

Ultimately, the question arises as to whether contracting
pockets can form dark sector nuclei or compact bound
states with large occupation numbers. An estimate based on
rescaled dark deuteron formation rates, derived in Ref. [51],
indicates that in the dark matter parameter space we study,
the abundance of multibaryon states is below the 1% level.
Similarly, the formation of dark compact objects does not
play a role given the considered dark sector mass and
coupling values. However, a recent study has found that
compact dark states supported by dark particle degeneracy
pressure can be formed for m,/A > 108 [52]. The studied
regime, however, has severely suppressed DM annihilation
rates and no thermal contact to the SM, which differs
significantly from the framework used in this paper.

Portal to the SM.—OQur relic abundance calculation does
not rely on the portal couplings between the dark sector and
the SM. However, the existence of a portal is required
for the dark glueballs to decay into the SM particles;
otherwise, they would overshadow the baryons to become
the dominant DM candidate and overclose the universe
for the mass range we studied; see Refs. [21,53-56] for
studies of dark glueball state decay channels and their
phenomenology.

Various portals can be introduced to link the DM and the
SM sectors, either by giving SM charges to the dark quarks
[24] or by introducing a mediating particle [19]. Each
strategy gives rise to different experimental signatures. The
only portal-independent signal can arise from the gravita-
tional waves produced during the phase transition; other
signals—such as direct scattering of DM particles off SM
particles, annihilation signals in space, or late time deexci-
tation of excited dark baryonic states—all depend on the

details of the chosen portal. We expand on the signals in
these models in the accompanying paper.

Conclusions.—A confining dark sector with dark quarks
goes through a first-order phase transition when the quarks
are heavy enough. In such a dark sector the quarks are
trapped inside pockets of the deconfined phase during this
phase transition and compressed. Because of this compres-
sion, the quarks recouple and go through a new stage of
annihilation. Since the process of trapping the quarks inside
the pockets is inherently random, each pocket has an
accidental asymmetry between the number of quarks and
antiquarks. This asymmetry puts a lower bound on the
survival factor S of quarks during the phase transition. We
estimate that this lower bound will be saturated in all parts
of the studied parameter space.

Because of the dramatic suppression of the relic abun-
dance during the pocket contraction, the observed DM
abundance is explained with very heavy DM masses of
order 10°-10° TeV. Given its low number density, such
heavy DM might have escaped detection, despite possibly
having a significant interaction strength with SM particles.
An experimental detection of such a heavy relic may
require a completely novel approach. Deeper theoretical
understanding of concrete models and a dedicated search
program are needed in order to explore this scenario.
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