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abundance after their decay to Standard Model. With this effect, the correct relic abundance
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1 Introduction

The particle nature of dark matter (DM) and the interactions controlling its dynamics are
two of the major unanswered questions in the current standard model (SM) of particle
physics. While the original idea of Weakly Interacting Massive Particles (WIMPs) [1-4]
remains a viable possibility to date [5], many other intriguing dynamics have been studied
as well.

If the ongoing experiments fail to find any DM particles in the conventional mass range of
thermal perturbative DM models with only DM-DM annihilations, i.e. ©O(100) TeV or lower,
it is only natural to consider next-to-minimal dynamics that can open up new parameter
space for higher masses (for heavier DM and unitary bounds from other perturbative
2 — 2 freezeout processes see refs. [6, 7]). An interesting class of next-to-minimal DM
models are confining dark sector scenarios, see for instance refs. [8-55], and refs. [56, 57] for
recent reviews.

Using a novel approach, refs. [48, 49] showed that the dark confinement phase transition
(PT) of such models can substantially affect the DM abundance calculation, as we summarize
in the next section. As a result of this “thermal squeezeout” effect, the dark matter mass
consistent with the relic density increases to masses far beyond the perturbative unitarity
bound on thermal DM mass [58-60].
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Figure 1. The schematic evolution of different relics abundances in our setup. We show the
schematic contours for SM (red — neglecting changes in number of relativistic degrees of freedom),
dark quarks and dark baryons (dashed and solid black lines), and dark gluons and glueballs (dashed
and solid green lines). The PT epoch is marked by the dashed orange line. We have assumed the
glueballs are long-lived enough that they take over the energy budget of the universe at some point
(marked by the dashed blue line) and eventually decay to the SM at a lower temperature (dashed
purple line). As a result, they inject significant amount of entropy into the SM bath that further
suppresses the dark baryons abundance. Due to this injection, SM comoving abundance dilutes
more slowly during this epoch.

The thermal squeezeout effect is independent of the details of the portal between SM
and the dark sector. Nonetheless, a portal is still required between the two sectors to allow
the dark glueballs to decay to SM particles. If these glueballs were stable, they would have
become the dominant fraction of the DM in such setups [45], and in the mass range where
thermal squeezeout becomes relevant would lead to an overproduction of the DM abundance.

In this work we consider a specific model for the thermal squeezeout scenario found in
refs. [48, 49], that includes a single flavor of heavy dark quarks charged under a confining
SU(3) gauge group. To enable a decay of all dark glueballs to SM particles, we must either
have particles charged both under SM and dark gauge groups (e.g. see ref. [30]), or a vector
portal between the two sectors [61]. Owing to its simplicity, we will focus on the latter and
use a U(1)p_y, portal in this work.

We find that, for the ranges of dark quark masses and dark confinement scales we are
studying, it is natural for the dark glueballs to be long-lived enough to eventually dominate
the energy density of the universe after the PT, giving rise to an early matter-dominated
epoch. Once the glueballs decay to SM particles, they can inject substantial entropy into
the SM thermal bath that can further suppress the DM relic abundance. This, in turn,
pushes the relic abundance line to even higher masses than predicted in refs. [48, 49].

A schematic evolution of different relics” abundances in our setup is shown in figure 1.
The abundance of dark quarks is depleted during the PT due to the thermal squeezeout
effect; the glueballs’ abundance will also be suppressed during the confinement PT due



to complicated dynamics of the PT as we will explain in this work. The glueballs then
freeze out and, if they are long-lived enough, eventually take over the energy budget of the
universe at T' = T;. They will eventually decay to SM particles at T'(t) = T'(ro++) =17, |
where 75++ is the lifetime of the lightest glueball, injecting substantial amount of entropy
into the thermal bath that dilutes the DM abundance further. Our entropy injection setup
can be thought of as a special case of WIMPs Without Weakness [62].

This entropy injection has the most extreme effect when the glueballs decay roughly
around the onset of BBN. We will focus on this scenario. We will also study other signals
of this specific setup in ongoing experiments and find that despite large DM masses, there
can still be potentially observable signals in a range of experiments.

In section 2 we introduce the model and discuss the squeezeout effect and entropy
injection that dilute DM abundance. Phenomenology of the model is studied in section 3.
We conclude in section 4. In appendix A we use simple thermodynamic relations to provide
an analytical approximation for the PT timescale. A dynamical approximation for the
glueball abundance during the PT is presented in appendix B. Finally, in appendix C we
justify why keeping only the lightest glueball state in our analysis is a good approximation.

2 The model

We extend the Lagrangian of the SM with a confining SU(3), new dark quarks ¢, and a
gauged U(1)g_y,

L2 gD —my)q— iZ”“’Z;W - %G‘“’GW, (2.1)
where Z'# (G*) is the field strength of the new U(1)g_; gauge group (dark SU(3))." The
covariant derivative of the SM fields now includes the interaction with the new U(1)g_{
gauge boson Z’. The mass and gauge coupling of this new gauge field are denoted by m
and gz, respectively. We focus on the parameter space with myz < A, where A is the dark
sector’s confinement scale, to simplify the glueballs’ decay calculation. It is shown that
a vector boson portal like the Z’ in our model enables the decay of all glueballs [61, 63].
Another intriguing scenario arises in the case that the Z’ mass becomes small, which leads
to long range interactions [64].

With a U(1)g_;, portal the couplings of all SM particles to the Z’ are determined.
The dark quarks are vector-like fermions; thus, the anomaly constraints are guaranteed
to be satisfied. We explicitly set the charges of dark quarks under U(1)z_; to ¢ = 1.
The remaining degrees of freedom are (1) the heavy dark quark mass mg, (2) the dark
confinement scale A, (3) the Z’ mass my, and (4) its gauge coupling gz. Our goal is
to explore the space of these parameters and find the parts that explain the observed
DM abundance.

Figure 2 (top row), shows the processes that keep the dark quarks in kinetic equilibrium
with the SM and the dark gluons before the PT. The dark quarks remain in equilibrium

'We assume right-handed neutrinos exist to ensure anomaly cancellation; they do not affect the rest of
our study in this work.
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Figure 2. Diagrams giving rise to heat exchange between different particles in the spectrum before
(top) and after (bottom) the confinement PT. One can easily check that the top diagrams keep the

dark quarks ¢ in equilibrium with SM fermions f (top left) and with dark gluons g (top right). This
suggests the SM and dark gluons remain in kinetic equilibrium as well. After the PT the abundance
of all the relics in the dark sector get substantially suppressed and heat exchange rates become
much lower. The most efficient diagrams for heat exchange after the PT are shown between the
dark baryons and SM fermions (bottom left), and dark glueballs and baryons (bottom right). These
diagrams can not maintain the kinetic equilibrium between SM and dark glueballs after the PT, see
text for further details.

with SM (via the top-left diagram in figure 2) when the heat exchange rate is larger than

the Hubble rate:
I'n ng(ov)T/myg

) ™ g1

where Iy, is the heat transfer rate between dark quarks and SM fermion f, ny is SM fermion

>1 (2.2)

~Y )

number density, (ov) is the relevant cross section, the T'/m, factor is inverse of number of

interactions required for enough heat transfer [65], g, is the relativistic degrees of freedom

at temperature T, and M, = 1.2 x 10" is the Planck mass. Assuming my is negligible

compared to transferred energy in the top-left diagram of figure 2, we find that at "= A
Ph ) mq Mpl

~1 ' — 2.

-1
1016 2 mg/A A
~ 10 X Oy X ( 102 > X <1O3 TeV> .

For the range of parameters studied in this work (see below), this equation suggests that

for azy 2 1078 the kinetic equilibrium will be maintained at the time of confinement PT.
Similarly, we can check that, since dark gluons are massless, with an elastic scattering rate
factor that scales as (ov) ~ T2, they maintain their equilibrium with dark quarks (and
subsequently with SM particles) until the PT as well. The gluon abundance tracks the
equilibrium value while the quarks eventually freeze out and their freeze-out abundance
can be calculated using usual perturbative techniques [49]. The process controlling their



abundance is gq¢ — gg and the relevant cross section was summarized in the appendix of
ref. [49].2

We consider heavy enough dark quarks such that (1) they freeze out before the
confinement PT, and (2) the confinement transition is of first order [66-70]. In refs. [48, 49]
it was argued that the PT has a profound effect on the dark matter abundance. We start
by summarizing this effect.

2.1 Thermal squeezeout of dark matter — a summary

At the onset of the dark confinement PT, bubbles of the confined phase nucleate inside
the ambient sea of the deconfined phase. For these bubbles to nucleate efficiently slight
supercooling is required. After their nucleation, bubbles grow since they are energetically
favored. During this growth, latent heat is released, and the vicinity of the bubble heats
back to T'~ A. It has been argued [49, 71] that the bubble growth rate is limited by the
heat diffusion rate, which in turn is proportional to the amount of supercooling during the
PT. For the small supercoolings that happen in our confinement PT the bubble walls reach
a non-relativistic terminal velocity. Further numerical studies are required to improve our
understanding of the bubble wall velocity.

The evolution of the PT and its effect on quarks are summarized in figure 3. As the
bubbles grow, they run into heavy dark quarks. An isolated quark sees an effectively infinite
energy barrier as it encounters a bubble of the confined phase, so it gets pushed back into
the deconfined phase and remains trapped there.

After bubbles percolate, the deconfined phase survives only in the form of isolated
pockets surrounded by a sea of confined phase. In ref. [49], we calculate the number density
of quarks in these pockets and argue that they are still very diffused after the percolation.
As these pockets contract, the quarks are brought back together and go through a second
stage of annihilation that depletes their abundance. We find that only a small fraction of
these quarks form stable baryons during this squeezeout and move into the confined phase
(the baryons are color-neutral and do not feel an infinite potential barrier when encountering
the pocket wall). The surviving baryons eventually account for the DM observed today.

In refs. [48, 49] it was also pointed out that the accidental net baryon number in the
pockets can give rise to a lower bound on the survival rate from the pockets. In this work
we assume this bound on the survival factor is saturated; this allows us to find the highest
viable DM masses in this setup.

It is worth pointing out that the calculation of ref. [49] is merely the initiation of a
closer look at the effect of a confinement PT on the DM abundance and more careful studies
are in order to obtain more precise predictions for the DM abundance. In particular, the
inferred relation between the DM mass and confinement scale in ref. [49] has a roughly
one-order-of-magnitude error bar due to a number of systematic uncertainties. In this work
we use the central value of this relation as a benchmark.

2The annihilation to SM via a Z' is also allowed but we checked that it is sub-dominant to the
aforementioned process.



Figure 3. Different stages of the confinement PT in the dark sector and its effect on the dark
quarks. Figure is taken from refs. [48, 49]. The PT starts with bubbles of the confined phase (dark
purple) nucleating inside the ambient sea of the deconfined phase (light purple). As the bubbles
grow, they push aside isolated quarks (black dots) and eventually sweep them inside isolated pockets
of the deconfined phase after the percolation. As each pocket contracts, it brings the trapped quarks
into interaction again. The quarks annihilate against each other into gluons/glueballs very efficiently
and only a small fraction of them survive in the form of stable baryons (orange dots).

2.2 Glueballs in the early universe

In SU(3) Yang-Mills, there are twelve different glueballs (with different JP¢ numbers)
that are stable in the absence of other interactions [61]. The lightest of these glueballs,
JPC = 07+ has a mass of my++ ~ 7A (see ref. [72] and the references therein). The mass of
these states spans a range of ~ 7 — 20 A. In our analysis we only keep the lightest glueball
(071); in appendix C we argue that this is a good approximation.

In figure 2 (bottom row), we show the interactions between the dark sector and the
SM particles that could potentially bring them into kinetic equilibrium after the PT.
The glueballs’ heat exchange with SM goes through dark baryons, whose abundance is
significantly suppressed during the PT. As a result, the glueballs do not maintain equilibrium
with the rest of the bath after the PT. Instead of calculating the full dark glueball-baryon
energy exchange rate, we will simply show that the typical glueball scatters less than once per
Hubble time, and so thermalization would not occur even if an O(1) fraction of the particles’
energy was transferred per scattering. We expect that for very heavy dark baryons the energy
transferred per scattering will be parametrically small, further suppressing thermalization.



Keeping in mind that the dark baryons eventually make up the DM today, we can write

10712 1T
np o 20 (LI s, (2.4)
13 mqy

where £ < 1 is any further suppression in baryons number density between the PT and

ng as

today. Thus, at T' = A the scattering rate per Hubble can be rewritten as

nglov) 107! SO La TeV)?
~ GBYGB-B A
H(T) 3

p—— (2.5)
where agp (agp-B) is the coupling between glueballs (glueballs and baryons) and is at
most O(1). In the upcoming sections we show that ¢ > 10~* is possible in our setup and
we focus on mpy = 10 TeV and A > 10 TeV; for this range of variables eq. (2.5) indicates
that after the PT glueballs and SM particles are not in kinetic equilibrium.

During the PT, the gluon and the glueball gases coexist. The former can transfer
its energy and entropy to either the latter or to the SM bath. The expansion of the
universe allows the SM and the glueball baths to absorb the released latent heat while their
temperature remains roughly constant. In appendix A we provide an argument that this
implies the PT takes around a few percent of the Hubble time, which is in agreement with
the numerical results of ref. [49].

An important quantity for the rest of this work is the relative entropy density stored in
the glueball gas after the PT

R=CB (2.6)
SSM
where sgp is the glueball and sgy the SM entropy density. This ratio remains constant
after the PT since the glueballs and SM are not in kinetic equilibrium. In what follows we
discuss our prediction for the viable range of R.

If the glueball number density after the PT is high enough, glueballs can still maintain
kinetic and chemical equilibrium amongst themselves. The chemical equilibrium can be
maintained via 3 — 2 interactions with large cross sections [73-75].

The 3 — 2 glueball interaction being in equilibrium suggests that their chemical
potential is zero. Furthermore, if the number density is high enough to maintain the glueball
gas in kinetic equilibrium with itself, the highest physically meaningful temperature it can
have is T'~ A (for higher temperatures the glueballs melt into gluons). This temperature
can be used to find an upper bound on the entropy of the glueballs. Assuming an equilibrium
distribution for 07" gas with mg++ ~ 7A at T = A and comparing it to the SM bath
entropy density at the same temperature,® we find

Ruax ~ 2.5 x 1074, (2.7)

Note that this upper bound was derived with the assumption that enough glueballs form
after the PT to maintain their kinetic and chemical equilibrium. Accurately calculating the
value of R would require detailed numerical studies and is beyond the scope of this work.

3In doing so we are ignoring possible percent level deviations from T' = A for both the glueball bath and
the SM bath.



In appendix B we provide further dynamical arguments that imply this bound is actually
saturated during the PT. The analytic estimate we provide in appendix B suggests that
the resulting glueball number density is of the order

M. 0.2
neg ~ 2107073 (Tpl) , (2.8)
C

which implies that the glueball number density is above the value expected from the thermal
abundance (the number density corresponding to Ryax) at T' =~ T, for T, < 500 TeV and
varies very slowly with T,. For the range of T, studied in this work (see upcoming figures 5-8,
this approximation suggests that number of glueballs formed after the PT nearly saturates
the bound in eq. (2.7).

In addition, we investigate whether the number changing interactions are in equilibrium
given the above conditions. Below the confinement temperature, the glueball interactions are
described by an effective Lagrangian, a picture confirmed by recent lattice studies [76, 77].
As discussed in [74], the cross section for the glueball 3 — 2 interaction is given by*

1 47\% 1
(03 21)2)%() — (2.9)
- (4m)3 \ N m‘r(’;B

Using the freezeout condition for this interaction

SN2
(n85) (03-20%) = Hor = T2/ My, (2.10)
we find the threshold glueball abundance

T

3—2 2 3
NGB, eq. > 10 Tc M, )
p

(2.11)
above which 3 — 2 interactions are in equilibrium. Comparing with eq. (2.8), we find
that after the PT this equilibrium condition is satisfied for 7. < 10°> TeV. The parameter
space studied in this work is within this range, see the upcoming figures 5-8. Therefore, in
the parameter region we will investigate, those number changing processes will promptly
reduce the number density of glueballs right after the PT to the thermally predicted value,
saturating Ryax.

All in all, we see that even if we start from R > Rpnax during the PT, 3 — 2 freeze-
out interactions bring R down to Rpy.x immediately after the PT. These glueballs are
then decoupled from the SM bath and their entropy is conserved. While the analysis of
appendix B suggests R ~ Rpax after the PT, it overlooks many complications of the PT
and needs to be corroborated in explicit numerical simulations. As a result, we will use
R < Rnax as an input in our calculation.

We use the analytic technique developed in ref. [74] to calculate the asymptotic glueball
abundance after the PT; the error introduced by using the analytic approximation of ref. [74]
(as opposed to the full numerical treatment) is subdominant to the uncertainty introduced
by the PT dynamics; see ref. [49] for further details.

“See also refs. [76, 77].



We assume that 0, the lightest glueball, is the only one that survives after the PT
(see appendix C for an explanation why this is a good approximation). Following the
calculation of ref. [74], one can show that

3/2
D2 2t g o IS0 p m§++Mpl<0327}2> (2.12)
0t+,fo 1807 \/% .

where zg++ = mg++/To++ with mgr+ ~ TA [72, 78] (Tp++) being the lightest glueball
mass (temperature of the glueball bath), (c32v?) is the interaction rate for the 3 — 2
number-changing process that controls glueballs’ abundance after the PT, subscript fo
refers to the time of glueball freezeout after the PT, and g,(s), f, is the relativistic degrees
of freedom (for entropy) when the glueball number-changing process freezes out. We can
solve this equation iteratively to find zy++ ¢,. The asymptotic glueball abundance then can

be written as [74]
R

$0++7f0

}/04__.. ~ (213)

In this calculation we are neglecting the finite glueball lifetime. For large enough values
of R, glueballs can eventually dominate the energy budget of the universe before they decay,
giving rise to an early matter-dominant epoch. Using eq. (2.13) we can calculate the energy
density of the glueballs after their freezeout, which in turn can be used to calculate the
temperature T; at which the universe enters an early matter-dominant epoch. Assuming
g« = gxs at T = T; (which is a good approximation since the only particle with different
temperature than SM is the non-relativistic glueball), we can show

4
E = gm0++YO++. (214)

Combining egs. (2.12)—(2.14) we can calculate T; as a function of R.

Eventually, these glueballs have to decay away to SM before BBN, see for instance
refs. [79, 80]. In our model, this decay is facilitated via the interaction with a Z’ and
proceeds through a dark quark loop (see appendix C for further details of various glueballs
decay rates).

The decay channel of 07" glueballs is shown in figure 4. For mz < A, the Z’' mass
gives rise to less than 10% correction in 0™ lifetime; thus for simplicity we neglect the
effect of mz and find the following simple formula for the glueballs decay rate
a%a, ( 1 )2 mi s Fe

T = —
4T \60 m3

: (2.15)

where ap (o) is the dark confining gauge symmetry’s (new U(1)y_;’s) structure constant,
my is the dark quark mass, and Fy++ is the glueball’s decay constant; we use [61, 81]

Foos Mot (2.16)
o+t R Top(mees)’ .

with ap(mg++) denoting the dark structure constant evaluated at the mass of the lightest
glueball.
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Figure 4. The 1-loop diagram giving rise to the 07" glueball decay. For the range of masses we
study, the final Z’s are on-shell. The heavy quark loop gives rise to a suppression of (A/mq)8 in
the glueball’s lifetime [61, 63]; for the heavy quarks in our model this can naturally give rise to
long-lived glueballs.
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Figure 5. Contours of the ratio of SM entropy after (Sy) and before (S;) the glueball decay, for
az = 1072 (left column), az = 10~* (right columns), R = Ryax (top row), and R = 1075 (bottom
row). As azs increases, the lifetime of the glueballs (79++) decreases, which in turn leads to smaller
entropy injection for every point in the parameter space. The contours show substantial entropy
injection over a large part of the parameter space. Every point in the red region is ruled out by
constraints on the amount of glueballs at the onset of BBN (¢ = 0.01s), see the text for more details.
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Note that for myz > mgy++ /2 the decay channel of figure 4 is forbidden and 0 glueballs
can only decay to SM via off-shell Z’ particles. By focusing on the range mz < A we avoid
this extra complication.

2.3 Entropy injection

The glueballs’ energy density can be calculated as a function of R using egs. (2.12)—(2.14).
They will eventually decay to SM particles at T' =T~ , , injecting a substantial amount of
entropy into the thermal bath that dilutes the DM abundance further. The calculation for
the amount of this entropy injection and the dilution it gives rise to can be found in the

literature, e.g. see refs. [33, 62, 82, 83]. In the case of a single unstable glueball the result is

—3/4
§:<Sf>1— 165 < g (D v (2.17)
“\s) T T s T ) | |

where Sy (S;) is the SM bath total entropy after the decay (before the decay), T; is the
temperature at which the universe enters the early matter-dominant epoch, I' is the decay

/ 3>
in the early universe (defined in the appendix of ref. [62]).

rate of the unstable particle, and (gi is an average of the relativistic degrees of freedom

Equation (2.17) clearly shows that the entropy injection is larger when the glueballs
have a larger lifetime, i.e. smaller decay rate I'. There are, however, bounds on the lifetime
of a long-lived relic in the early universe from BBN, see for instance refs. [79, 80]. For
simplicity, in this work we use the bound of

Qo+ <10° att=0.1s, & 7ge+ <1072 s (2.18)

(see appendix C for more details). This puts a bound on the amount of entropy injection
and DM dilution that can take place in the early universe.

In figure 5 we show the contours of Sy/S; on a plane of A—my/A for two different values
of az and two different values of R. It is evident that we can indeed have non-negligible
entropy injection for a large part of the parameter space.

To understand the shape of the contours in figure 5 we should keep in mind that for a
fixed az/, as we go to higher m,/A ratios, eq. (2.15) suggests a smaller I', which in turns
suggests more entropy injection (see eq. (2.17)). Furthermore, going to larger A (with
fixed my/A) means T; increases, which again according to eq. (2.17) implies larger entropy
injection as well.

Comparing the two columns of figure 5 we see that when the gauge coupling decreases,
a smaller part of the parameter space gives rise to glueball decays fast enough to avoid the
BBN bounds. On the other hand, this prolonged lifetime means a larger entropy injection
for a fixed point on the A —mgy/A plane. The figures also suggest that larger values of R
imply a larger entropy injection for a fixed point in the parameter space, as expected.

If instead of fixing az/, we fix the glueball lifetime to the maximum value allowed by
BBN bounds [79, 80], we get the maximum amount of entropy injection for any point in
the parameter space. This condition can be used to calculate ay for every point on the
parameter space. In the rest of this work we focus on this “maximum dilution” scenario

- 11 -
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Figure 6. Contours of maximum Sy/S; (green) and the required ayz/ (red) for R = Ryax from
eq. (2.7) (top) and R = 107> (bottom). For each point on the plane az is set to the value that
maximizes the glueball lifetime m9++ given the BBN constraints discussed in the text. In the red
region the required oz > /47 and so our perturbative treatment breaks down. We find substantial
entropy injection that can further dilute the DM abundance for most of the parameter space.

to find the upper bound on how much the glueball entropy injection can push the relic
abundance line to higher masses. The contours of constant entropy injection ratio Sy/S; in
this scenario are shown in figure 6 for two different values of R.

The my/A ratio enters the entropy injection calculation only via I', see eq. (2.17).
Thus, since in figure 6 we fix I" for any given A, the S;/S; contours are independent of
mg/A. Notice that to keep I' fixed as we increase mgq/A, ay increases as well. As a
result, eventually for large enough values of m,/A the required oz exceeds V/4r and our
perturbative treatment breaks down. This puts an upper bound on mg/A, denoted by the
red region on the plane of figure 6. The value of az everywhere on figure 6 is large enough
to guarantee Z’ is in kinetic equilibrium with SM before it decays.

Due to the entropy injection, DM can have masses even higher than predicted by the
squeezeout effect of refs. [48, 49]. In the upcoming section we combine the suppression
factors from the squeezeout during the PT and the glueball decay to find the relic abundance
line on our parameter space. As mentioned earlier, in our calculation we used the central
prediction of refs. [48, 49] for the pocket survival factor during the squeezeout; various
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sources of uncertainty in modeling of the PT in refs. [48, 49] give rise to around an order of
magnitude uncertainty in the DM mass in each direction in the upcoming results.

3 The phenomenology

In the previous section we found that the glueball decay in our model can significantly
change the viable parameter space compared to refs. [48, 49]. In this section we study the
signals of our model in various current experiments. To avoid cluttering the discussion, we
only focus on the scenario where the glueball lifetime 7++ is set to its maximum allowed by
BBN, see figure 6 and the discussions around it. In this scenario the DM mass is pushed to
the highest values possible in our setup. We will find that while some parts of the parameter
space are already probed and ruled out, there is still viable parameter space left that can
be probed in future experiments.

There are five free parameters in our setup (mg, A, az, my, and R) of which one
(azr) is fixed by the maximum glueball lifetime assumption for every point in the parameter
space. In figure 7, the bounds from different experiments are summarized for different
values of mz and R on a plane of A —mg/A. In what follows we review different searches
that can probe our model and explain different regions in the figure.

Before that, we should note that figure 7 suggests that as the value of R increases, the
relic abundance line gets pushed to higher DM masses, since more entropy will be injected
into the SM after the glueballs decay. For low enough R values the injected entropy can
be neglected and our prediction for the relic abundance line goes back to the prediction of
refs. [48, 49] (the dashed orange line in figure 7). The case of R = Rpyax corresponds to the
largest amount of entropy injected, and thus the highest DM mass consistent with today’s
observed DM abundance.

3.1 Direct detection

Our DM particles scatter elastically and coherently off nuclei via a t-channel exchange
of Z'. Direct detection experiments can probe this scattering rate and put a bound on
the DM-nucleon scattering rate. The cross section for this process can be calculated
straightforwardly
2
opp ~ 14dral, LN (3.1)
my,

where uny = mpymn/(mpy + my) is the reduced mass of the incoming DM particle and
the target nucleon with mass my. In writing this equation we have assumed the transferred
momentum ¢ ~ unyvpym (where vpy is the incoming DM velocity) is much smaller than
my:; we can check that for the allowed Z’ masses due to the collider constraints (discussed
in the next section), this is always satisfied.

The rate in eq. (3.1) should be compared to the bounds on the DM-nucleon cross
section. In figure 7 we show the current bounds from the XENONIT experiment [84] (green
regions), as well as the contour with the same rate as the neutrino floor in the future
XENONnNT experiment [85]. For any point below the neutrino floor contour (dashed green)
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Figure 7. The relic abundance line (solid orange), and constraints from direct detection (green)
and collider (orange) searches on the parameter space of our model for different values of mz and
R. For any point below the dashed green line the scattering rate at the direct detection experiments
will be below the neutrino floor. Contours of constant DM mass are denoted by dashed blue lines.
In each plot the purple region corresponds to where the universe is overclosed. The relic abundance
line when the glueball decay is neglected is denoted by the dashed orange line. We set az: (red lines)
to the value that minimizes I" as allowed by the BBN bounds (similar to figure 6). The red region
is ruled out since the required azs there exceeds v/4m and so we expect perturbatively calculated
rates to break down. Depending on the Z’ mass, bounds on the model can change significantly. The
value of R can substantially affect the final relic abundance line location; for lower values of R the
relic abundance line approaches the dashed orange line. While a large part of the parameter space
is already ruled out, viable parameter space still exists.

the neutrino scattering gives rise to a large background and novel search techniques are
needed [86-93], see also refs. [94, 95] for recent reviews.

Depending on R and mys, we find that direct detection experiments can probe part of
the relic abundance line in our model.

Note that according to eq. (3.1), since puy goes to my in the limit of mpy > my,
the rate will be independent of the DM mass. As we go to higher A, i.e. higher my/, the
scattering rate is suppressed and we can only probe larger values of az/. This explains the
shape of green regions in figure 7.

As discussed earlier, we only consider mz < A. From figure 7 it is clear that if we
had gone to higher values of the Z’ mass the direct detection experiments would lose their
sensitivity.
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3.2 Indirect detection

Direct annihilation of dark sector baryons is highly suppressed [35, 96], and takes place in a
rearrangement reaction, where the quarks in the baryon and anti-baryons are arranged to
form unstable meson states that subsequently decay to SM particles [37].

The capture cross section is dominated by the large angular momentum modes, that
are limited by ¢ ~ Rp X p, where Rg = (ap(mg)m,)~" is the baryon Bohr radius and p
its momentum. As found in refs. [30, 35] the cross section is close to the geometric bound
(with an additional suppression factor at large kinetic energies Fii,) and is given by

(0 hel) = WR% (Upe1) /2 _ V3
BRUV T " /Ban/Ep | dapm2

~qg-mem® (104TeV 2(()-1)
S mpwMm ap ’

where v, is the dark baryons’ relative velocity, and Ep their binding energy.

(3.2)

In principle residual interactions between the baryons can lead to a Sommerfeld
enhancement [97-102] of the annihilation. In the regime of A/m, < 1, the baryon coupling
to glueballs is very small, preventing a large Sommerfeld enhancement. However, for small
enough my, interactions with Z’ give rise to an enhancement of the annihilation rate in
eq. (3.2) by azr/vee < 102 — 103,

Nonetheless, the indirect detection experiments such as Fermi-LAT [103] or Ice-
Cube [104] are not sensitive enough to test cross sections below 10726cm3/s at such
high energies. Thus, even if Sommerfeld enhancement takes place in a concrete model, the
sensitivity of present day experiments is insufficient to probe our viable parameter space.

However, there is still some potential for interesting indirect-detection signals, requiring
further study. The early matter-dominant epoch in our setup gives rise to the formation of
dense DM substructures at small scales. These dense clumps could boost the DM annihilation
rate today [105, 106]. Furthermore, excitation and de-excitation of dark baryons in dense
regions could enhance the signal in indirect detection experiments. DM particles could also
accumulate in the potential well of astrophysical objects today. This can enhance indirect
detection signal or affect the evolution of such bodies, e.g. see refs. [107-110]. We leave a
detailed study of these effects for future works.

3.3 Collider bounds

Since DM candidates in our model are heavier than the unitarity bound, it is impossible
to produce them at collider facilities in the foreseeable future. However, the Z’ portal can
potentially have signals at the LHC. There are various searches looking for a heavy Z’
beyond the SM at the LHC. In figure 7 we use the most recent non-resonance searches at
ATLAS [111] and CMS [112] to derive the collider bounds on the model. These searches
study the interference with SM Drell-Yan process with final electrons or muons. The bounds
from these models can be approximated as

myg:

z B,
\/ Ozl

(3.3)
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with B read from the results of refs. [111, 112]. The exact number used on the right-hand

side can change depending on the final state (ee, pu, or ee + pu) and is at most in the
B ~ 30 TeV ballpark:

my Z 30\/04Z’ TeV. (3.4)

The value of az: in figure 7 is set from the calculation of the glueballs’ lifetime. In
figure 7 we use different values of mz /A in each plot and use eq. (3.4) to put bounds on
the model. To explain the shape of the excluded region (orange region), note that in the
figure as we go to lower values of A the Z’ mass decreases as well, while as we go to higher
mg/A values oy increases.

3.4 Other signals

Our setup can potentially give rise to many other signals in different experiments, see
ref. [49]. Nonetheless, many of these signals are suppressed in the model and range of
parameters studied here. Below we briefly comment on a few such suppressed signals that
can not be detected in the foreseeable future.

The first order confinement PT in our model can give rise to gravitational waves (GWs).
It should be noted that the GW spectrum is independent of the heavy quark mass as the
quarks are decoupled by the time of the PT and do not affect it. The GW signals from PTs
are a function of a few thermodynamic parameters and have been studied extensively in
the literature, e.g. see refs. [40, 113-125].

One of these thermodynamic quantities is the velocity of the bubbles during the
percolation. Unfortunately, for the non-relativistic velocities in our model of the PT the
signals will be strongly suppressed and will not be detected by any of the proposed detectors
in the foreseeable future [115].

Furthermore, the residual dark QCD interactions give rise to some self-interaction
among DM particles. Nonetheless, for the heavy DM candidates in our setup we can easily
show that the self-interaction rate is far below the current upper bounds [126-132] and do
not give rise to any detectable signals.

The squeezeout mechanism opened up parameter space above the unitarity bound on
thermal DM models through inhomogeneous DM distribution during the PT. In ref. [49]
the possibility of detecting such inhomogeneities was studied for the range of A studied
here and it was shown that this effect is too small to be detected in on-going surveys.

Another intriguing scenario arises in the case that the Z’ mass becomes small, which
leads to long range interactions. This can substantially increase the capture probability
of the dark baryons in compact objects, such as exoplanets [133], leading either to heat
signatures in the case of prompt Z’ decay in the objects, or to new high energy signals at
the surface of those objects [110, 134]. A detailed study of this signal is outside the scope
of this work and is left for future studies.

Finally, the possibility of forming stable macroscopic objects has been studied in similar
setups [50] as well. However, it has been shown that such objects can only form when both
mg/A and m, are much larger than the range considered in our setup.
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Figure 8. The available parameter space of the model. We use the maximum dilution assumption
and fix the relic abundance to the observed value to calculate vz, and dark matter mass as a function
of A and R. Contours of az: (red) and dark matter mass (blue) are shown. In the gray region we
fall outside the my/A window where the analysis of ref. [49] is viable. The red region denotes where
values of oz required by the maximum dilution assumption exceed /47 and so the assumption
of perturbativity is violated. Bounds from direct detection (green) and collider searches (orange)
are shown as well, see the previous sections for further details; the dashed green line denotes the
boundary of neutrino floor in direct detection searches; novel search techniques are required to probe
the parameter space to the right on this line in direct detection experiments. These bounds can
change as myzs varies. We find a large available parameter space. Depending on the value of R, whose
precise calculation would require further extensive numerical work including lattice simulations, we
can get the right DM abundance with DM masses roughly in the (105, 106) TeV range.

3.5 Summary of signals

As argued before, we have five free parameters in our setup: mg, A, myz/, and oz are the
parameters of the model, while R parameterizes our lack of understanding of the details of
the PT. With the “maximum dilution” assumption we can fix the value of az/ as a function
of the other parameters. Furthermore, as evident from figure 7 for any fixed value of A and
R the DM mass (or equivalently dark quark mass mg) can be determined such that we get
the right DM relic abundance.

In figure 8 we show the viable parameter space on the plane of A — R for different values
of my/. The maximum dilution assumption and getting the right DM relic abundance are
used to calculate m, and oz as a function of A and R. Details of the direct detection and
collider constraints are discussed in the previous sections. These bounds strongly depend
on the value of my as depicted by the figure.

Figure 8 shows that as we go to higher values of R the relic abundance line moves to
higher masses; this was expected since R is an indicator of how much entropy is stored in the
glueball bath and can be injected into the SM after its decay. The highest value of R shown
in the figure is Ryax defined in eq. (2.7); recall that we derived this bound by assuming
enough glueballs are produced such that the glueball 3 — 2 process attains equilibrium, and
that glueballs then follow a thermal distribution with T = A. If we consider lower values of
R, eventually the injected entropy becomes so small that it can not affect the relic abundance
of dark matter and we will recover the prediction of refs. [48, 49] for the DM mass.
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As argued earlier (see also appendix B), there are some arguments suggesting Ryax is
saturated after the PT. For this value of R, figure 8 suggests the DM mass is pushed to
values as high as ~ 10° TeV.

4 Conclusions

In this work we provided a specific model of “thermal squeezeout” [48, 49] with a Z’ portal
between the dark and the visible sector. We pointed out that in the range of parameters
where the squeezeout effect becomes relevant, dark glueballs can naturally be long-lived
enough that they can give rise to an early matter-dominant epoch and inject significant
entropy into the SM, which can further push the viable DM mass to higher values.

The final DM mass range is subject to uncertainty in calculating the survival factor
during the PT [48, 49], as well as uncertainty in the amount of entropy in the glueball bath
after the PT, captured by the parameter R (see eq. (2.6)). These uncertainties arise from
our lack of understanding of the details of a confinement PT in the early universe, and
motivate future work on the subject.

All in all, we found that if we neglect the uncertainty in determining the survival factor
during the PT, in the most extreme case, DM masses as high as ~ 10 TeV are viable in
this setup. Including the uncertainties in calculating the survival factor (see ref. [49] for
further details) could potentially push this upper bound to around ~ 107 TeV.

We identified the parameter space of the model that is already ruled out by various
experiments. In particular, direct detection and collider bounds can rule out some parts
of the parameter space for sufficiently light Z’ masses. The model still has a large viable
parameter space that can be probed in future experiments. The fact that the rich dynamics
in minimal confining dark sectors, such as our setup here, can open up parameter space for
DM masses far above the often-quoted unitarity bound [58-60] should motivate developing
new searches that can probe this part of the parameter space.

The model can also have further interesting signals whose in-depth study is left for
future works. Firstly, it could give rise to interesting signals when a DM particle excites to
other hadrons and, subsequently, radiates energy during its de-excitation. Accumulation
of the DM around various celestial bodies could lead to novel indirect detection signals
or modify the properties and evolution of the bodies in question [107-110]. Furthermore,
the early matter-dominant epoch in our setup, which is required for significant entropy
injection after the glueballs decay, can also give rise to interesting signatures in the matter
power spectrum and indirect detection experiments [105, 106, 135], as well as modifying
the spectrum of gravitational waves from other sources [136-141].
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A Thermodynamic approach to the phase transition

In our previous work [49], a numerical analysis was developed for studying how long the PT
takes. Here we provide an estimate of the length of the phase transition based purely on
thermodynamic considerations. We will show that, throughout the phase transition, entropy
is approximately conserved, except for the initial bubble formation, and for effects that are
proportional to the amount of supercooling € = (T, — T')/T.. The total entropy production
will be given by [e(x)dx, where z is the phase fraction converted to confined phase.
To prove that the entropy is approximately conserved, we assume that the temperature
1/T = (0S/0FE),, and that the pressure P = T (95/0V ) are well-defined during the
phase transition. The condition for this to be valid is that local kinetic equilibrium be
maintained. This will be the case if the scattering time ¢sc = 1/(nov) be much less than
the time over which the energy density changes by an order 1 fraction, i.e. the total time
for the phase transition, since the latent heat L is an order 10~! fraction of the standard
model density pgy. In this case, we can assume the first law of thermodynamics during the
phase transition:

dE P
dS = = + 5 dV (A1)

for a given comoving volume V. We also note that the second Friedman equation, describing
cooling and dilution due to Hubble expansion,

p=—-3H(p+ P) (A.2)
can be written, defining a comoving volume V = a?(t), in the form
dE = —-PdV (A.3)

where E = pV and dV = 3HVdt. Here, P is the internal pressure of that gas, which
means the gas is doing the maximum work allowed by its pressure. Such maximum work
processes are special and imply conservation of entropy. Plugging eq. (A.3) back into the
first law (A.1), we indeed find that dS = 0 identically for any comoving volume.

The question that remains is whether (A.3) remains valid during the phase transition,
when the metric and stress tensor are both inhomogeneous. In fact, we can derive a
version of (A.3) that does not assume homogeneity. Assuming the metric has the form
g = diag(1, —gg’) (Z,t)), with g(3) the metric of the spatial splices, we can write covariant
conservation of stress-energy VMT*LO =0 as:

o [Vao(a.)] = -o|\/o | Pia.o). (A.4)
Where we assumed

Ty, = diag(p(,t), — (7, 1) P(7,1)) (A.5)
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and we used 9 det(g®) = ¢34 ggg). If we further assume the pressure P(Z,t) is homo-
geneous, as it should be for a first-order phase transition, and integrate over comoving
coordinates Z, we recover (A.3).

We can estimate the amount of entropy generated by slight deviations from equilibrium.
The first such process is the initial rapid growth of the bubbles after their nucleation in
the supercooled deconfined phase, reheating it back to temperature T, where equilibrium is
restored. As a bubble of confined phase within the supercooled deconfined phase expands
by a volume AV, the entropy in that volume drops by an amount —LAV/T., where L is
the latent heat per unit volume of the phase transition. The corresponding entropy drop
per unit volume is —L/T,. Since the confined phase is also lower in energy, the bubble
will also release an amount of energy in the form of thermal energy, equal to LAV. This
will increase the total entropy by an amount LAV/T, giving a total change in entropy
AS = (L/T — L)T,)AV ~ eLAV/T..

A more careful calculation, assuming that the temperature rises continuously as the
energy is released, gives a factor of a half

eLAV

AS ~
s 2T,

(A.6)

where € is the initial supercooling at the onset of bubble nucleation. Of course, the above
calculation assumes that latent heat has only weak dependence on temperature away from
T.. For the remainder of the phase transition, where the supercooling is both much smaller
and slowly varying, the calculation is much the same, and we find that if a fraction dx of
phase is converted to confined phase, an amount AS = eLdézV /T, of entropy is produced
within a comoving volume V.

A formula for the entropy production that gives both these effects together is

L 1
AS = /0 e(2)V (z)dz, (A7)

if the volume V' (x) is assumed to vary very little during the phase transition, it can be
pulled out of the integral, giving AS = LV€/T,, where € is the average supercooling during
the PT. This finding is in agreement with the observation of ref. [142].

Using this fact, and the fact that the entropy density of a system with zero chemical
potential is given by

§=—, (A.8)
we can calculate the ratio of initial and final volumes of a given comoving patch by using

TSy = (ps+ Ps)Vy=(pi+ P)Vi+TAS

=~ (p; + P; + €L)V; (A.9)
we get
i + P + €L
Vi pitPitel (A.10)
Vi py+ Py
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In the confined phase, we can approximate that p; ~ psy, since the glueball density
pceB < psm. In the deconfined phase, the density would then need to be p; = psm + L,
where L is the latent heat density between the two phases, computed from the lattice to be
L ~ 1.413 T2 [143]. The energy in latent heat is roughly a third of what would be expected
from the Stefan-Boltzmann law, p, = 72/30 x 2(N2 — 1)T, the difference being due to
dynamical effects.

It is possible that these same dynamical effects near the phase transition cause the
glueball density to be slightly higher by the same amount than its non-interacting equilibrium
value, and the gluon density to be slightly higher such that the difference is still L, but we
assume these effects to be small.

For the pressure in both phases, we use the fact that the pressure is constant throughout
the phase transition. In particular, lattice computations [144] indicate that the pressure
of the strong sector at the phase transition is much less than the energy density, P < L.
We are therefore justified in taking P ~ Psy = psm/3 both before and after the phase
transition. Using this, and assuming the supercooling € to be small [49], we find a simple
expression for the scale factor at the end of the phase transition:

ay 3L )1/3 ( 3-1.413 )1/3
L~ (1 = (1 ~1.01 . Al
a; ( + 4psn * 4-106.7572/30 ( )

Furthermore, assuming a deSitter type evolution, we find that the time scale of the PT
is tpr ~ 0.01/H, i.e. of order 1% of the Hubble time, which is consistent with the numerical
findings in ref. [49].

The crucial insight we gained is that the PT is a relatively slow process, which means
that processes that are not frozen out at T' = T, and therefore fast at the time of the PT,
will be efficient in maintaining local thermal equilibrium throughout the PT.

B Dynamic approach to the phase transition

In addition to the pure thermodynamic discussion, we provide an approximation that
allows us to estimate the number density of glueballs that are produced in the PT from
the dynamical point of view. Given the complicated strong dynamics during the PT, the
arguments in this appendix should be understood to yield only a rough approximation
for the value of R, while a detailed numerical simulation is in order for determining its
exact value.

The basic picture is that glueballs are produced in 2 — 2 reactions from dark sector
gluons, at the boundary between the two phases. The process can be viewed as a two step
reaction. First, at the wall between the deconfined and confined phase, two gluons are
converted into a glueball. This part of the reaction is a non-perturbative process, but its
rate factor scales as 1/72. In the second step, in order to conserve momentum, a glueball
splits into two glueball final states. As known from the effective Lagrangian for glueballs,
the coupling strength of the three glueball interaction is large, and we only pay a price from
the kinematic suppression of producing two massive particles.
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Thus this process has a reaction rate density
YeB = n_{oGBY) (B.1)
where the reaction rate factor is given by
(oapv) ~ 1/T? exp [—2map/Te] . (B.2)

As discussed in ref. [62], the bubbles nucleate and grow in size until the bubble walls
collide, at a typical radius R;, called the percolation radius. After that, the pockets of
deconfined phase shrink, therefore, the largest relative volume that is occupied by bubble
walls, of the region that contains one bubble, is around the time of percolation. Therefore,
the most efficient glueball production takes place when the bubbles have a size R ~ Ry,
and we focus here on that phase.

The relative volume that is occupied by the walls in a region that contains one bubble
at this time is thus given by

fv=

- =
Vbubble TR}

(B.3)

Vias _ 4T R (1007
My )

here the expression for R; of ref. [62] was used. The total number of glueballs that are
produced on average per volume in the PT is thus

nGB = YGB fv tprod 5 (B.4)

where t,04 is the time scale over which production is efficient. Since the glueball production
process is dominated around the bubble percolation, the production time scale is given by
the time the system spends around the percolation period tprodq &~ Ri/vy. This gives us an
estimate for the produced glueball number density of

73 exp [—2mgp/T¢]
C
UV

where v, &~ 0.2 (T./M,)"?, as shown in ref. [62].
We find that while the mass of the glueball leads to a suppressed production probability,

nge ~ s (B5)

the relatively slow advance of the wall (which produces the glueballs) partially compensates
that suppression. The glueball number densities that are achieved are comparable or larger
than the thermally expected abundances, used to derive eq. (2.7).

Comparing the energy density mgpngp implied by eq. (B.5) to the latent heat per
volume L released in the PT, one can think of the excess glueballs (with respect to their
equilibrium value) as being produced by a small fraction f ~ 1072 of the total latent
heat. In chemical equilibrium, this latent heat would be entirely released in the form of
heat. In this case, however, where the rate of 3 — 2 interactions is fast but finite, we can
think of the PT happening in steps, where the excess glueballs are initially produced, and
subsequently eliminated by 3 — 2 interactions, driving the glueball number density to its
equilibrium value and releasing heat. Comparing the rate of 3 — 2 (at densities at or above
the equililbrium value ngg ~ (mGBTC/27r)3/2 exp(—mgp/T:) ) to the total time for the PT,
O(1072 — 1071)H 1, shows that the rate of 3 — 2 is indeed fast, and that we can therefore
assume the equilibrium value for ngg.
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C Heavier glueballs

Throughout this work, we only kept the lightest glueball in our treatment and claimed
heavier ones do not affect our analysis in a significant way. In this appendix we justify
this claim.

In ref. [74] it is argued that immediately after the PT, if enough glueballs are produced
so that various number changing processes are in equilibrium, the abundance of heavier
CP-even glueballs deplete very rapidly. To see this, we should keep in mind that the
heavier CP-even glueballs coannihilate via 2 — 2 processes to the 0T state, while the 07"
abundance goes through freezeout via 3 — 2 processes with longer timescales.

The CP-odd glueballs also have a far lower abundance compared to the 0 glueball
after the PT [74]. As a result, before their decay, the lightest glueballs (0*") dominate the
dynamics of the glueball bath such that we can study a simplified model with only these
glueballs in the spectrum.

Neglecting the Z’ mass, we can use the results of ref. [61] to show that in our model

To++ ~ 1.7667’0—+ ~ 0.0407’2++ ~ 0.0047'2—+, (Cl)

while other glueballs decay to one of these glueballs with a far shorter lifetimes when «a s is
perturbative. Combined with the above argument, we find that we can only keep 0™ and
2%+ (that are more long-lieved than 0%+) throughout our study.

When glueballs decay to SM, the entropy they inject into SM can be calculated as

sz/cfzc;?, (C.2)

where d(@ is the heat they inject into SM during an infinitesimal time interval and T is the
temperature at which this injection takes place. Since the 07" states have a much higher
energy density than 2%+ ones, the only way the latter can have significant entropy injection
into SM is that the injection takes place at lower temperatures. Equation (C.1) suggests
that indeed 2+ entropy injection happens at Trpy ~ 1077, ..; nonetheless, since the total

GB?

energy @ stored in 2% states is much lower than the 07 states [74], Ty, ~ 107 Ty, is
not low enough to change the total injected entropy into SM perceptibly. Hence, keeping
only the 07 state is a good approximation for calculating the injected entropy into the
SM bath.

The only relevant effect of the heavier glueballs is that if they decay too late, they
can be in conflict with stringent bounds from BBN [79, 80]. These bounds are avoided
by demanding that all the glueballs decay before the onset of BBN, i.e. t ~ 1s. Since the

< 1s; when combined with eq. (C.1),

~

longest-living glueball is 27, this translates into 75—+
this suggests
Tort <1072 s. (C.3)

We use this upper bound on the lightest glueball lifetime in our analysis. A more careful
treatment can allow for O(1) change in this bound, which in turn merely gives rise to O(1)
change in the dilution factor from the entropy injection. This is sub-dominant to various
sources of uncertainty in our calculation of DM relic abundance during the PT [49] and is
neglected in this work.
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