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Confinement in SU(Np¢) Yang-Mills theories is known to proceed through first-order phase transition.

The wall velocity is bounded by v

w o~

<107 due to the needed time for the substantial latent heat released

during the phase transition to dissipate through Hubble expansion. Quarks which are much heavier than the
confinement scale can be introduced without changing the confinement dynamics. After they freeze-out,
heavy quarks are squeezed into pockets of the deconfined phase until they completely annihilate with
antiquarks. We calculate the dark baryon abundance surviving annihilation, due to bound-state formation
occurring both in the bulk and—for the first time—at the boundary. We find that dark baryons can be dark
matter with a mass up to 10> TeV. We study indirect and direct detection, cosmic microwave background
and big bang nucleosynthesis probes, assuming portals to Higgs and neutrinos.
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I. INTRODUCTION

The nature of dark matter (DM) composing 85% of the
matter content of the Universe remains unknown. The
possibility that DM is a composite state from a hidden
strong sectors has been studied extensively [1,2], either
as glueballs [3-16], pseudo-Nambu-Goldstone bosons
[17-22], dark baryons [23-37], or quark nuggets [38-47].
The benefit of dark baryons lies in their intrinsic stability,
which is ensured by the accidental conservation of baryon
number, see e.g. [31]. If quarks masses are comparable or
lighter than the confinement scale mg < A, then the dark
baryon abundance is set by the standard freeze-out mecha-
nism [48] which leads to the prediction of a mass around
100 TeV. Scenarios for which quarks are much heavier
(mg 2 10?A) can have richer dynamics [33,35,49-55] due
to quarks freezing-out before confinement. Lattice simula-
tions have shown that confinement Yang-Mills SU(Npc)
gauge theory occurs through a first-order phase transition
(PT) [56-59]. As demonstrated in [53,54], this results in a
“thermal squeeze-out” scenario during which heavy quark
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relics, after encountering the wall are slingshot (or cata-
pulted) back to the deconfined phase [60,61], and com-
pressed into shrinking pockets of the deconfined phase until
the majority reannihilate with antiquarks. During this
process, quarks form a small fraction of baryons in the
bulk of the pocket which subsequently escape through the
wall boundary [53,54], and explain DM with a mass beyond
the unitarity bound mpy ~ 10? TeV. In the present work,
we introduce a new formalism to investigate the formation of
bound states directly at the wall boundary. Those boundary
effects were omitted in [53,54]. They can be understood as
the strongly coupled analog to the filtered DM mechanism
introduced in [62] (see also [63—65]). For composite sectors,
particle production at boundaries has only been studied in
the relativistic bubble wall velocity limit [66,67]. In addition
to introduce novel boundary effects, this analysis extends the
original study in [53,54] to much smaller confining scales
A <« TeV. At first, we study in details the bubble growth
dynamics and the wall velocity, which we find to be small
v,, ~ 1076, Next, we study in details the baryon abundance,
accounting for thermal freeze-out before the PT, solving a set
of coupled Boltzmann equations during the squeezing phase
of the PT and finally accounting for eventual entropy
injection following glueball decay after the PT. We propose
analytical formulas for the dark baryon abundance which are
successfully tested against numerical results. We find that
boundary effects can reduce the predicted dark baryon DM
mass by about one order of magnitude with respect to the
prediction from [53,54], leading to mpy ~ 103 TeV. We
introduce two possible portals with the Standard Model
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(SM), through the Higgs and neutrino sectors, and we study
the relevant phenomenology.

II. BUBBLE WALL VELOCITY

Results of this section apply to all Yang-Mills PT,
independently of the existence of heavy quarks.

A. Bubble nucleation

SU(Npc) Yang-Mills phase transition are known to be
first order for Npc > 3 [56-58]. In presence of quarks, the
transition remains first-order if the later are much heavier
than the confinement scale [59,68,69], of the order mg 2
10°A [59]. The tunneling probability can be inferred
from lattice simulations in the thin-wall limit [70]. In
Appendix A 1, one finds that the nucleation takes place
very close to the critical temperature T'. ~ A, below which
the transition is energetically allowed,

T,-T
e AT x 1074 (1)
T

c

1. Bubble expansion

The conversion of gluons with energy density &« O(N3 )
into glueball with energy density o O(NY.) releases a
large latent heat L = O(Np). For Npe = 3, lattice sim-
ulations find L ~1.413T% [57]. If the gluons and SM
exchange energy fast enough, then the SM can transport
heat to the other side of the wall, leading the Universe to be
instantaneously reheated as bubble walls expand. If bubbles
expand too fast, the latent heat released would reheat the
Universe above T.. This implies that the bubble wall
velocity is limited by the rate of Hubble expansion of
the Universe [53]. One finds (see Appendix A2 for
derivation),

TLC1 G+ RO 2

where R is the bubble radius at a given time and R, =
107(M,;/A)*°/A is the bubble radius at percolation,
whose value is determined from numerical simulations
[53]. In fact, Eq. (2) can be understood as an upper limit
which is only reached if the Universe temperature has
enough time to homogenize. Instead, inhomogeneity in the
temperature of the plasma surrounding bubbles would cause
additional heating at the wall and would lead to a lower wall
velocity. The bubble wall velocity decreases as bubble walls
expand, until it reaches v, ~107>(A/100 TeV)*! for
R ~ R,. When bubbles percolate, the slow rate of bubble
wall expansion can leave the time for small bubbles to
coalesce into larger bubbles in order to minimize the total
surface tension [38]. Depending whether coalescence is fast

SU(Npe) Yang-Mills confinement
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FIG. 1. SU(Npc) Yang-Mills phase transitions release a large

latent heat L ~ T% while the free-energy difference driving the
wall motion is very small Af ~ 1073T%. This implies that bubbles
can only grow after that the Universe has cooled under Hubble
expansion. We show here the wall velocity for expanding bubbles
in Eq. (2), (orange) and contracting pockets in Eq. (4), (blue) set
by Hubble expansion rate. Those formulas assume that the latent
heat has been transferred to the whole Universe. Any accumu-
lation around bubble walls would lead to a lower velocity. Also
additional pressure contributions due to particle squeezing, e.g.
heavy quarks [53], could further slow down the pocket contrac-
tion rate (blue only). For those reasons, we consider the values
predicted in Eqgs. (2) and (4) as upper limits.

enough, the bubble radius at the beginning of the pocket
contraction stage is

Ri = Min[Ro,Rl], (3)

with RjA = 0.002(M,;/A)*? [53] and R, given below
Eq. (2).

B. Pocket contraction

After that bubbles percolated and eventually coalesced,
pockets of deconfined phase form and begin to shrink. In
Appendix A 4, we show that during the pocket contraction
stage, the bubble wall velocity is again controlled by the
Hubble expansion rate. However, instead of Eq. (2) it is
constant with radius and given by

UW24(HRI-)3/5 ~ Min[v, v1], (4)

where vy =2 x 1073(A/M)*% and v, ~0.2(AM)"/?
for R; = Ry, and R; = R, respectively. For A ~TeV, we
find vy ~ v, ~2 x 107*. The wall velocity of the expand-
ing bubbles and contracting pockets is plotted in Fig. 1.

III. QUARK FREEZE-OUT

At high temperatures, the plasma is in the deconfined
phase of SU(Npc). The quarks evolve like standard
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thermal relics: they begin in equilibrium with the bath,
become nonrelativistic, and then freeze-out. The abundance
Y = n/s following freeze-out of the quark annihilations
can be estimated using the standard instantaneous freeze-
out (see Appendix B 1 for details),

H XFO mQ

~02470 "€ (5)
s<0annv> T=Tgo

Y ~
gl/z Z—:(XZDC]Wpl

Q

where s is the entropy density, H is the Hubble rate, g, is
the number of relativistic degrees of freedom and M, is
the reduced Planck mass. We assume no quark asymmetry
such that the number of antiquarks is Y 5 =Yg The

freeze-out temperature is given by xpo = mg/Tro =~
log [O.19MplmQ<av>gQ/g}k/2/x1]:g} [48] with gg = 2Npc.
The quark-antiquark annihilation cross section to dark
gluons and dark photons

2
TTapc

<0annv> =¢ m2 (6)
Q

where apc is the dark strong coupling experienced by the
fundamental quarks. It is renormalized around the quark
mass apc = 6/[(11Npc — 2N ;) log (mg/A)]. { accounts
for group factors and nonperturbative effects. Around
the freeze-out temperature, one has {~0.25/Ny, see
Appendix B 1. Except if stated otherwise, we assume a
single quark flavor Ny = 1.

IV. QUARK SQUEEZE-OUT

A. Baryon survival fraction

A single quark cannot pass through the wall boundary.
As the quark approaches the wall, it feels a strong force
pulling it back within the deconfined phase because of its
dark color charge. One may imagine a flux tube between
the quark and the boundary, which in the absence of light
quarks which could nucleate and break the tube, quickly
springs the quark back into the pocket. Heavy quarks are
vastly separated by d ~ A~ (afMpy/mg)'/? > A7, see
Eq. (5). The probability for k quarks to group into a color-
singlet configuration which could enter bubble walls is
suppressed by (dA)73* <« 1, see Eq. (12). Hence, heavy
quarks are squeezed into contracting pockets of the
deconfined phase until they annihilate with antiquarks.
During this process, a fraction of quarks is successful at
forming baryons due to three contributions

_3vd

S= Nl‘ - Sasym + Sbulk + deyv (7)
1

where N; is the total number of particles in a given pocket,
i =1, Npc being its quark number and i = 0 denoting
gluons. The superscripts i/f refers to before/after the

confining phase transition. We refer to Eq. (B7) in
Appendix B 2 for the expression of the initial quark number
Ni. The first piece Syym = 1/4/2N} in Eq. (7) is the
accidental asymmetric fraction resulting from the relative
number of quark minus antiquark being a stochastic
variable following Poisson statistics, see Appendix B 2.
The second piece Sy, is the fraction of quarks successful
at forming baryons in the bulk which later escape through
the boundary [53]. The third piece Syqy, Which is one of the
novelty of the present work, is the fraction of quarks
successful at forming baryons directly at the wall boun-
dary (“bdy”).

B. Boltzmann equations

In order to calculate the symmetric component of the
quark survival fraction

3 [ dN;
Nt

(8)

Ssym = Spu + dey =

it is necessary to keep track of the evolution of the different
particle number N; in the pocket of volume V. The rate of
change in particles number obey to the following set of
Boltzmann equations:

dN

d—ti = Dyu (] + Toay [1], )

where the two interaction rates per pocket respectively
account for processes occurring in the bulk and at the
boundary.

C. Bulk effects

In the bulk, pairs of quark can combine to form a diquark
which can combine with another quark to form a tri-quark,
and so one until a baryon B made of Npc is formed. The
evolution of the number of each particles in the pocket
follows the set of Boltzmann equations:

- (ov)ene
Douncli] = = Z Sab.cd # (NaNbp = NeNaf apea):
a+b=c+d
(10)
where s;b’cd is the net number of i particles destroyed in the

process ab — cd with cross section (6v),p.q and fopeq =
na'nyt/(nelng') with ni? the number densities n, = N,/V
at equilibrium. The bulk terms in Eq. (10) have been
extensively studied in [53] which we refer for more details,
together with Appendix B 2. We have successfully repli-
cated their results to an excellent degree. In the next section,
we discuss the boundary term I'yg,[i], which were not
accounted for in prior works [53,54].
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D. Boundary effects

A single quark cannot escape from the pocket. However,
multiple quarks can simultaneously attempt to depart from
the pocket by converging to the same location on the wall in
a color-neutral configuration, such as a meson or a baryon.
In this case, the wall would not pull back on the quarks
allowing them to escape as a hadron. The boundary term in
the Boltzmann equation can be decomposed as a sum of
filtering rates:

bd bd bd:
dey[l] = —F(l,y—1)—>/v1 - 31ﬂ(l,yl,l)—>3 B F(l,yZ)—G’
bd
Thay[2] = —F(1,y2)->3’
Doay 3] = -I%%s. (11)

where F?sym_)(a J) is the number of processes ab — cd

occurring at the wall boundary per unit of time. Here M
denotes mesons. The baryon escape term Fg_,3 is renamed
55 to differentiate it from other boundary terms where
bound-states actually form at the boundary. Instead, I'S* ; is
the escape rate of baryons formed in the “bulk”. In contrast
to the other boundary terms, the escape term was already
included in prior works [53,54]. Assuming that the particles
are interacting weakly in the bulk, then the probability of k
particles i are meeting through the wall at the same time is
given by the Poisson distribution,

yls
P, (k) :k—ze-if. (12)

The quantity /; is the mean number of particles i passing
through a slit of surface area ¢ = f,z£* during At = £/vg
where £ ~ 1/A is the confining length and v is the particle
velocity in the plasma frame which we approximate to be
equal for all species. We have introduced f, a form factor
encoding uncertainties on the cross section, which we set to
fs = 1in the main text and explore its impact on the results
in Appendix B 2. Denoting by 7, = vo/4 + v,, the aver-
age of the normal component of the particle velocity in the
wall frame, v | n; is the flux through the wall and we obtain

)“i = Al‘l_}lnia zfgn'ni/41\3. (13)

Denoting by R the radius of the pocket, we deduce the
baryon formation rate out of three incoming quarks,

bdy f )
111 VUAt

where the sum include the possibility to have more quarks
than necessary to form a bound state. We also consider the
meson production from a quark/antiquark pair,

9f2 N3

14
QZO48A6R7’ (14)

S =nogts it (9

VOBaN R

bdy f
M F1% O'At

and the baryon production out of a quark/diquark pair,

bdy _ =
I_‘(1 2)— 7{‘/ oAt {Z Py, (k } LZ; P UC)}
9fs NN,
“Y06and R (16)

When already formed in the bulk through Eq. (10), baryon
can freely escape (“‘esc”) the pocket with a rate:

s [& 3uoN;
rss,=¢ —— |y kP 225
el fgvam[ k z_;(k)} iR (17)

We are now able to express the quark survival factor in
Eq. (8) which receives contribution from both bulk and
boundary terms,

dR
Ssym = [e_ ” (Sbu1k+dey) (18)

w

where R; and v,, are given in Egs. (3) and (4), and:
Sputc = T35/ N, (19)
bd bd ;
dey (3F(1y1 1)-3 +T 1y2 —>%)/N (20)

In prior works [53,54], only the “bulk” term Sy, has been
included. The surviving abundance is shown in Fig. 2 after
numerically integrating the set of coupled Boltzmann
equations in Eq. (9). We refer to Appendix B 2 for more
details.

V. BARYON DILUTE-OUT

According to Ref. [55], 3-to-2 interactions are efficient
enough to maintain glueballs at thermal equilibrium with
themselves right after the end of the PT as long as
A < 10° TeV. Then, 3-to-2 interaction freeze-out around
the temperature xpo = mgg/Tro ~ 20, which, the glueball
mass being mgg ~ 7A [71], reduces to Tro ~ 0.3T .. The
frozen-out glueball relic abundance is [10]

Yo = Rga/Xro. Rgp =2 x 1074, (21)
where Rgg = sgg/Ssm 1S the glueball-to-SM entropy ratio,
here set to its equilibrium value, see Eq. B 3, which as stated
above, is a valid approximation as long as A < 10° TeV.
Glueballs decay into SM around the temperature,

Toee > 1.3g1* /TsM (22)

pl»
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FIG. 2. Evolution of the fractional number of quark inside (red)
and outside (blue) the pocket during its contraction, obtained from
numerically integrating the full system of Boltzmann equations.
Below the recoupling radius R S R, quarks annihilate with
antiquarks. Quarks surviving annihilation are the asymmetric
fraction (blue dotted), the baryons formed in the bulk and escaping
through the boundary (blue dashed) and the baryons directly
formed at the boundary (blue solid). The formation of baryon
directly at the boundary, which is the novelty of this work, is the
dominant component.

where ['gg is the glueball decay rate. The later is generally
suppressed by large power of A/mg such that glueballs can
be long-lived and dominate the energy density of the
Universe below the temperature

4
Tom = gmGB Yia (23)

if Tyom > Tyee- The glueball decay increases the SM
entropy by the ratio (see Appendix B 3),

f T
D="My +%, (24)
SSM dec

where i/ f refers to before and after the decay. As a results,
the residual dark baryon population is diluted and the DM
relic abundance today reads

FO
527§
D Npc'

Yo (25)

The expression in Eq. (25) accounts for quarks freeze-out
through Y{3 defined in Eq. (5) the factor of 2 including the
contribution from antiquarks, quarks squeeze-out through
the survival factor S <1 defined in Eq. (7), and baryons
dilution through D > 1 defined in Eq. (24).

VI. RESULTS

A. Dark matter abundance

1. Numerical treatment

We calculate the dark baryon abundance defined in
Eq. (25) by solving the system of coupled Boltzmann
equations in Eq. (9). The time evolution of the quark
abundance inside and outside a typical pocket of deconfined
phase is shown in Fig. 2. The dark baryon mass mpy; and
confining scale A which reproduce the observed DM relic
abundance Qpy /% ~0.12 are shown indicated with the
black lines in Figs. 3 and 4. The second-quark annihilation
stage due to squeezing predicts a DM mass up to
mpy ~ 10° TeV, two orders magnitude above the thermal
freeze-out prediction shown in dotted blue line, and about
one order of magnitude above the unitarity bound shown in
dashed blue line [72]. Neglecting for the production of dark

Higgs portal

106§"""|. Ty T T T T
: Npc = asy,, Aec o’
1055— g = 0.01 y"””erf'f’r’a/@ x\*“f AN 3
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Confining scale A [TeV]
FIG. 3. Dark baryon relic abundance including the second

quark annihilation stage in the pocket. We numerically solve the
Boltzmann equations including processes occurring both in the
bulk and at the boundary (black line). To explain DM, dark
baryon can have much larger masses than with the thermal freeze-
out scenario (dotted blue). The usual unitarity bound on thermal
DM [72] (dashed blue) is naturally evaded. Previous works [53]
neglected effects from the boundary (dotted orange). Quarks and
antiquark can not be depleted below the residual asymmetric
fraction accidentally generated in each pocket (dotted red). For
mg < A, the SU(Npc) coupling constant binding quarks together
becomes strong (gray region). For mg 2 100A, the PT is first-
order (dashed gray). We assume that the dark SU(Npc) com-
municate with the SM through Higgs mixing 1yoHH QQ/ mg,
see Appendix C 1. The glueball can be long-lived leading to BBN
constraints [73] (green). Baryon annihilation in the galaxy leads
to cosmic-rays fluxes constrained by HESS [74] (brown), baryon
annihilation after recombination leads to CMB constraints [74]
(purple), direct interaction with nucleons leads to direct detection
(DD) constraints from XENONIT [75] (red). We fix Ao = 0.01,
knowing that smaller Ao would lead to stronger BBN constraints
and weaker DD constraints. See Appendix D for more details on
the phenomenology.

035002-5



YANN GOUTTENOIRE, ERIC KUFLIK, and DI LIU

PHYS. REV. D 109, 035002 (2024)

baryons at the pocket boundary would overestimate the DM
mass by one order of magnitude, see dotted orange line in
Figs. 3 and 4. We find that entropy injection following
glueball decay only substantially dilutes the DM abundance
in regions where the glueball is so long-lived that it is
already ruled out by big bang nucleosynthesis (BBN). For
instance, this can be seen in the curvature of the orange
dashed line in the top-left corner of Fig. 3.

2. Analytical treatment

Analytical expressions for the dark baryon abundance
are calculated in Appendix B2 and plotted against the
numerical results in Fig. 8.

3. Source of uncertainties

We identify two main sources of uncertainties in our
treatment. At first, the pocket wall velocity derived in
Eq. (4) can be understood as an upper bound v,,,,, which is
reached if the latent heat is efficiently released to the whole
Universe and not only to the region close to the wall. Also
it does not account for the effects from heavy quarks on the
friction pressure [53], whose precise derivation is left for
future studies. In Fig. 7, we tune down the maximal wall
velocity v,,,, in Eq. (4) by factors 102 and 10~*. For
v, =~ 1070, We find that boundary effects disappear
completely. Instead, bulk effects disappear in the ballpark
A €[l TeV, 10 TeV] and mpy ~ 10* TeV where the dark
baryon abundance is then given by the accidental asym-
metry, in agreement with [54]. The second source of
uncertainties is the value of the cross section ¢ =
f,m/A? for bound-state formation at the boundary which
enters Eq. (B25). In Fig. 7, we scan over the values
f+€10.1,10], showing that the predicted DM mass can
vary by about one order of magnitude around its
mean value.

B. Phenomenology

We consider two benchmark portal to the SM; the Higgs
portal and the neutrino portal.

1. Higgs portal

We suppose heavy quarks receive their mass from ¢QQ
where ¢ is a singlet scalar getting vacuum expectation value.
We assume that ¢ mixes with Higgs Ay, H|?*|¢|>. This
generates the dimension-6 operator Og = |H|>QQ with
coefficient ¢ = Ayg/mg and Ayg = V24,4(mg/my)>.
This allows the glueball to decay into SM and gives
constraints from indirect detection (ID), cosmic microwave
background (CMB), direct detection (DD) and big bang
nucleosynthesis (BBN), which we show in Fig. 3. Large
Aro gives lower BBN constraints but larger DD constraints,
while ID and CMB are independent of A;o. We fix
Ao = 0.01 in Fig. 3. We refer to Appendixes C1 and D

for more details on the Higgs portal and the associated
phenomenology.

2. Neutrino portal

We now consider the possibility that the scalar ¢, even
though it interacts with heavy quarks through ¢QQ, does
not actually give mass to these heavy quarks and is
significantly lighter. We suppose that mediation with SM
takes place via SM neutrino ¢v;v;. The BBN constraints
are weaker because the lighter mediator allows a shorter
glueball lifetime but also because of the elusive nature of
neutrino. For the same reason, the portal secludes the dark
baryon DM from direct detection, CMB and collider
constraints. Only indirect-detection constraints inferred
from neutrino telescopes like ANTARES [77] can be
applied with a region constrained around mpy; ~ 10 TeV,
see Fig. 4. We refer to Appendix C 2 for more details on the
neutrino portal and to Appendix D for its phenomenology.

3. Gravitational waves

A well-studied observable from first-order phase
transition is gravitational waves (GW) from bubble
collision, sound waves and turbulence [38,78-80]. The
would-be GW energy density today, here expected to be
dominantly sourced by sound waves [81], is Qgwh® =~
107003, (RoH ) [80] with a=L/psy ~3(L/T?)/g.sm
being the latent heat fraction. It was already known
[82—87] that GW from Yang-Mills phase transition were
challenging to observe with future interferometers due
to the small bubble size at percolation RyH ~ 107,

Neutrino portal

10° e
E Npc=3 mg=1GeV

e

-
o
E
T

-
o
S
Ty

Baryon mass mpy [TeV]
> o
2 2

10 &

Thermal freeze-out

1 Lol L1 i Lo il 1A

1l 1 Lo L
107 107 107" 10
Confining scale A [TeV]

FIG.4. Same as Fig. 3 where we assume that the dark SU(Npc)
communicates with the SM through a light scalar with Yukawa
coupling with heavy dark quarks and SM neutrino. This allows
for a longer glueball lifetime, resulting in a reduced impact from
both entropy injection and BBN constraints. We fix the light
scalar mass to my = 1 GeV, Yukawa couplings to heavy quarks
Ypo = | and neutrinos y,, = 1073, a ballpark away from current
constraints [76] which minimizes the BBN constraint from
glueball decay (green). See Appendix C 2 for more details.
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see Eq. (2) and the moderate latent heat fraction a ~ 0.1
(Npc = 3, g.sm ~ 40). The results concerning the small
bubble wall velocity v,, ~ 107 presented here in Eq. (2)
decisively rule out any possibility to observe GW from
Yang-Mills confinement in the foreseeable future.
Alternatively, the presence of a matter era due to the
possibility for glueballs to dominate the energy budget of
the Universe before decaying could leave signatures in the
spectrum from preexisting gravitational waves, e.g. from a
network of cosmic strings or inflation [88-95].

VII. CONCLUSION

We have studied confinement of SU(Npc) with Npe = 3
in presence of quarks with mass much larger than the
confining scale mg > A. The confining phase transition is
first-order [59]. Due to their large separation after freeze-
out, quarks can not penetrate inside bubble walls [53,54]. In
the absence of light quarks in the spectrum, the only way for
quarks to enter bubble walls is by forming color-neutral
bound states in the bulk or directly at the wall boundary. In
this work, we estimate how the baryon relic abundance is
impacted by bound-state formation at the boundary, an
effect which was overlooked in previous studies [53,54]. We
find that SU(3) dark baryon can be DM with a mass around
mpy ~ 10 TeV, one order of magnitude above the unitar-
ity bound [72] instead of two has previously thought
[53,54]. Introducing Higgs and neutrino portals, we found
that due to the large DM mass, this scenario is hardily
testable at telescopes, colliders and by cosmological probes.
Finally, Yang-Mills confinement proceeds with the libera-
tion of a considerable amount of latent heat, despite the
amount of supercooling being ridiculously small. As a
consequence, the bubble wall velocity is particularly low. It
is set by the Hubble expansion rate at v,, ~ 107, much
smaller than previous estimates [82—87], ruling out any
prospects for observing gravitational waves arising from
bubble dynamics. The dark baryon DM relic abundance
established in the initial studies [53,54] remains valid
provided that additional factors further reduce the pocket
wall velocity by approximately 10~* relative to the
maximum value presented in Eq. (4), as seen in Fig. 7.
The possibility that the wall velocity is much smaller than
its maximum value, due to additional effects not accounted
in this work like the quark pressure, is left for future
studies. In any case, the studies in Refs. [53,54] limited
their scope to A € [TeV, 10 TeV], whereas our calculations
of the DM relic abundance extend down to confinement
scale as low as allowed by BBN which under the
assumption of efficient glueballs decay channels
means AZ5 MeV, see Appendix 5d. We highlight the
potential for primordial black holes to form if, during
confinement, there is less than one quark per Hubble patch
[96]. Finally, we draw attention to the possibility, arising
when initial baryonic asymmetry is present, for quarks to

be squeezed into quark nuggets [38—46], dark stars, or
primordial black holes [47]. The potential impact of the
boundary effects introduced in this work on such scenar-
ios, especially in the heavy quark limit [47], is a topic left
for future studies.
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APPENDIX A: DYNAMICS OF YANG-MILLS
CONFINEMENT

1. Thermodynamics

We consider a SU(N) gauge theories with N favors of
quarks:

1
L= Lsy——-G4,G" +q(iD —mg)q,

4G (A1)

with D, = d, — igpA,. The gauge coupling apc = g5/ 4n
runs with the energy scale, here set to the quark mass
U= mg, as [97]

6r

“pe = (11Npc — 2N) log (mg/A)’ (A2)

We examine the scenario where the quarks are heavy
mg 2 100A. In this regime, quark confinement can be
accurately modeled using an SU(N) Yang-Mills theory
with Ny = 0. The case Ny = 0 is known to result in a first-
order phase transition and has been extensively studied
through lattice simulations [56-58,98]. A phase transition
is said of the first-order if the first derivative of the free-

energy density f, namely the entropy density s = —%, is
discontinuous at some critical temperature 7',
0A L
As = — af =, (A3)
or T.

where L is the latent heat of the phase transition. Using
that the free energy f = p — T's is continuous at 7., we
get the relation Ap = T'.As = L, such that the latent heat
L can be interpreted as a gap in energy density. The
thermodynamics of 1stOPT can be found in textbooks [99]
and reviews [53,70,99]. Thermal tunneling in the thin-wall
limit is described by the O3-symmetrical Euclidean action
which can be approximated by
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4r
S; = 4noR> + ?Rf.Af,

(A4)
where o is the energy per unit of surface area of the bubble
wall, also known as surface tension. Bubbles are nucleated
around a radius R, the saddle point of the bounce action,

S3 26
—0 R =22
oR, = ReTar

(AS)

The lattice fitting of the latent heat and surface tension for
SU(N) YM theories is [57]

L~ (0.76 — 0.3 /N3 )*N3,.T*

and o=~ (0.015N3. —0.1)T3. (A6)
More precisely, for Npc = 3 one finds (Tables 7 and 11
in [57]),

L =1.413(55)T¢ and o= 0.0200(6)T?. (A7)
In the regime of small supercooling 7. — T < T, which
will be justified afterward, the free-energy density close to
T. can be Taylor expanded at first order,

T.—-T

Af(T) ~ T

L. (A8)

The bounce action at the critical radius can then be
written as

S7167r637167r o \3(THN?> T3
T3 AT 3 \13)\L) (1.-1)?*

The tunneling rate for thermal phase transition reads [100]

(A9)

S3/T\3/2 T2
FﬁT‘L‘(?) exp(—S3/Tc)sz.exp —Km s

(A10)

with

167 (6 \3[T*\? B

where we have plugged SU(3) lattice results in Eq. (A7).
Bubble nucleation becomes efficient when the tunneling
rate of a Hubble volume becomes comparable to the
Hubble expansion rate I ~ H*. We deduce the nucleation

temperature
Te=Tu fﬂ x 1074,
T, [

(A12)

with [~10%. The very little amount of supercooling
T.—T, < T, justifies the validity of the Taylor expan-
sion of the free energy in Eq. (AS8).

2. Bubble growth
a. Obstruction to bubble expansion
After nucleation, the bubble walls expand under the
effect of the latent heat pressure, see Eqs. (A8) and (A12),

T.-T

Af = L~1073T% (A13)

c

This small value implies that the gluons and glueball phases
have almost identical free energies f = p — T's. However,
the large latent heat L = 1.413(55)T% in Eq. (A7) suggests
that the two phases have very different energy density p and
entropy density s. Indeed the energy and entropy of the
gluon phase goes like ox O(N3) while the ones of the
glueball phase goes like o« O(NY). In order to form a
glueball pair of mass 2mgg ~ 14A, at least two gluons with
their g5 = 2(N3 — 1) degrees of freedom each are needed.
Assuming their typical energy to be E; ~ A and their
number density per degree of freedom n, = ¢(3)T3 /x>
(with T. ~ A), we find that the gluon-to-glueball conversion
process liberates an energy density L~ (2g9GEg —
2mgg)n, ~ 2T+ for Npe = 3 not too far from the value
predicted by the lattice simulations in Eq. (A7). We stress
that the previous argument should not be viewed as a
rigorous proof but more as a heuristic explanation for why
the latent heat is large. As a consequence, the process of
converting gluons into glueballs is very exothermic. If
glueballs and gluons are at kinetic equilibrium with the
SM, the latent heat released in the glueball phase will be
quickly communicated to the gluons phase by SM relativ-
istic particles acting as mediators. In light of the very small
amount of the supercooling in Eq. (A12), if bubble walls
move too fast the temperature around the wall would be
easily reheated above T, causing the free energy in
Eq. (A13) to flip sign and bubble wall to reverse their
direction. We leave the scenario where glueballs and gluons
are not at kinetic equilibrium with the SM for future studies;
the question being whether the glueballs and gluons gas can
thermalize through the wall boundary.

b. Bubble wall velocity from Hubble expansion

We now assume that a mechanism is at play to exchange
heat between the two phase, e.g. kinetic equilibrium of
gluons and glueballs with SM, such that the latent heat is
quickly released to the surrounding plasma, causing the
Universe to be continuously reheated as bubbles grow. We
introduce the fraction x of the Universe in the confined
phase (0 < x < 1). The release of a fraction dx of latent heat
increases the Universe temperature by
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d 15 L
dT = L< p) dx:—s—_dx, (A14)

dT 2n%g, T?

where g, = 2(N3c —1)(1 — x) + gsu is the number of
relativistic degrees of freedom in the thermal bath. The
evolution of the temperature is a competition between
adiabatic cooling due to Hubble expansion and heating
due to latent heat conversion:

vy, p=n-g.T%/30,

(A15)

where we have used that x = (R/R;)*/2 where R, the
bubble radius at percolation defined by x =1/2. An
estimate for the wall velocity can be found as resulting
from a detailed balance between the rates at which the
bubble wall heats and cools the surrounding plasma [38,53].
On the one hand, the plasma around the wall boundary is
heated due to the latent heat conversion at a rate (for
instance due to gluons accumulating in front of the wall),
dR dar AdR
dt) dp dr’
where dR/dt is the wall velocity, A~! is the wall thickness.
On the other hand, due to the temperature gradient the same
plasma cools down at a rate given by

Theat ~ LA( (A16)

T

~ —KV2T ~ A-! TW&L

A (A17)

Tcooling

where the transport coefficient K and the gradient length
scale V are both given by A~!. We set the plasma temper-
ature at the wall at the maximal value 7', ~ T.. The wall
velocity results from the balance between the two thermal
rates [38,53],

Theat ~ Tcooling = (AIS)

where we have replaced A ~ T,.. The assumption that the
wall temperature Ty, ~ T, and the gradient V ~ A~! are
set to their largest possible values imply that Eq. (A18) can
be considered as an upper limit for the wall velocity.

Rewriting Eq. (A18) as T = T.(1 — v,,) and plugging into
Eq. (A15) leads to

3LR?v,
8pR

b, =H— = v,,. (A19)
Eliminating the time variable via dv,,/dR = ¥,,/R, one
arrives at

3LR?

dv, H
8pR}

=—- A20
dR v, ( )

The later equation has an attractor solution in which the
Universe temperature is kept constant:

<rin, ¥ (B
oo () (365) (%)

Equation (A21) implies that the bubble wall velocity, under
the assumption of instantaneous reheating in Eq. (A14), is
controlled by the rate of the Universe expansion. In
principle, other contribution to the friction pressure can
slow down the wall, e.g. impact of the heavy quarks. In that
sense, Eq. (A21) is an upper limit on the wall velocity.

T:O:>v

(A21)

3. Bubble percolation and coalescence

The evolution of the phase transition can be described by
the fraction of the Universe in the confined phase [101],

/ch

where 7. is the time at which the transition becomes
energetically allowed, I'(¢) is the nucleation per unit of
volume at time 7, defined in Eq. (A10), and R(z,7) =
J# di/a(7) is the radius at time ¢ of a bubble nucleated at
time 7. Taking the time derivative of Eq. (A22) leads to

R3 (t,5)(1 —x(7), (A22)

(1) = T(0)(1 = x() 2

+ / AT (D4R DR(L (1 = x(1)),  (A23)

R3(1)

where R. is the bubble radius at nucleation. Let us
introduce the temperature difference 6= (7. -T)/T..
Per definition, at 7. we have &(z.) = 0. After ¢ > 1., the

temperature evolves under Hubble expansion as T(r) =

T.e S which implies

t>t.: 8(t)~H(t—1.). (A24)
As soon as the temperature reaches § ~ \/k ~0.008 at a
time ¢, the tunneling rate in Eq. (A10) increases very fast,
and bubble nucleation becomes very efficient, leading the
Universe temperature to quickly increase as dictated by

Eq. (A15):

5(1) == x(1).

t>1,,
n 4p

(A25)

This backreaction on the tunneling rate and nucleation
becomes inefficient. Plugging Eq. (A12) into Eq. (A24)
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implies that the time scale during which nucleation is

efficient is
K
At~t, —t, \EH“,

where [ ~ 10?. We deduce the bubble radius at percolation,

(A26)

107 (M,
Ry~v, At ~8*(t,)H ' v —— [ ), A27
o= e =P = (). a2)

where we have used v,, ~ §(z,) in Eq. (A18) and §(¢,,) ~
Vk/1=7x107* in Eq. (A12) and g, ~ 100 in H. The
bubble radius a percolation R, can also be calculated
numerically. We introduce the bubble number density
Npwy = X/ (47R3/3). Tts time derivative is set by 7y, =
['(1 — x) where T is the tunneling rate per unit of volume
in Eq. (Al0). Eliminating the time variable via
d/dt = v,,d/dR, we obtain the first line of

dx 4zRT.,, 3x
— =0 A2
AR~ 3v, 'R’ (A28)

dv,  H  Ldx

drR v, +4de‘

(A29)

The second line comes from Eq. (A15) with the replace-
ment 7 = —i,, T, and d/dt = v,,d/dR. Numerically solv-
ing the previous system of equations, we find that the
spectrum of percolation radii peaks around [53]

1076 /M_\ 09

in close agreement with the analytical derivation in
Eq. (A27). Due to the decrease in surface area, it is
energetically favorable for little bubbles to coalesce into
bigger bubbles [38]. This process takes some finite time,
f.oa- When the coalescence time is much faster than the
percolation time scale, bubbles merge together to reach the

radius [53],
R~ 104 (%) 2/3.

— (= (A31)

The initial radius at the beginning of the contraction
stage is

Ri = MaX[R(),Rl], (A32)

where R, is taken from the numerical studies reported in
Eq. (A30). One finds that the bubble radius is set by
coalescence, R; ~ R, only for A 2 TeV.

4. Pocket contraction

Replacing the bubble radius by the pocket radius in
Eq. (A20), dv,,/dR becomes —dv,,/dR and one obtains,

3LR2

dv, H n
v,  8pRY’

drR o,

(A33)

Around the time of percolation, the constant temperature
solution 7~0 in Eq. (A21) which corresponds to the
solution dv,,/dR T ~0 in Eq. (A33) still applies with
now R being the pocket radius instead of the bubble radius.’
The second term in Eq. (A33) goes to zero as the pocket
shrinks R — 0. Below some radius Ry, the left-hand side
dv,,/dR can not be neglected anymore, and Eq. (A33) is
better approximated by

dvWN H

~ , A34
dR vy, ( )

which after integration gives the value of the bubble wall
velocity during the rest of the contraction period

v, = Coy/2HRy,

where ¢ ~ 2 is a correcting factor whose value is fitted on
numerical results from [53]. The value of R; can be
obtained by matching Eqs. (A35) with (A21),

(A35)

Ry ~2H'5RY. (A36)
Plugging back into Eq. (A35) leads to
0.06
2% 1073 (MAP]) . R, =R,,
v, =~ (A37)

1/5
oa(i)”

where R, and R; are given in Eqgs. (A30) and (A31). Only
the second line was used in [53].

APPENDIX B: DARK BARYON ABUNDANCE

1. Quark freeze-out

The evolution of the quark abundance before the onset of
the confining phase transition is described by the
Boltzmann equation:

dY o An ) »
dx = _x2+n ( Q- YQ,eq)’

/1,1 = Mpll’l’lgdn\/ 87Z2gSM/45,

lEquation (A33) can also be derived from Eq. (A15) with
3

— 1 =R
x=1 R
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where x = mg/T, 6, = (6,0 V1) X" With n chosen so that
o, is x independent, and M ~2.44 x 10" GeV. For an
s-wave, one has n =0 or n =—1/2 with or without
Sommerfeld effects As the temperature goes below mg,
DM predominantly annihilate into lighter species. This
continues until the annihilation rate falls below the
Universe expansion rate, leading to a frozen-out DM
abundance around temperature, Trq, defined by [48]

Xpo — 10g[0192(n + I)MplmQGngDM/gSM]
— (n+0.5) log[xgo),

where gpy represents DM degrees of freedom. The
present abundance is derived from the previously frozen
abundance redshifted up to today,

So™M9  vro
Qoh? =2——=—Y0
3M§1H%00 ©
where H,y, = 100 km/s/Mpc, s, =2891.2 cm™ [97]
and

(n+ 1)xpd!

FO _
Yo = I

(B1)

The factor 2 in the abundance equation considers quarks
population in the sum of its two parts; Qg and Qp. The
quark annihilation cross section reads,

2
1253%

<0-annvrel> =¢ 7
4]

(B2)

where { accounts for nonperturbative effects [102] which
become large when apc/v.q > 1. Assuming quark and
antiquark in fundamental representation of SU(Npc),
nonperturbative effects operate through two channels,
an attractive singlet and a repulsive adjoint [33],

N3, —4
S, +=2¢ Sadj>,

g_L(N‘]‘DC—SN%C+2)< 2

Ny 16N} Ny 27" N3 -2
(B3)
where §; is the Sommerfeld factor [103],
2
S, = TOefr y/ Vrel (B 4)

- 1 —_ e_2ﬂaeff.J/vrel ’

and agpry = Ajapc with 1; = Cg, + Cg, — C; where C;
are quadratic Casimir of the initial particles and the
resulting bound state, C; = (Njc — 1)/2Npc and Npc
for fundamental and adjoint representation of SU(Npc),
respectively. For Npc = 3, we have

7 (2 5
=—|[=85,+=S A =4/3, lg=-1/6, (B5
g 54Nf(7 1+7 8)7 1 / ’ 8 / ’ ( )

where Ny = 1 if dark quarks are SM singlet and N, = 2
or 3 if they are SU(2), doublet or triplet. We neglect
additional channels due to dark quarks potentially having

SM charges. During freeze-out v, =~ 2./2Tgq/amg ~ 0.3
and apc ~0.17, where we plugged Tgo~mg/30 in
Eq. (A2). Hence, apc/ vy ~ 0.6 < 1 and nonperturbative
effects are small and we can safely neglect the contribution
of bound-state formation to the freeze-out abundance
[104]. Instead during the completion of the SU(Npc)
phase transition, taking for example mg ~ 10*A, the quark
velocity is much smaller v, ~ 0.016 and apc ~ 0.06 such
that apc/ve ~ 3.9 2 1. Hence, nonperturbative effects
due to the long range of the dark force can be active
during the phase transition. Effects from bound-state
formation during the phase transition are discussed in
the next section.

2. Quark squeeze-out
a. Quark survival factor

During the phase transition, single heavy quark entering
the bubble form flux tube attached to the wall. Nucleation
of quark antiquark pairs is exponentially suppressed for
mg > A. Hence, the flux-tube is stable and the quark are
slingshot back to the deconfined phase. This leads to an
accumulation of quarks inside pockets outside bubbles. The
shrinking of pockets switches on a second stage of quark
annihilation. Quarks can survive this dynamics through
three ways; from the accidental asymmetry in each pocket,
by forming baryons in the bulk which subsequently exit the
pocket, by forming baryons directly at the boundary. We
express those three contributions in terms of the quark
survival factor,

_ 3N _

S= N Sasym T Souik + Sbays (B6)
1

where the initial number of quarks per pockets reads

| 4
Ni = 2vF0s T RS,

- (B7)

where Y7 in Eq. (BI), R; is the pocket radius at the
beginning of the contraction stage, s = 22%g,T3>/45 is
the Universe entropy density, and the factor 2 assumes that
pockets occupy half the total Universe volume.

b. Asymmetric fraction

Let us introduce the total number N of quarks and
antiquark and their difference A inside a given pocket:
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N=(Ng+Ng). A=Ng-Ng  (BY)
where Ng = N{ and Ny = N | refer to the initial numbers
of quarks and antiquarks. The entropy of the quarks and

antiquarks in the pocket reads,

2

A
) ~Nlog2 ——,

S(A:N) =1 N
(a; )_Og(N( N

o!(N —Ng)! (B9)
where we used Stirling’s approximation logn! ~ nlogn — n
and Taylor expanded in the limit A <« N. In the absence of
substantial interactions between quark and antiquarks,
the energy of each microstates is independent of A.
Hence, the probability distribution of the quark/antiquark
asymmetry A reads,

P(A;N) =

(B10)

where Z(N) = ZNQ_ONO A= Ng) =2V is the partition

function. P(A;N) is a Gaussian with mean (A) = 0 and
standard deviation,

\/—Az_

We deduce that the asymmetric contribution to the quark
survival factor § = N/ /Ni in Eq. (B6) is given by

EAAPAN) _JF

A (B11)

1V(A%)  1,/2N] 1

- = 1 -.  (BI2
2 Ng 2 N 2N} ( )

Sasym =

The factor 1/2 in the first equality is “added by-hand” to
compensate for the factor of 2 accounting for the symmetric
component of antibaryons in the DM abundance formula in

Eq. (B48). The factor of v/2 in the numerator of the second
equality arises from /N = v/No +Ng=~,/2Ng. Both
factors were omitted in [53,54].

c. Symmetric fraction

The symmetric component Sgy, = Spuk + Spay Of the
quark survival fraction can be found from evaluating the
two integrals:

1]Vl / dRF_'e’)s—Cﬁ’

1 bd bd
Nl/ dR (3085 4T ). (B13)

Sbulk -

and dey

The evolution of the number of quarks N, diquarks N, and
baryons Nj is set by the following set of Boltzmann
equations:

\ __ _ybulk _ 1 bulk bulk bulk _ 7bulk
Ny =T - ~ T o 20 T2UE 2o 0 TG -0.0 —T0S1-00)
bulk bulk bulk bulk bulk bulk
TIG2-6n = 200 -0 T TG 2y TTe)-0-y ~Tan-60 TR )-00)
bulk bulk bd bd: bd.
~ T o) T TSy = T o = 3023 = Ti)ns (B14)
\/. — _ 1 bulk bulk __ 7bulk bulk bulk _ bulk
Ny =175 10 FTE 2 -20 ~ TR 2)-00 T TE2)-0-1) TTE 53202 ~ 222~ 60)
u u u u u bd.
T8N0 ~Thshon0 T TN ~ Ty ~TBssymq1) = T3 (B15)
N3 =T05 6~ TB%3-00 ~ TBsn-eo TTEN-60 ~ Tan-wn ~ TEss-1-1
- Ft();,l53)—>(2,—2) - rl();,lﬁz)—»(z,—l) - Fl()él.u—(z)—»(l,o) - I5%s. (B16)

The time derivative can be traded by a radius derivative through N; =

—v,,N}. From top to bottom, left to right, the

boundary terms ngiB include quark/antiquark annihilation, baryon formation from three quarks, from quark/diquark, and
baryon escape rate (noted “esc”), all occurring at the wall boundary. As they are ones of the novelties of this work, we
discuss them in details in the next paragraph. Instead, the bulk interaction rates read,

< >bulk

i abcd
Z sab.cd Vv (N Nb
a+b=c+d

bulk
Fa+b—>c+d

NcNdfabcd)’ (B17)

where s}, 4 is the net number of i particles destroyed in the process ab — cd with cross section (6v)eq and
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Npc=3,A=1TeV, mg=1PeV
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Pocket inverse radius (RA)™!
FIG. 5. Evolution of the number of quarks N; (red), diquarks

N, (green) and baryons N5 (purple) inside the pocket during its
contraction stage resulting from numerically integrating the set of
Boltzmann equations in Eqs. (B14), (B15) and (B16). Above the
recoupling radius R 2 R, the quark number N; is approx-
imately constant while diquark and baryon are constantly
produced. Below the recoupling radius R < R,.., quarks annihi-
late efficiently with antiquarks and they number decrease. As a
consequence, the production of diquark and baryons stops. The
symmetric component of the survival abundance S of quarks
under the form of baryons which have escaped the pocket (blue),
defined in Eq. (B13), increases at a constant rate above R 2 R,
and freezes-out below R < R,... In presence of baryon formation
directly at the boundary (solid vs dashed), the quark surviving
abundance S is much larger. Also in presence of boundary effects,
the number of species N, N, and N5 decrease faster at the end of
the contraction stage.

Fapea = na'ny'/ (ne'ng'), (B18)

with n$! the number densities at equilibrium. The different
bound-state cross sections (ov)™¥, for the bulk processes
are extracted from the notebooks used in [53]. Anticipating
the derivation of boundary terms in the next paragraph, we
can already have a look in Fig. 5 at the results from
numerically integrating the set of Boltzmann equations in
Egs. (B14)—(B16). We can see that the specie numbers in
the pocket follow the hierarchy N; > N, > N3. For the
purpose of deriving analytical results later on, we can use
this hierarchy to get rid of subdominant bulk interactions in
the set of Boltzmann equations in Eqgs. (B14)—(B16). One
obtains:

Nl = _F?il.n—(l)—»(o.o) - 21—‘](_)11,1%()4(2,0) - Ft();_li()_)(g.,o)
B F?2121(,1)4(—1.0) + F?SEI)—»(I,O)
bd bd bd
=l = 300 o — Ty s (B19)
\ u u u bd
Ny = _F?z.li()e(&o) - ](32}51)—>(1,o) + F](JLli()_,(z,o) - F(l,yz)_ﬁ,
(B20)

Deconfined Confined
phase phase
o

At (v@« cosf + vw)

FIG. 6. In order to form a bound state at the wall boundary, a
color-neutral configuration (here a baryon with Npc = 3 colors)
must pass through the same surface area ¢ ~ z¢> during At =~
¢/vg with £ ~ 1/A.

N = _Fbuli)—»(z,o) +IE - 135,

(3, (2.1)=(3.0) (B21)

We now proceed to the derivation of boundary terms.

d. Boundary effects

When a colored particles in the bulk encounter the wall
boundary, it will form a flux tube attached to the wall. As
the particle penetrate inside the confined phase, the flux
tube will act a force pulling the particle back to the
deconfined phase. In order to escape the pocket through
the boundary, a color-singlet assembly of charged particles
must collectively impinge the same surface area ¢ during
the same time At, see Fig. 6. We take

6= f,nt>, C~1/A, (B22)
where 7 is the typical flux tube width and f, a form factor
encoding uncertainties in the modeling. We assume f; to be
identical for all boundary processes. The quantity At is the
typical time for charged species to remain attached to the
wall by a flux tube acting with a force F =~ A? before
bouncing off [53]

v vg+wv, vot+wv, voev, £
At~ — =~ Qz L 5 L —,
v, A7/mg ) Vg

(B23)

where v = vg + v,, is the average particle velocity in the
wall frame with vg=~./A/mg>wv, and £ =~1/A.
Equivalently, At ~d/(vg + v,) where d ~ Ey;,/F is the
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distance from the wall at which outgoing particles with
initial kinetic energy Ey, ~ A(vg + v,,)?/v% in the wall
frame turn back under the effect of the confining force
F ~ A2, The flux of particles passing through the wall is
n;v, where v is the average of the normal component of
the particle velocity in the wall frame,

1 2z /2
7, =0, + —/ dgb/ vg cos(#) sin 0dO
¥4 0 0

(B24)

We deduce the mean number of particles passing through
during At,

3N;

_ b3
Ai:AtUlnidzfﬂz f616(RA)

(B25)

where we used n; = N;/V and V = 4zR%/3. Assuming
that the particles do not influence each others arrivals on the
wall, the number of particles impinging the wall in the same
window of time At is given by a Poisson distribution. The
probability that k particles of type i meet on the wall is

lk

Py (k) =7te

e, (B26)

We successfully tested the Poisson distribution in Eq. (B26)
against a numerical simulation of N; = 10® quarks ran-
domly distributed in a L, x L, x L, box. We gave the
quark velocity a fixed norm v4 and a random direction.
After a time interval At, some quarks cross over the wall in
the x-y plane. We fully cover the wall by # x ¢ targets and
count the number of the quarks meeting in the same target.
We were able to successfully recover the Poisson distri-
bution. We are now able to calculate the different boundary
terms appearing in the Boltzmann equations. The rate at
which three quarks in the bulk form a baryon at the
boundary is

bd; >
Toehn—a %sta > Py (k)

47R? I'(Npc, A1)
~ oAt { - }
4 il R2
f{f F(Noc+ 1)
9f2 N3
= YQ0048A R

(B27)

Equation (B27) is the Taylor-expanded form in the
limit 4; < 1. Instead for A; > 1, the Poisson sum
> Ny Pa, (k) converges to 1 and we get the upper bound

bdy
F(l.l,l)—>3

antiquark pair forming a meson,

© 2
bdy
o= 85 [ Pa0)
47 R?
= 1-T(1, 1)
AT [ (1,4)]
N4UQA.%R2
[
9fs Ni
264N R*

< 4voR2A3. We also compute the rate for quark/

(B28)

and the rate of quark/diquark pair forming a baryon,

waf%wmb?ﬂﬂimﬂ

47R?
= 1-T(1,A)][1 =T(1,4
Z =T A =T(1 )]
N4UQ11)“2R2
 f
9f0 NINZ
=g (B29)

and the rate for the quarks of baryons in the bulk simply
passing through the wall,

r§§3:% dSE [Zk% }
- 4UQ/13R2
S
o 31)QN3

o (B30)

e. Bound-states formation before pocket formation

The bound-state formation rates have a strong depend-
ence on the inverse radius, either at wall boundaries, 1/ R7
or 1/R* in previous equations, or in the bulk, 1/R? in
Eq. (B17). This implies that they only become relevant at
late time after that the pocket has sufficiently contracted.
Instead, during bubble expansion before pocket formation,
for which R ~ R in Eq. (A30), the formation of bound
states is very suppressed.

f. Analytical estimation

Only accounting for quark annihilation in the bulk and
meson formation at the boundary, the Boltzmann equation
for the quark density, i = 1 in Eq. (B19) becomes
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~ Tbulk bd
N1 =T L 00) +Ti1)-m

_3{oam) NT | 9f 500 NT
4z R 64N RY

(B31)

where we used N,(7) = —v,,N|(R), Eqgs. (B17), (B28),
V =4zR*/3 and (04,,v) = {nape/me. As long as the
quark annihilation rate in the bulk and at the boundary is
smaller than the bubble expansion rate v,,N;/R, the
number of quark in the pocket is approximately constant.
The number of quarks in the pocket starts to decrease
substantially below a “recoupling” radius R,

cov,,Ni/R respectively, where c¢y~2.2 is a parameter
a posteriori fitted against numerical results:

NI (G )

4rcov,,

1 [9f,voNT]!/3
Ryux = =3l | -

’ MY A | 64cqu,

(B33)

Boundary terms are negligible in the regime Ry,qy << Rpu,
which implies

64 )
_ i NG 3
Rrec - Max[Rbulkv Rbdy]» (B?’Z) Uy 5 3 3 2.2 NlA <O'ann”> . (B34)
mcof5vg
where Ry, and Ryqy are the radii when the first and second
terms of the right-hand side of Eq. (B31) become of order Using Egs. (5), (A2), (A30) and (B7), we obtain
Vary wall velocity Vary wall velocity
106: T T Ty T T T T 106: T Ty T T T T T 3
F sy, 00’27 E 2y, 00'27 3
105F Uy = Uy, e, % S 10k v, = 107% LN
= w max Ao, A5 7’@ vl = E w max S e, o 7’@ 3
& e S < & s ]
= 10* 50 < {1 = 10% & 3
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FIG. 7. The black line shows where the dark baryon abundance, accounting for asymmetric and symmetric (bulk 4 boundary)
contributions, satisfies the observed dark matter relic abundance. When decreasing the wall velocity below its maximal value v ,,, set by
Hubble expansion in Eq. (4), the symmetric component to the baryon abundance is depleted. In bottom-right panel, we vary the surface
area 6 = f,7/A?, defined in Eq. (B22), of the slit on wall boundary through which dark quark can escape by forming a color-neutral
bound state. For all the panels, we remain agnostic about the portal to the SM; nevertheless, we assume a short glueball lifetime to
prevent both entropy injection and the imposition of BBN constraints.
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<2X 10- < ¢ >2<aDC>4< gxsM >1/2
w2 \026) \0.08) \106.75

o (103A)4<T6V> L7

mg A ’
Comparing with Eq. (A37), we deduce that boundary
effects must be a priori included in the analysis.
However, Eq. (A37) is estimated as an upper limit of a
more realistic pocket wall velocity accounting for inho-
mogeneity in the latent heat injection and possibly pressure
contribution from heavy quarks [53]. For this reasons, in
Fig. 7, we show the evolution of the DM parameter space
when we vary the wall velocity »,. We find indeed that
boundary effects become negligible for v, < 1070,
with v, given by Eq. (A37). In Fig. 7, we also show
the impact of the uncertainties on the bound-state formation
cross section encoded in f,. The integral in Eq. (B13) is
dominated by the contribution around the recoupling

radius. For 0 < 4, < 4; < 1, the survival factor can be
estimated as

(B35)

R bd
R g, 309, )
w R=Ryec

3o (Ny 35 (V)
"~ 4u, \N| 512 (R A)°®)

Ssym =

(B36)

In Fig. 8, we successfully compare the analytical formulas
in Eq. (B36) to the numerical results after fixing ¢y~ 2.2
in Eq. (B33). The baryon number N3 in Eq. (B36) is

106: L e T e
[ — 108 9y R
- 105F Numerical %, e@(\@“‘
E . T
@ F = = Analytical N <O
= Yy
o104k
= E
a £
IS r
@ 10%:
g
g 10%
S E
!:55
10 E
F Thermal freeze—cut N
1 TR BRI R 1171 BRI . (ool oL
107° 1073 107" 10

Confining scale A [TeV]

FIG. 8. We evaluate the DM relic abundance using an analytical
formula (highlighted as dashed) and compare it with the results
obtained from the numerical integration of the Boltzmann
equations set (denoted as solid). The agreement is rather good,
both in the context of baryon formation through bulk contribu-
tion, given by the first piece in Eq. (B36) (indicated in orange)
and through combined bulk and boundary contributions given by
the two pieces in Eq. (B36) (represented in black), where N is
obtained from algebraically solving Eqgs. (B39) and (B40).

calculated from algebraically solving the simple system of
Egs. (B39) and (B40).

g. Neglecting boundary effects

Before recoupling R X Ry, > Rpgy, the diquark and
baryon numbers N, and N5 in Egs. (B20) and (B21), follow
the quasiequilibrium conditions:

bulk ~ Tbulk bulk
L0 2 M2h-co) T om0,  (B37)
T =0 2 THE o 20 (B38)

in which we have neglected boundary effects. Using
Eq. (B17), we rewrite those conditions as

(60)1120(N3 = FIN2V) = (60)3) 30(N2N | = f2N3V)
+ (60)2(_1),10(N2Ny = 05N V),
(B39)

(60)2130(N2Ny = FaN3V) = (60)3_1) 20(N3N1 = f3N2 V),

(B40)
where
- mo\\3/2 E
fi=nof1120 = NDC( 2 ) €Xp (——2>, (B41)
T A
~ mQA 3/2 E3 —_ E2
fr=nof230 = 2N123c <?> exp | — A )
(B42)
~ 3moA\3/2 2mo + E; — E
Sz =nof3-120 = ( 2 ) exXp <—%>
(B43)

where f ;.4 are defined in Eq. (B18). The binding energy
E, 5 reads [33],

1
Ey = — C}adomog, E; = 0.26CXad-mg, (B44)

16
where Cy = (N3-—1)/2Npc =4/3 for Npc =3. In
the limit of efficient bound state breaking FiV>1,

the diquarks and the baryons reach the chemical
equilibrium:

N7 N3

~ Nil
2 = 3.
v f1f2V?

Plugging back into the survival abundance formula in
Eq. (B36) whose second term is neglected, we obtain,

(B45)
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3vg  (Ni)? vl A
Shulk > 47Q = (~ 1)2 =C0m = 3\ (B46)
Uy fleVbulk f1f2N] <O-annv> mg

where Vi = 47R} /3 with Ry the radius defined in
Eq. (B33) when quarks annihilation in the bulk recouple,
and N! is the initial nunber of quarks per pocket
in Eq. (B7).

h. Neglecting bulk effects

We now assume bulk effects to be negligible and
consider the phase before recoupling R 2 Rpgy > Rpyi-
Only accounting for the second term in Eq. (B36) leads to
the survival abundance,

3ug 3fs (NY)? 2 [fmg
~ 22020 — ]2 (B4T
b = 40, 512 (R, A 9"V A (B47)

where Ryq, the radius defined in Eq. (B33) when quarks
annihilation at the boundary recouples, and where we
replaced vg ~ \/A/mg. The baryon abundance after the
PT reads

YFO
Ypm = S x —2, (B48)
Npc

with § = Spuk + Shay + Sasyms the factor 2 accounting for
antibaryons. In the next section we discuss the possiblity
that the dark baryon DM abundance is diluted by entropy
injection following glueball decay.

3. Baryon dilute-out

Reference [55] shows that 3-to-2 interactions are effi-
cient enough to maintain glueballs at thermal equilibrium
with themselves right after the end of the PT, relaxing their
chemical potential to zero, as long as A < 10° TeV.
Assuming that that glueballs are at thermal equilibrium
with themselves, and at the same temperature as the SM
(anyway glueballs can not be hotter than 7', [55]), their
abundance reads,

:Sﬁ _ 45(2J+ 1) mgp 5/2
e SsMm 2”2(2”)3/29*,51\/1 A

e /A~ 1.6 x 1074, (B49)
where J is the glueball spin, taken here to J = 0 for the
lightest glueball state, and where we set g, v = 106.75. As
the Universe cools down, the glueball undergo a phase of
cannibalism [3,7] during which 3-to-2 interactions reduce
the number density which becomes more and more
Boltzmann suppressed until the rate of 3-to-2 interaction
freezes-out below a temperature xpg = mgg/Tro solution
of [10],

g
50 € = {gn

RGB(m4GBMp1 <0321)2>)3/27 (BSO)

where (o3,0?) is the thermally averaged 3-to-2 cross
section [10],

1 4z \0 1
v?) ~ . B51
o) s () o s)
For A~100 GeV, we obtain xgg ~ 18 which implies that
glueballs freeze-out rather shortly after the completion of

the phase transition. The resulting frozen-out relic abun-
dance of glueballs Ygg = ngg/ssv 18

R
XFO

If the glueball is long-lived, it can dominate the energy
density of the Universe below the temperature,

T4om = gmGB YGp. (BS3)
The matter domination ends when glueballs decay, when
the Universe expansion rate crosses the decay rate
H ~T'gg, around the temperature,

Toee = 1.3gY* /TsM (B54)

pl-
During the decay, the nonrelativistic glueballs degrees of
freedom are converted into relativistic SM degrees of
freedom. This leads to an increase of the SM entropy by
the ratio, e.g. [105],

S Toee \3 T
D:—le—l-( bdf> ~ ] 4 2o
Si Tdec dec

(B55)

where the last equality can be derived from evolving matter
and radiation between the two epochs. An important
consequence is the dilution of DM abundance,

2 (B56)

where § < 1 is the survival factor in Eq. (B6) and the factor
of 2 includes the contribution from antibaryons.

APPENDIX C: COMMUNICATION WITH SM

1. Higgs portal
We introduce a singlet scalar ¢ with mixing to SM Higgs
H and Yukawa coupling to the heavy SU(Np¢c) quark Q
(see Fig. 9),

L2 =2y HPB? + 40 Q0. (C1)
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FIG. 9. Higgs portal: A scalar ¢ has mixing with Higgs (left
diagram) and Yukawa coupling to heavy quarks (right diagram).

We assume that the singlet scalar has a potential,

y)
V(p) =L (> - v3)%

1 (€2)

giving it a vacuum expectation value (VEV) vy, from

which the heavy quarks get their mass mg = y,0v,/ V2.
Integrating the singlet ¢ and heavy quarks Q leads to a
dimension-6 effective operator between SM Higgs and
SU(Npc) gluons (see also [9]),

£0) 5 @@HT[_] ;\DQMVA’

2
3 mg
vm 2
with Ao = Ay = V2l (E) . (C3)

where the singlet scalar mass from Eq. (C2) is mg, = 24,05,

For the gauge group SU(3), the lightest bound state in
the dark sector is the glueball with quantum number

|
106 ¢(001)2 (Tev)’ mo 4,
Ao mgg 10° TeV

pG =

The CP-even scalar glueball state O™" with mass
mg++ =~ 7TA is only the lightest among many other glueball
states whose fate must be investigated. The lightest ones
are 27, 07", 17 and 27 with masses my++ ~ 1.39mg+-,
moy-+ = 1.50m0++, my+- = 1.70m0++ and my—+ = 1.79m0++.
Apart from 0=+ and 177, all the glueball state J can decay
radiatively J — J'h into a lighter glueball state J' by
emitting a Higgs boson / with a decay width comparable
to Eq. (C6) [9]. Instead, 0~" and 17~ can decay via
dimension-8 operators C and P odd, respectively,

L 2 [ Tr(G,,G,1G") + e Tr(G2G4G,, ) ™, (C9)

Lhaa D 0§ Tr(Gap G Tr(FOF, ), (C10)

s (3 (001\2(m)2 (10 Gev
55107 s(33) (42) ()" (e

>3<10m’l'QeV>4’ GB — bb, if mgg > 2m,

JP€ = 0% and mass mg:+ ~7A [71]. The annihilation
matrix element of the 0™ is identified as the 0™ decay
constant [9,106],

Fg. = (01Gi, G [0*).

(C4)
Lattice simulations of SU(3) Yang-Mills theory give the
relation [106],

drapcFy, ~3m).., with my ~T7A. (C5)
In the rest, we denote mgg = mg++. Applying Feynmann
rules to Eq. (C3), one calculates the decay width of the
lightest glueball state 0™ into Higgs pairs [9],

1 /IHQ(ZDCF3+ 2
Loy = , C6
GB—"h 32n'mGB ( 371'"120 ( )
but also into WW and ZZ and SM fermions [9]:
1ﬂGB—»VVW = 2FGB—>ZZ = 2FGB—>hh’

4mj2c

I'gg—i = Ne¢ TFGB—»hh’ (C7)
mgp

where N. = 3 and 1 for quarks and leptons, respectively.
Note that we have omitted the mass threshold factors,
implying that all decay widths GB — XX must be sup-
plemented by the conditions mgp > 2my. We deduce the
glueball lifetime for decay into Higgs and bottom quarks:

GB —» hh, if Mg > th

|
where F,, are field strengths of the SM gauge bosons.
Since the field introduced in the UV Lagrangian in
Eq. (C1) are all CP even, the operators in Egs. (C9)
and (C10) can not be generated. Instead, they could be
generated if the heavy quarks are directly charged under
SM gauge groups [8,9]. Keeping heavy quark neutral
under SM gauge groups, the resonances 0=+ and 17~ are
stable. The relic abundance of those two glueball states
has been studied thoroughly in [10,11,107], as a function
of the ratio Rgg = sgg/ssm of the entropy stored in the
dark sector to the entropy within after SU(Np¢) confine-
ment. Under the assumption that the glueballs are in
thermal equilibrium with themselves, and maintain the
same temperature as the SM, their abundance reads:

035002-18



HEAVY BARYON DARK MATTER FROM SU(N) ...

PHYS. REV. D 109, 035002 (2024)

FIG. 10. Neutrino portal: A light scalar ¢ couples to neutrino through the Dirac portal shown in left diagram and to glueballs through a

loop of heavy quark as shown in right diagram.

4520 +1)  (mgg\?
GB

S 222(27)3 g, sm \ A

In light of the value of Rgp in Eq. (C11) and results from
Ref. [10], we deduce that the relic abundance today of
stable glueball states 0=+ and 17~ is below the observed
DM level if A<100 TeV and A<10 TeV, respectively. We
conclude that the relevant parameter space for dark baryon
DM in Fig. 3 is not concerned by the relic abundance of
heavier glueball states.

The condition of not worsening the gauge hierarchy
problem would require Ay, < mj /vy leading to 1y0<
Yo (mu/2mg)*/ V244 We suppose that the hierarchy

problem is solved by other means and we set Aygo =
0.01 in Fig. 3.

2. Neutrino portal

We now assume that the singlet ¢ with Yukawa
interaction with heavy quarks Q does not take a VEV
anymore, and heavy quark masses are generated by other
means. Instead of a mixing with Higgs it couples to the
neutrino sector. More precisely, the single scalar ¢ couples
to SU(2), electronic doublet L = (v, ey ), heavy vector-
like SU(2) doublet Dirac fermion F, F, and neutral Dirac
fermion N, N (see Fig. 10),

2
L=mgQQ+ pQ(ys0 +ivpasr’)Q+ 7¢¢2 + ) LHN

+ ,NHF + J3¢FL + M,NN + M,FF. (C12)

All the mass terms in Eq. (C12) are of Dirac type and not
Majorana. Consequently, the lepton number is conserved,
and the SM neutrino remains massless [108,109].
Integrating the heavy quarks at one loop leads to the
effective operator,

£ 5 apc
dnmg

~ 1
(V4299 + ¥p0599) + >V oLvL, (C13)

/
) eMmes/N ~ {13 %1075, for JPC =0T,

1.6 x 107*, for JPC =0+,
(C11)

1.3 x 107, for JPC =17,

where y,, = 41443(|H|*)/(M{M,). The decay of the
lightest glueball state 0™ into neutrino via s-channel
¢-exchange 07" — ¢* — v is given by the amplitude,

_ apcYy qu&y

M =SS 07 1Gg[0)0lgmSM) - (C14)
We obtain the glueball decay rate into neutrinos,
Lo apcypoFy-\? Ly
op 4rmg (mgg —mg)* +mgly’
GB — w, (C15)

where [y = yj,my(1 —4mi/m3)¥? /87 is the ¢ decay
rate into neutrinos. Existing constraints on the mediator ¢
coupling to neutrino arises from BBN, neutrinoless
double-beta decay, rare meson decay, neutrino scattering
in DUNE, high-energy neutrinos in IceCube [76]. In
Fig. 4, we set my ~1 GeV, y,;, ~107 and y,0 =1 to
circumvent all the aforementioned constraints while
maximizing the decay width in Eq. (C15) as a proof of
principle that glueballs can have a shorter lifetime than
via the Higgs portal explored in Sec. C 1. We now discuss
the fate of other light J”¢ states; 2+, 0=F, 17~ and 27+,
The CP-even state 2™+ can radiatively decay to the
lightest state by emitting a ¢ particle 27T — 07 ¢.
The P odd states 0~ and 2= can radiatively transition
to P even states J*~ — J "¢ thanks to the presence of the
P-violating term y,o 5 gy’ q in Eq. (C12). As for the Higgs
portal studied in Sec. C 1, the lightest C-odd state 17~ is
stable but its abundance is subdominant to the observed
DM density if A<10 TeV [10].
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APPENDIX D: PHENOMENOLOGY

1. Indirect detection
Baryons can annihilate with antibaryons in the Galactic
Center where the dark matter density is at the highest. The
cross section reads [33,52],
”R]23<Urel> ~ 1

<6 7’Ure>~
Be el \/m “Dcng
3 (10 TeV\2 /0.1
~10—24ﬂ< e)(—) (D1)

S mpym apc

where Ey;, :NDCmQUfel /2 is the kinetic energy, Rp ~

(apcmg)~! is the baryon radius, Ep ~ 0.26C% aphmg is the
binding energy [33], and Cy = (N3.—1)/2Npc = 4/3.
At large velocity, Ey;, > Ep, the quarks wave packet
becomes smaller than the baryon size and the annihilation
cross section becomes the usual perturbative one
(0B Ural) ~ mape/mG. At low velocities, Ey, < Ep, the
annihilation cross section is equal to the geometric cross
section fixed by the baryon radius Rp. The dominant
annihilation channel is the rearrangement of baryon and
antibaryon into unstable dark meson states that decay into
SM particles. The branching ratio of mesons into SM
particles in the final state is model dependent. We here
consider two benchmark scenarios corresponding to the two
SM portals introduced in Appendix C:

(1) Mesons decay solely to bottom quarks (Higgs

portal);

(2) Mesons decay solely to neutrinos (neutrino portal).
In the Higgs portal, we neglected that mesons can also
decay into WW whose upper limits are slightly more
constraining than with bb, and into ¢ whose upper limits
are almost indistinguishable from bb. We use the limits
from HESS [110], derived from 254 hours of observation,
assuming a standard NFW DM profile and local DM energy
density po = 0.39 GeV/cm?. Ref. [74] already calculated
the upper bound on the DM annihilation cross section,
assuming annihilation into an intermediate state, for DM
mass up to 10 TeV. Following [105], we use their limit on
(ov), divided by a factor 2, because in the present case DM
baryons are not self-conjugate and extended up to mpy =
70 TeV since the original HESS publication [110] provided
limits up to that range. The HESS constraints are shown in
brown in Fig. 3. For the neutrino portal, we assume that
meson decay solely into electronic neutrino. We use the
limits from ANTARES [77], derived assuming a NFW
profile. The smearing of the neutrino energy spectrum by
the one-step cascade is accounted by multiplying the upper
bound on (o) by a factor ~2 following [105]. We include
an additional factor 2 to account for dark antibaryons. The
ANTARES constraints are shown in brown in Fig. 4. See
also [111] for indirect detection signals assuming DM
annihilation into dark glueballs.

2. Cosmic microwave background

DM annihilation during the era of recombination can
inject additional energy into the SM bath, potentially
altering the observed spectral characteristics of the
CMB [112]. The efficiency of energy injection is quanti-
fied through efficiency factors, denoted as fi(mpy), and
derived in [113,114]. Since these depend mostly on the
total amount of energy injected, such limits do not depend
on the number of steps between the DM annihilation and
the final SM products [115]. Following [105], we then
place limits as follows:

3
1 _ cm mpm
<6BBUrel>fleff < 82x10 26 7

sec 100 GeV’ (D2)

where (65 0y) given in Eq. (D1) and i = bb for the Higgs
portal scenario, see purple region in Fig. 3. Instead,
because of the evasive nature of neutrino, the neutrino
portal scenario do not lead to any CMB constraints.

3. Direct detection

In the Higgs portal we consider that the integration of the
single scalar ¢ in Eq. (C1) leads to

v, - m
E D yQﬂH(ﬁm—ivthQ— E U—:hqq, (D3)
¢ q

where g are SM quarks. In light of the coupling 4y =

\/EAH(p(mQ/m(p)z introduced in Eq. (C3), the latter
Lagrangian can be rewritten as

vy = mq —
LDOAgo—hQ0O — —hqgq. D4
reph02- 31 (D4
Now integrating the Higgs boson we get
Ao 1 =
£>-"2—-00) "m,qq (D5)

The resulting spin-averaged DM-nucleon cross section
is [116-118]

SI 2 (Dé)

oN-DM _ l’%QN gc Hn—omfn )2
mh ’

- 2
T Mpy

where fy = my Y,y a5 (f(le) + %f(T}Z)) ~0.35my is the
nuclear matrix element accounting for the quark and gluon
content of the nucleon, my ~ 1 GeV is the nucleon mass,
and py_pm = mpmmy/ (mpy + my) is the reduced mass
of the DM-nucleon system. The first piece of the color
factor N = Npc X N comes from mpy = Npcmg at
the denominator. The second color factor N3 accounts for
the coherent superposition of the Npc heavy quarks in each
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DM particle (the typical exchanged N — DM momentum
Un—_pm? ~ MeV being much smaller than the inverse dark
baryon radius apcmipy). In the red region in Fig. 3, we
show XENONIT bounds [75] assuming a rather large
coupling 45, = 0.01 (a choice which favors weaker BBN
constraints, see Sec. D 5). Instead, the neutrino portal is
secluded from direct detection.

4. Collider

In principle, the Higgs portal would receive collider
constraints on the Higgs mixing, e.g. [119]

N 22HpVpVH
tan(26y,) ~ m, (D7)
at the level of €y, <0.1 for my~ O(TeV) and lighter
[120]. However the model possesses sufficient parameters,
e.g. vy, for O, relevant for collider constraints and Ay =
\/Argmg/my relevant for the glueball decay in Eq. (C3), to
be independent quantities. For this reason, we do not

investigate collider constraints further, and refer the reader
to [33,121] for dedicated studies.

5. Big bang nucleosynthesis
a. Glueball decay

Glueballs are abundantly produced during the phase
transition until they follow an equilibrium distribution.
Glueballs then follow a short period of cannibalism until
their abundance freezes-out, see Appendix B 3, and finally
redshift like matter. Since they only communicate with the
SM through high-dimensional operators induced by loops
of heavy quark, glueballs are long-lived. They can occupy a
substantial fraction of the Universe at the time of their
decay, which is severely constraints by the successful
prediction of BBN.

b. Higgs portal

In the Higgs portal, the glueball decays mostly hadroni-
cally. The precise BBN constraints on such scenario have
been thoroughly studied in [73]. We apply their results
using the decay widths in Eqs. (C6) and (C7) and the
glueball abundance Y in Eq. (B52). The resulting BBN
constraint is shown in green in Fig. 3.

c. Neutrino portal

Particles decaying into neutrino are far less constrained
than particles decaying into hadronic or electromagnetic
products [122,123]. As long as the glueball mass is smaller
than mgg < 0.1 TeV, it is a good approximation [123] to
simply account for the change in effective number of
neutrino,

AN :§ pap (11 i :§ 1) 4”&@)/
et 7 py 4 T=T gec 7T\ 4 3 Tdec OB

(D8)
where p, denotes the photon energy density, Ty the
photon temperature when glueballs decay, and Ygg the
glueball abundance in Eq. (B52). CMB data [97] gives
N = 2.99703% and BBN predictions [124,125] leads to
N = 2.907023. Instead, the predictions from the SM
suggest [126,127] N4 ~3.045. The green region in
Fig. 4 shows the bound AN < 0.3 in Eq. (DS8), using
the decay width in Eq. (C15).

d. Latent heat

The latent heat L of the PT contributes to the energy
density of Universe as a cosmological constant. More
precisely, we can see from Eq. (A21) that in the regime
of instantaneous reheating, the temperature of the Universe
is kept constant during the completion of the phase
transition, in agreement with the interpretation of the latent
heat as a vacuum energy. The latent heat L. of the PT can
modify the Universe rate of expansion. This effect can be
encapsulated within the effective number of neutrino relics
as demonstrated in

8 ot — FPv — 11 4/3 L
ANy = 2 Pou=Pv = Pr) (22 ~6.7—,
7 Py 4 T,

where p, and p, denotes the energy density of photons
and neutrinos. The BBN restriction AN < 0.3 [128,129]
is applicable post neutrino decoupling below the temper-
ature Ty ~ 1 MeV where ¢, (T < Tgee) =2+ (7/8) - 6-
(4/11)*3 ~3.36. Two distinct scenarios need to be con-
sidered separately:

(1) If the PT is reheated in the dark sector, then Eq. (D9)

and L ~ 1.413T}, for Npc = 3 imply (T, =~ A),

™o <04 <AN eff) ;
T, 0.3

(D9)

(D10)

(ii) If the PT is reheated in the SM sector, T, = T, then
we get instead N ~ 9.5, implying that we must
enforce PT reheating temperature to be above the
neutrino decoupling temperature, 7. 2 1 MeV.

The latter scenario is the focus of our study. It is worth
noting that more stringent BBN restrictions have been
discussed, such as 7,23 MeV [130], or even 7,22 MeV
and 4 MeV in the context of electromagnetic and hadronic
decays respectively [131,132]. In this work, we get rid of
regions associated with latent heat injection during BBN
by cutting all our plots below A<10 MeV.
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