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Cosmology and terrestrial signals of sexaquark dark matter
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We investigate the hypothesis that sexaquarks, hypothetical stable six-quark states, could be a significant
component of the dark matter. We expand on previous studies of sexaquark cosmology, accounting for the
possibility that some relevant interaction cross sections might be strongly suppressed below expectations
based on dimensional analysis. We update direct-detection constraints on stable sexaquarks comprising
a subdominant fraction of the dark matter, as well as limits on the annihilation of an antisexaquark
component from Super-Kamiokande. We argue that the scenario where sexaquarks comprise a O(1)
fraction of the dark matter would require either a suppression of O(10~'?) in sexaquark interactions with
baryons, combined with a very high yield of net sexaquark number from the quark-hadron transition, or
else a very strong suppression of the cross section for antisexaquark annihilation on nucleons (244 orders
of magnitude below the QCD scale). Independently, we find that a sexaquark component comprising more
than O(1073) of the dark matter can be excluded from direct-detection bounds, unless its scattering cross
section is severely suppressed compared to the expected scale of strong and even electromagnetic

interactions.
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I. INTRODUCTION

Despite the ubiquity of dark matter in cosmological data,
numerous searches with particle detectors have yet to
identify it. Many searches focus on weakly interacting
massive particles (WIMPs) and are placing stringent
bounds on their potential mass and interaction strength.
An interesting dark matter candidate loosely in the regime
of WIMPs is the sexaquark (also known as the hexaquark,
dihyperon, or H dibaryon), which is a hypothetical bound
state of two up quarks, two down quarks, and two strange
quarks (uuddss) [1]. We will denote this state by S. First
proposed in 1977 as a potentially stable exotic particle [2],
the sexaquark is composed of Standard Model particles
and does not require a dark sector or portal to mediate
its interactions. As required for a dark matter candidate,
the sexaquark is uncharged. If its mass falls within the
appropriate range, it could have a very long lifetime, as
expected for a relic particle from the early universe.
However, a number of potential difficulties with this
scenario have been raised in the literature, from challenges
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in generating the correct abundance of sexaquark dark
matter in the early universe, to its nondetection in various
experimental probes, such as nuclear stability bounds,
double hypernuclei searches, and accelerator searches.
As we will review, it has been proposed that many of
these difficulties may be overcome if the sexaquark has
suppressed interactions in specific channels, and that such
suppression may occur naturally, e.g., due to small wave
function overlap factors [3].

In this paper, we investigate challenges to the sexaquark
as a potential cold dark matter candidate, both revisiting
some earlier arguments and identifying new constraints, in
light of the possibility that one or more of the cross sections
for key processes may experience a strong parametric
suppression, and that sexaquarks may only make up a
small fraction of the dark matter abundance. We do not
reexamine the plausibility of such a suppression to the cross
sections; instead, we explore the consequences should we
allow such a suppression (in the absence of any such
suppression it seems already well established that the
sexaquark cannot constitute any non-negligible fraction
of the dark matter, e.g., [4]). We focus on the freeze-out
yield of sexaquarks and their antiparticles (“antisexa-
quarks”), and then discuss various possible signatures of
these populations in the present day, including the electro-
magnetic contribution to their scattering cross section with
nucleons arising from their electric polarizability, their
accumulation in the Earth, and the annihilation signature
of antisexaquarks.
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This work primarily considers five sexaquark para-
meters: (1) the sexaquark mass myg, (2) the sexaquark
per-nucleon elastic scattering cross section o', and three
thermally averaged annihilation cross sections, (3) the
sexaquark’s self-annihilation to Standard Model final states
<av>§%“, (4) the sexaquark’s breakup into two baryons via
collisions with particles that do not carry baryon number,
parametrized by (ov)}}}_ .y, and (5) the sexaquark anni-
hilation with antibaryons to produce baryons, (ov)3" .,
as well as the counterpart processes for antisexaquarks for
the last two cases. For each scattering and annihilation
cross section, we vary their potential strength to consider
a range that spans more than ten orders of magnitude.
Together, these quantities control the abundance and
detectability of sexaquarks by determining the overall
fraction of dark matter composed of sexaquarks and anti-
sexaquarks, the experimental reach of dark matter direct
detection experiments in searching for the sexaquark
through scattering, and the capability of sensitive detectors
to measure the annihilation of antisexaquarks with nuclei.

We begin by reviewing previous studies of the sexa-
quark, resulting constraints on its properties, and open
questions in Sec. IL. In Sec. III, we examine the abundance
of sexaquarks and antisexaquarks generated by equilibrium
processes in the early universe, while in Sec. IV we study
the freeze-out of number-changing interactions to deter-
mine the relic densities of these populations, and discuss
some points of confusion/disagreement in the literature. We
then look at constraints from direct detection due to the
sexaquark’s elastic scattering with nucleons in Sec. V,
including estimates of its electric polarizability. We study
the possible accumulation of populations of sexaquarks and
antisexaquarks in the Earth in Sec. VI. Finally, Sec. VII
investigates possible signals from annihilation of antisex-
aquarks in Super-Kamiokande, in the event that a relic
antisexaquark population survives from the early universe.
Throughout, we consider the interplay of the cross sections
of interest for the sexaquark, which determine their relic
abundance and whether they are detectable in terrestrial
searches. Finally, we summarize our findings in Sec. VIIIL.
We briefly review the relevant group theory in Appendix A
and explain analytically the different regimes for the
sexaquark yield depending on the temperature of freeze-
out in Appendix B. We explore the fraction of the baryon
asymmetry stored in asymmetric dark matter carrying
baryon number in Appendix C, discuss and evaluate
various sexaquark scattering cross sections arising from
its polarizability in Appendix D, and apply these cross
sections to check that the sexaquark remains kinetically
coupled to the Standard Model bath throughout freeze-out
in Appendix E. In Appendix F we explore the possibility
that antisexaquark annihilations in the Earth could produce
a flux of neutrinos detectable by Super-Kamiokande.

Throughout this paper, we use p, = 0.3 GeV/ cm?® as the
local dark matter density, fs/5 = Qg/5/€pwm as the fractions

of dark matter composed of sexaquarks and antisexaquarks
respectively, and denote by f, = fs + f5 = Q,/Qpy the
total fractional dark matter abundance in (anti)sexaquarks.

II. REVIEW OF PREVIOUS
SEXAQUARK STUDIES

In this section we review previous studies on whether the
sexaquark could exist as a viable bound state, and if so,
whether it could contribute significantly to the abundance
of dark matter. Where it is unclear if a particular limit firmly
excludes the possibility of a stable sexaquark providing a
substantial fraction of the dark matter abundance, we will
generally assume that this possibility remains open (with
any requisite conditions being satisfied), in order to see if
we can exclude the resulting parameter space through
independent arguments. With this approach, we do not
intend to assert that arguments to the contrary (i.e., that part
or all of the parameter space is already nonviable) are
incorrect, only to explore complementary tests of the
sexaquark dark matter hypothesis.

A. Theoretical predictions for the stability
and mass of the sexaquark

Various techniques have estimated the mass of the
sexaquark over a range from 1200 to 2260 MeV. The
MIT quark bag model, for example, suggests a mass
of 1760 MeV in the SU(3), limit and 2150 MeV other-
wise [2], while QCD sum rules predict a mass of 1878 MeV
in the SU(3), limit and 2190 MeV with SU(3), break-
ing [5]. A second group applied QCD sum rules and found
~1200 MeV with SU(3), breaking [6]. A diquark model
fitted using tetraquark and pentaquark parameters finds
1200 MeV using light tetraquark parameters and 2170 MeV
with baryon parameters [7]. Another technique, holo-
graphic models of QCD, models the sexaquark in a bulk
anti—de Sitter space for various choices of running of the
anomalous dimension of the quark bilinear operator [8].
They find a preferred sexaquark mass of 1750 MeV.
Notably, in all of these cases, the mass is below the
threshold to produce two A baryons, 2230 MeV, even in
the SU(3), breaking limit, indicating that the sexaquark
may be a bound state.

Building on previous estimates of the mass of the
sexaquark, the NPLQCD and HAL QCD collaborations
and the Mainz group used lattice QCD to study the binding
energy By of the sexaquark at unphysical quark masses and
different values of the pion mass [9-15]. The binding
energy was then chiral-extrapolated to physical values of
the quark masses. The resulting average value of the
NPLQCD and HAL QCD groups shows that the sexaquark
is unbound by 26(11) MeV, indicating a higher mass of
2258(11) MeV [16,17]. Since under this prediction the
sexaquark would not even be bound (relative to AA), it
would certainly not be a good candidate for dark matter.
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In the remainder of this article we will thus assume the
sexaquark can be more deeply bound (due to effects not
captured by the lattice prediction or other calculations that
yield a high mass), to explore the downstream implications
of the existence of a stable sexaquark. Ref. [18] discusses
mechanisms through which a deeply bound sexaquark state
might be difficult to detect in lattice calculations, distin-
guishing it from a more loosely bound state resembling a
pair of A baryons.

B. Phenomenology of the sexaquark mass

Broadly speaking, a heavier sexaquark is less stable due
to the opening of viable decay channels; a lighter sexaquark
would be more stable but could provide new decay
channels for known hadronic states. For a viable sexaquark
dark matter candidate, both its allowed decay channels and
the decay channels of Standard Model particles involving
the sexaquark should be either kinematically closed or
sufficiently suppressed.

The main decay channels of the sexaquark involve
transforming to a pair of octet baryons, such as two
nucleons, a nucleon and a A hyperon, or two A hyperons.
All these channels are closed for a sexaquark mass mg less
than or equal to approximately 1878 MeV, corresponding
to twice the proton mass plus twice the electron mass [1].
Given that all other baryons possess heavier masses, their
production is energetically forbidden. In a similar vein, the
generation of sexaquarks from Standard Model particles is
energetically unfeasible if its mass exceeds 1875 MeV; two
nucleons within a nucleus or a deuteron cannot simulta-
neously undergo a weak decay into the sexaquark [18].

Still, it is possible for the sexaquark to be a cosmo-
logically stable relic even if its mass is outside of the
1875-1878 MeV range. The decay channels of the sex-
aquark are energetically suppressed for masses near this
range [19]. As the lifetime of the sexaquark is closely
related to its mass, cosmic microwave bounds dictate that
should possess a minimum lifetime of ~10** s to account
for all cold dark matter, which is approximately 107 times
longer than the age of the Universe [20]. This is a general
limit, but depending on the decay channel there are almost
certainly indirect-detection bounds that are stronger.
This limit is less stringent if sexaquarks constitute a sub-
dominant portion of the dark matter density. For sexaquark
masses up to the mass of a nucleon plus a hyperon
(2055 MeV), the sexaquark’s decay rate to a pair of
nucleons is a doubly weak process, resulting in a long
enough lifetime [4].

On the lower mass end, nuclear stability is ensured
if mg is greater than or equal to 1860 MeV, which is the
mass of two nucleons minus twice the average binding
energy of a nucleon in a nucleus (8§ MeV) [4], thereby
preventing the nucleus from decaying to produce a sex-
aquark. More specifically, for masses below 1740 MeV,
Super-Kamiokande would probably have observed double

nucleon conversion into the sexaquark from oxygen
nuclei [3]. Then, at masses below 1850 MeV, using nuclear
stability bounds for oxygen decay from Super-
Kamiokande, [7] showed that the dimensionless squared
matrix element for the transition of two off-shell A baryons
to the sexaquark needs to be suppressed to the level of
1072-10=% to avoid constraints. Ref. [21] discusses a
similar but slightly stronger bound from deuteron decay,
which extends the limit up to 1860 MeV, and argues that the
required suppression to the matrix element is much stronger
than one would expect from theoretical considerations.

There are also searches for the sexaquark in the context
of a broader initiative to study hypernuclei, nuclei with one
or more bound hyperons such as the A and X [22]. The hunt
for the sexaquark is embedded within the effort focusing
on AA-hypernuclei. Should the sexaquark be sufficiently
light compared to a pair of A hyperons—i.e., the binding
energy By = 2m, — mg must be larger than the net binding
energy of the two A particles—a double-hypernucleus
could preferably decay into a sexaquark and a nucleus
via the strong interaction, e.g., §\He — “He + S, rather
than weakly through A — {n, p}x. If this decay has a rate
typical of strong interactions, 10%* s7!, then it would
greatly dominate over the weak decay of hyperons within
the hypernucleus, which has a rate of order 10'° s=! [23];
for the decay involving the sexaquark to be subdominant to
the weak decays would thus require a suppression factor
of O(10713).

As yet, these searches have found no evidence for a
sexaquark state. Furthermore, the resulting limits extend
up to higher sexaquark masses than can be tested with
conventional nuclear decays (e.g., up to 2204 MeV for the
analysis of [24]). In order to evade these bounds, the strong
decay involving the sexaquark would need to be suppressed
by a sufficient factor to be slower than the weak decays.
However, it has been argued in Ref. [21] that the strong
decay of the double-hypernucleus can indeed be suffi-
ciently inhibited by the wavefunction overlap between
A — A and S configurations, in the event that the S is
deeply bound, contrasting with earlier estimates, e.g., [25].

Consequently, in our analysis below we consider masses
from 1860 to 1890 MeV as a potential range for the
sexaquark as a dark matter candidate, and note that our
analysis could straightforwardly be extended to a wider
mass range.

C. Other sexaquark constraints

In addition to the probes described above, efforts to
detect or constrain the sexaquark have spanned a wide
range of masses and production channels, including exotic
upsilon decays [26,27], proton-proton scattering [28],
electron-proton scattering [29], kaon-nucleus scattering
[30-35], lead-lead collisions [36], and bound states with
helium or deuterium in gold-platinum collisions [37]. Some
of these searches explicitly placed a cut that would render
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them insensitive to specific sexaquark masses; for example,
ALICE [36], Belle [26], and an experiment at BNL [28]
investigated six-quark bound states with a mass above
2 GeV, so are not relevant to the mass range we consider.
While other searches did not explicitly place an energy
cut which would eliminate lower-mass candidates, the
accumulated statistics were not sufficient to put constraints
on the production and decay rate of sexaquarks in the
scenario where they have highly suppressed interactions. A
discussion of the impact of selected constraints on the
allowed effective couplings can be found in Ref. [21]. No
evidence of a sexaquarklike state has been found via these
searches.

Other studies considered the impact of sexaquarks on
neutron stars. In the harsh conditions of protoneutron stars,
characterized by extreme temperatures and densities, the
production of sexaquarks must be sufficiently inhibited
through wave function overlap suppression due to their
small radius. Otherwise, a large population of these
particles is generated, contradicting the observed timescale
and stability of protoneutron stars [38]. Even though the
sexaquark’s effective in-medium mass would be larger,
it is not enough to account for all observed neutron star
masses [39]. The lambda hyperon suffers from a similar
issue should they be present in this environment. It is
possible to avoid neutron star constraints by quark decon-
finement (transition to nonhadronic degrees of freedom),
such that neither sexaquarks nor lambda hyperons are
present in neutron stars [39,40].

Finally, and most relevantly for this work, if sexaquarks
are cosmologically long-lived, they would contribute to the
dark matter abundance, although no sexaquark signal has
been observed in dark matter direct detection experiments
or astrophysical observations to date.

Some aspects of the freeze-out abundance of sexaquarks
have been addressed in previous studies [4,7,19]. A first
analysis proposed that a 1200 MeV sexaquark could
account for the observed dark matter abundance by freezing
out at a temperature of approximately 30 MeV [7].
However, a sexaquark of this mass would be expected to
induce fast decays of nuclei, as discussed above. A different
study examined quark equilibrium abundances in the quark
gluon plasma prior to the QCD crossover and argued the
correct relic abundance could be naturally obtained pro-
vided sexaquarks did not equilibrate with the thermal bath
after confinement (i.e., at temperatures below ~140 MeV).
This condition can be satisfied if the interaction cross
sections for relevant number-changing processes are suffi-
ciently small [19]. A third study found that sexaquarks with
the proper mass and a QCD-scale interaction rate with the
thermal bath would remain in equilibrium after the QCD
crossover, down to temperatures around 10 MeV, and
consequently could not generate a relic density comparable
to that of dark matter [4]. In the next section, we revisit this
question, considering a continuum of scenarios where the

processes that produce and deplete sexaquarks can be
severely suppressed, as suggested in Ref. [19].

III. COSMOLOGICAL ABUNDANCES
IN EQUILIBRIUM

To investigate whether sexaquarks can constitute a
significant fraction of dark matter, we examine the expected
abundance generated in the early Universe through inter-
actions of the sexaquark and its antiparticle with the
thermal bath. We begin in this section by considering the
equilibrium evolution of the sexaquark and antisexaquark
abundances, i.e., in the case where the rates of number-
changing processes are fast compared to Hubble. We
distinguish two cases, (1) where the fast number-changing
processes allow the (anti)sexaquark to exchange baryon
number with other hadrons, relating its chemical potential
to that of the baryons, and (2) where the only rapid
sexaquark-number-changing processes are those that con-
serve the net baryon number stored in sexaquarks and their
antiparticles (e.g., SS annihilation). These two evolution
pathways lead to different histories for the sexaquark
chemical potential and hence the sexaquark abundance
and asymmetry. The first case was studied in some detail by
Ref. [4], but with a focus on the behavior of the equilibrium
curves at relatively late times/low temperatures. We will
develop an analytic understanding of the behavior at higher
temperatures, which will be relevant for freeze-out of
suppressed interactions. We defer to the next section the
detailed study of freeze-out, which depends on the strength
of various interactions.

An important novel aspect of our analysis is that we
study the abundance of antisexaquarks, which can be
significant if the depletion cross sections are sufficiently
suppressed, potentially comprising a substantial fraction of
the final contribution to the dark matter density. None of the
studies reviewed in Sec. II considered the possibility of a
significant surviving fraction of antisexaquarks. This is a
self-consistent assumption in Refs. [4,7], where sexaquarks
interact quite strongly with the baryons, efficiently deplet-
ing the antisexaquark abundance. However, if we consider
scenarios like that proposed in Ref. [19] where interactions
with baryons that would deplete the (anti)sexaquark abun-
dance are severely suppressed after the QCD crossover,
we may also need to consider the relic abundance of stable
antisexaquarks (depending on the degree to which self-
annihilations are also suppressed, and the fraction of the
dark matter comprised of sexaquarks). The chemical
potentials in the strongly interacting sector of the
Standard Model are negligible during the QCD crossover,
as noted in Ref. [19]. Consequently, the thermal bath is
symmetric to a good approximation, with equal number
of light quarks and antiquarks, leading us to expect the
production of sexaquarks and antisexaquarks at equal rates
during the crossover. If there is no subsequent depletion via
interactions with the thermal bath, we would anticipate
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equal fractions of sexaquarks and antisexaquarks in the
present day.

More generally, number-changing interactions (such
as SS annihilation) may deplete both the sexaquark and
antisexaquark abundance after the QCD crossover, often to
differing degrees. In this case the eventual abundances
depend on the evolution of the sexaquark chemical poten-
tial (which as mentioned above depends on the nature of
the processes maintaining the equilibrium) and when the
relevant number-changing interactions freeze out. In par-
ticular, if the depletion interaction conserves the net baryon
number stored in sexaquarks and antisexaquarks as is true
for SS annihilation, and is sufficiently strong, the relevant
quantity determining the relic abundance is the fraction
of the baryon asymmetry stored in (anti)sexaquarks, set at
the time of decoupling for interactions that allow exchange
of baryon number between (anti)sexaquarks and other
baryons.

We assume throughout this section and the following one
that (anti)sexaquarks remain at the same temperature at the
rest of the Standard Model thermal bath (i.e., they remain
kinetically coupled even after they are no longer in thermal
equilibrium), which we justify in Appendix E.

A. Equilibrium abundance with baryon interactions

We concentrate our investigation on the temperature
range of 155to 1 MeV (x = mg/T from 12 to 1890), which
lies between the scales of QCD confinement and nucleo-
synthesis [41]. Within this span of temperatures, strange
baryons, possessing weak decay lifetimes of approximately
107'% s and strong decay timescales of around 107> s,
maintain thermal equilibrium among themselves due to
their decay timescales being significantly less than the
universe’s age during the period in question. As such, they
share a common temperature 7. Given that their mass is
much larger than the temperature, we employ the thermal
equilibrium number density in the nonrelativistic limit [42],

m; T\ 3/2
nleq(T) =¢; (ﬁ) e_(mi_/‘i>/T’ (1)

where g;, m;, and u; denote the number of degrees of
freedom, mass, and chemical potential of species i,
respectively. We take the number of degrees of freedom
to be g = 2 for baryons and gy = 1 for the sexaquark, and
we take the baryon masses from Ref. [41]. The relationship
between the chemical potentials of baryons (up) and
sexaquarks (ug) is established by chemical equilibrium
relations so long as chemical equilibrium is maintained,
such that pus = —ug and ug = 2up [4,7]. For example,
either reactions of the form SX — bb’ (where X carries no
baryon number and b, b’ denote baryons) or Sh — b'X are
sufficient to enforce the second relation.

We treat the alternate case where there are no sexaquark-
number changing reactions to relate the chemical potential

of (anti)sexaquarks to the one of baryons, and hence pg
may diverge from 2up, in Sec. III B. This corresponds to
the reaction where sexaquarks’ only fast number-changing
process is annihilation with their antiparticle into lighter
Standard Model states.

The entropy is given by s(T) = 2x%g,s(T)T?/45, with
9.s(T) being the effective number of degrees of freedom for
particles whose mass is much smaller than the temperature,
which we take from [41]. The baryon asymmetry is defined
as the ratio Yz = np/s, where ng = >, n, — nj is the sum
of the number densities of baryon species b. We will
generally use the term “yield” to describe relic number
densities normalized to entropy density.

References [4,7] define the baryon asymmetry including
the contribution from sexaquarks as Ygg = Yp + 2V,
where Yy = Ypm,Qpy/(msQp). However, there are a
few limitations of this definition that mean it is not directly
applicable to our generalized calculation. First, it implies
that sexaquarks are all of dark matter and that the
abundance of antisexaquarks can be neglected. The formula
can be corrected by using Q¢ = (fg — f5)Qpy rather than
Qp- If the fractions of sexaquarks and antisexaquarks are
equal, the dark matter sector does not contribute to the
baryon asymmetry; we will see this situation approximately
holds if sexaquarks chemically decouple from the baryons
before the chemical potential gets large. Second, we find
that in chemical equilibrium, most of the total baryon
asymmetry is carried by the protons and neutrons, while
sexaquarks carry at most O(2 x 1073) of the baryon
asymmetry, as shown in Fig. 1. Thus, using the definition
of Ypg given above inflates the overall baryon asymmetry,

10-10 R L T L T T YU UU S TSP PSR PURER

10—12 f

10714-
10—16
10718

10720

A AL AL AL AL AL AL AL el

| SR

| L T L L
100 10 1
T [MeV]

10722 £

FIG. 1. Evolution of the baryon asymmetry with temperature
for the thermal equilibrium number densities. The label X
indicates the asymmetry in X7, 30 5~ the label E, the asym-
metry in 2,27, and the label S, the asymmetry in sexaquarks
including the factor coming from baryon number 2. The shaded
brown region indicates the range of late-time baryon asymmetry
in the sexaquark for a mass in the range 1860-1890 MeV, with
the larger asymmetry obtained for lighter sexaquarks. The black
dotted line represents Yp.
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and results in a larger-than-observed asymmetry in the pro-
ton and neutron yields. In the following we will generally
use Yp = Ypg, tacitly assuming Yg < Yp, in contrast with
previous works which sought to explain the full dark matter
abundance with sexaquarks only (not antisexaquarks). In
Appendix C we discuss prospects for obtaining the full
dark matter abundance solely with asymmetric baryonic
dark matter. We assume there are no processes that violate
baryon number between the QCD phase transition and
today such that we can use today’s measured value
of Yg =852 x 1071,
Ensuring that the total baryon asymmetry equals

>l -

b

nd] +2[ng' =] =s(T)Yy,  (2)
where the sum covers all octet baryons b=
{p,n, A\, 20, 5% B0 5"}, we can establish the thermal
equilibrium abundance of (anti)sexaquarks. This equation
represents the baryon asymmetry and would also hold true
out of equilibrium, in the absence of baryon-number-
violating processes, if we replaced the thermal equilibrium
number densities with the correct number densities. Once
the sexaquarks freeze-out, we will use ng and ng instead of
their equilibrium number densities. Solving Eq. (2) for the
chemical potential as a function of temperature allows us to
determine the equilibrium number density of baryons and
sexaquarks in a comoving volume.

Figure 2 illustrates the equilibrium yield of baryons,
sexaquarks, and their antiparticles, obtained by numeri-
cally solving Eq. (2). The horizontal lines denote the
expected baryon and dark matter yields derived from

10~%¢

1075k

10~ SR\\\ \\\
10710 \
10—12
10—14
10—16
10—18
10—20
10—22

—Ynm—p n — A

— 3 —8 —5

(T)/s(T)

eq

n:

1

M R R L R R S e R L

| 0T P n n
100 10 1
T [MeV]

FIG. 2. Equilibrium yield of octet baryons and sexaquarks for
temperatures below the QCD confinement temperature. Time
runs from left to right. The shaded brown area indicates the range
of late-time number density of sexaquarks for a mass in the range
of 1860-1890 MeV. The larger number density at lower temper-
atures is obtained for lighter sexaquarks. The colored dashed lines
represent the number densities of the corresponding antiparticles.
The black dotted (full) line shows the observed baryonic (dark
matter) abundance today.

the baryon-to-photon ratio, 7° ~ 6 x 1071° [41], through
Yp =n°(1.8¢%)~" and Ypy = (Qpmm,,)/ (Qpms)Y . The
superscript 0 indicates the value measured today and
we used the relationship between the photon number
density and the entropy density, s(7') = 1.80g,5(T)n,(T).

Even though the sexaquark and baryon yields respect
the baryon asymmetry of Eq. (2), the curves for the
sexaquarks and all baryons but protons do not flatten
out at late times, as is typical in the standard asymmetric
dark matter scenario (see, e.g., [43]). This is because the

eq

asymmetry of each species, Y;' — Y-", is not constant.

The asymmetry is shared between sexaquarks and each
baryon species and evolves with temperature, as depicted
in Fig. 1.

The insights from Fig. 2 can be interpreted by analyti-
cally solving Eq. (2) using only the baryon equilibrium
number densities, since the contribution from the sexa-
quarks is exponentially suppressed by the Boltzmann factor
due to the sexaquark’s higher mass. In principle, the
evolution of the chemical potential could lift this suppres-
sion, but we have checked that this effect is small in the
relevant epoch. This yields the chemical potential

Yps(T)(27m)3/?
4Zb(mbT)3/2e""b/T> - B

This chemical potential exhibits two distinct regimes. At
high temperatures, yz ~ O(1072 MeV) < m,, and it can be
neglected in comparison with the particle mass, while at
low temperatures, it becomes comparable to the mass of a
single baryon. The transition between these regimes occurs
at around 40 MeV for sexaquarks and 30 MeV for baryons.
For even smaller temperatures, less than 10 MeV, the sum
over baryons in Eq. (3) can be replaced by its dominant
term due to the proton. By inserting the chemical potential
of Eq. (3) in the equation for the (anti)sexaquark equilib-
rium number density [Eq. (1)], we find the following
expressions for the two regimes:

ethghT ~ mST 32 —mg/T
Ngs (T) ~ <2ﬂ> e/, (4)

2 3/2
n;‘l,lowT(T) ~ < ”;:”S)

up(T) ~ Tarcsinh(

YZ Z(T) —(mg=2m,)/T
T rpprrmy AR S
4[ +Zh#1) e ]

nquowT(T)N 4e~ms/T mST 9/2
Y%s2(T) 2

B~

b
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At high temperatures, chemical potentials are negligible
and interactions are rapid. Both the sexaquark and anti-
sexaquark equilibrium yields decrease as e™s/T. As the
temperature decreases and the chemical potential turns
on, the behavior of the sexaquark yield is influenced by the
exponential term involving the difference mg—2m,,
with 2m, ~ 1877 MeV. This results in two possibilities,
depicted in the shaded brown region of Fig. 2: either an
increase in the yield at late times for small sexaquark
masses or a second phase of depletion for larger masses.
This behavior resembles the phenomenon observed in
bouncing dark matter scenarios [44]. However, in our case,
the bounce is driven by the mass difference rather than a
departure from chemical equilibrium. In contrast, the
antisexaquark population continues to deplete exponen-
tially with a factor of e~("s+2")/T and becomes negligible
quickly past T ~ 40 MeV.

Similarly, the baryon number density decreases expo-
nentially as e=»/T at high temperatures. Due to their lighter
mass relative to the sexaquark, the baryon abundances are
enhanced with respect to sexaquarks. Once the antibaryons
decouple, the yield of baryon i follows a milder slope given
by [>, e~("=m)/T]=1 resulting in an almost constant yield
for the lightest baryons, namely the proton and neutron.
The behavior of other baryons is determined by the
exponential involving the difference of their mass with
that of the proton, leading to the fastest depletion of the
heaviest baryons. Antibaryons, on the other hand, continue
to deplete exponentially fast and their yield quickly
becomes negligible.

As shown in Fig. 1, in the equilibrium state most of the
baryon asymmetry is carried by protons and neutrons, with
a negligible fraction carried by sexaquarks. The highest
values for the asymmetry carried by sexaquarks are
obtained early on, immediately after the QCD crossover,
but are still suppressed by at least two orders of magnitude
compared to protons/neutrons. There is a potential upturn at
late times if sexaquarks have mg < 2m,, in which case

their equilibrium asymmetry grows to reach O(107'°) at
1 MeV. Otherwise, their asymmetry continues to decrease
exponentially. In any case, this remains much less than the
asymmetry carried by protons and neutrons, reflecting that
the sexaquark equilibrium abundance is always either very
small or very similar to the antisexaquark equilibrium
abundance.

B. Equilibrium abundance with fixed
sexaquark asymmetry

Another possibility is that sexaquarks do not undergo
reactions involving baryons once formed in the QCD phase
transition, but continue to interact with the thermal bath of
photons and other relativistic species. The chemical poten-
tial of sexaquarks is related to the antisexaquark through
s = —pg and evolves separately from the baryon chemical

potential. This can be viewed as a standard “asymmetric
dark matter” scenario, with the asymmetry being fixed by
an initial condition. It is in contrast with the previous case
(Sec. IIT A), which assumes that at least one of the strong
interaction rates involving (anti)baryons remains fast relative
to Hubble. There, the chemical potential of sexaquarks
obeyed both pz = —pug and pg = 2up until sexaquarks
chemically decouple from the bath at freeze-out.

We will generally assume that the evolution follows the
path described in Sec. III A in the hadronic phase, down
to some temperature 7, where the reactions enforcing
us = 2up decouple; after that point, the sexaquark chemi-
cal potential would evolve to conserve the net baryon
number stored in sexaquarks and their antiparticles.
Alternatively, if the interactions enforcing this relation
are never fast after the quark-hadron transition, the sex-
aquark chemical potential would presumably be set during
the quark-hadron transition; we expect the natural scale of
this chemical potential to be comparable to 245, but discuss
this point in more depth in Sec. IV D.

We can calculate how the equilibrium yield of
(anti)sexaquarks shown in Fig. 2 would be affected in this
scenario. We enforced ug = 2up at early times until 7', the
temperature at which baryon-number-exchanging reactions
are turned off, and determined the baryon asymmetry in
baryons (Y;) as well as the remainder in sexaquarks
(Yp —Yp). For T < T,, we enforced separately

> gt = nt] = s(T)¥7, (7)
b
2[n§' = nd] = s(T)(Yp — Yp). (8)

Thus, if we substitute in the equilibrium number densities
for these species, we obtain the ratio

2m§/ze_mS/T* Yp—-Yj,

32 _ = 7
meb/ e~/ T Yy

©)

In this section we presume that the sexaquark annihila-
tion cross section is large, and so maintains equilibrium
with the relativistic bath, such that the final relic abundance
is set by the asymmetry when interactions that exchange
baryon number with the bath become slow relative to the
expansion rate.

If the decoupling of these baryonic interactions occurs
before the chemical potential starts influencing the shape of
the sexaquark and baryon curves (which is certainly true
if the decoupling occurs during the QCD phase transition,
but also at somewhat later times), the sexaquark yield
plateaus as is typical of asymmetric dark matter sce-
narios [43]. If the baryonic interactions remain in equilib-
rium to 7 <40 MeV, as discussed in the Sec. IIT A, the
final sexaquark abundance is almost independent of the
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FIG. 3. (Anti)sexaquark equilibrium yield in scenarios where

the (anti)sexaquarks remain coupled to the Standard Model
thermal bath, but depart from chemical equilibrium with the
baryons after a temperature 7. We show results for four choices
of T, (300 MeV, 150 MeV, 60 MeV, and 20 MeV) indicated by
the colored lines, as well as the case where 7', is very low and we
recover the previous equilibrium result. The black horizontal line
shows the full dark matter yield.

subsequent evolution (and the antisexaquark abundance is
negligible).

From Eq. (8) we obtain the sexaquark yield after solving
for the chemical potential and reinserting in the number
density, giving n" T = (Y — Y},)/(2s(T)). We show
the evolution of the (anti)sexaquark equilibrium abundance
in Fig. 3, for different choices of the temperature 7', at
which (anti)sexaquarks chemically decouple from baryons
and no longer efficiently exchange baryon number. Note
that the equilibrium yield of octet baryons does not change
appreciably compared to Fig. 2.

We observe that even for values of 7', that are very high
(including unphysically high values before the QCD cross-
over, where the hadrons are not the relevant degrees of
freedom), the sexaquark yield is always at least 2-3 orders
of magnitude below that required to obtain the full dark
matter abundance. This reflects the fact, shown in Fig. 1,
that while the relation ug = 2pup is maintained, the
(anti)sexaquarks always carry only a small fraction of
the overall cosmic baryon asymmetry, due to the presence
of lighter degrees of freedom that also carry baryon
number. In Appendix C, we present the required dark
matter chemical potential as a function of its mass to obtain
all of dark matter. The sexaquark would require a baryon
number O(10) to make up the full dark matter abundance.

IV. FREEZE-OUT OF THE (ANTHSEXAQUARK
ABUNDANCE

Let us now consider how the (anti)sexaquark relic abun-
dance is set by freeze-out from the equilibrium histories
discussed in the previous section. We consider several

illustrative interaction processes which should be the
dominant channels and/or give rise to detectable signals,
and show how they span the range of possible outcomes.
We largely follow the methods of Refs. [4,7], but extend
these studies by considering a continuum of scenarios
where the processes that produce and deplete sexaquarks
can be severely suppressed, as suggested in Ref. [19]. This
leads us to account for a wider range of processes than these
previous works, since if one process is highly suppressed,
others may be relevant.

In this calculation, we focus on the predictive scenario
where (anti)sexaquarks are in chemical equilibrium with
the Standard Model bath, with interactions that couple their
chemical potential to that of the baryons (as discussed in
Sec. III A), for at least a short time at the end of or after the
QCD crossover (this also covers the case where ug =~ 2up
at the end of the crossover, even if this relation is not
enforced by equilibrium). We will calculate the limits this
assumption (of some form of post-crossover equilibrium)
imposes on the cross sections for various processes. In this
case we lose sensitivity to any difficult-to-model details of
the crossover. At later times the interactions may freeze out
completely, or alternatively interactions that change the
sexaquark number density but not the net baryon number in
(anti)sexaquarks may remain fast, leading to the equilib-
rium evolution discussed in Sec. III B.

We do not study further the cosmology of the case where
there is no depletion of (anti)sexaquarks at all after the
QCD crossover. In that case, for the purpose of setting
constraints in later sections, we only assume that the
sexaquark and antisexaquark abundances are close to
equal (based on the smallness of the chemical potential
during the quark-hadron transition) and that the Universe
is not overclosed. We likewise only briefly discuss (in
Sec. IV D) the case where ug is very different from 245 due
to (unknown) processes occurring during the quark-hadron
crossover, and then pg = 2up is not restored after the
crossover, but self-annihilation remains fast and efficiently
depletes the antisexaquark abundance. However, this case
only differs from cases we do study (where pg = 2up is
fixed at the quark-hadron transition but not thereafter, and
self-annihilation is rapid) by a rescaling of the initial
condition, and so many of our results can be extrapolated.

A. Freeze-out formalism

Sexaquarks and antisexaquarks eventually depart from
their equilibrium distribution once their interaction rate
with the baryon-photon bath falls below the Hubble rate. In
this section, we analyze this freeze-out behavior in detail.
However, some key results can already be concluded from
Fig. 2 and the discussion in Sec. IIl, in the event where
baryon-number-exchanging processes dominate and hence
us = 2up until freeze-out, as assumed in previous studies:

(i) The sharp flattening in the sexaquark equilibrium

abundance at 7 < 40 MeV, due to the onset of the
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baryon chemical potential, means that the final relic
abundance will be quite insensitive to the time of
freeze-out if it occurs after this point. Thus we
expect a fairly narrow band of predictions for the
relic abundance for any scenario where there is at
least one process fast enough to maintain sexaquarks
in chemical equilibrium with the bath (including
us =2up) down to T ~40 MeV. This sharp pre-
diction for the abundance is roughly 10 orders of
magnitude below the relic abundance, with the
possibility of slightly higher values for light sex-
aquarks that remain in equilibrium to late times
(T ~1 MeV). In this scenario, sexaquarks decouple
earlier than antisexaquarks from the baryon-
photon bath.

(ii) In contrast, at T 2 40 MeV, the abundance depends
sensitively on the freeze-out temperature for bar-
yonic number-changing processes, and hence on the
cross section for these processes. In this regime, we
also expect very similar initial yields of sexaquarks
and antisexaquarks and minimal dependence on the
exact sexaquark mass. A sufficiently strong self-
annihilation cross section may maintain a partial
equilibrium after baryon-number-exchanging proc-
esses freeze out, resulting in a relic abundance
determined by the annihilation cross section (in
the symmetric regime where annihilations are too
weak to efficiently deplete all the antisexaquarks) or
by the freeze-out temperature for baryonic inter-
actions (in the asymmetric regime with strong
annihilation). To achieve the observed dark matter
density, the freeze-out of sexaquarks should take
place at a relatively high temperature, approximately
T ~90 MeV, as can be concluded from Fig. 2,
and there should be no subsequent efficient self-
annihilation.

In the remainder of this section, we quantitatively map
out the behavior in these two regimes in terms of the
processes responsible for maintaining chemical equilib-
rium. We assume that all strongly interacting states other
than the sexaquark maintain chemical equilibrium through-
out the sexaquark freeze-out and follow their equilibrium
distributions with appropriate chemical potentials.

The reactions we consider in the freeze-out comprise
the sexaquark self-annihilation SS — YY where Y, Y re-
present Standard Model final states, the breakup reaction
SX — bb', and the annihilation reaction Sb — b'X, as well
as the counterpart reactions for antisexaquarks. As pre-
viously, X represents (possibly multiple) particles which do
not carry baryon number, such as mesons and photons,
and b, b’ are octet baryons. The second reaction is expected
to dominate over the third, since the comoving number
density of light states X is enhanced compared to baryons,
and was the primary process studied in previous
works [4,7]. However, the third interaction has the potential

for interesting experimental signatures at late times, which
will be addressed in Sec. VII. If the second and third
reactions are very small but the first remains fast, we find
ourselves in the asymmetric dark matter scenario discussed
in the previous subsection. For the self-annihilation, we
assume that the sexaquark mass is greater than the Y mass,
making the reaction exothermic. For the breakup reaction,
we consider strangeness- and isospin- conserving possible
final states bb' = {AA, AX?, 2050, 3%~ nE’, pE-} and
sum over all these channels. The exothermlc reactions
involve both two- and three-body final states (e.g.,
AA = S2°7°, AX? — S7°), but mesons stay abundant
and in thermal equilibrium with the baryon-photon bath
throughout the process, and thus we do not need to track
their abundance explicitly in these equations. For the
annihilation cross section, we also only consider the
strangeness- and isospin-conserving reactions. For ease
of reading, we label these cross sections by their initial
states including the (anti)sexaquark.

The three reactions we consider have initial/final states
with baryon number 2 (SX — bb’), 1 (Sb — b'X), or 0
(SS — YY). Sexaquarks are likely engaged in further
interactions with larger total baryon number, but we expect
these interactions to be suppressed.

The Boltzmann equations governing the freeze-out of
sexaquarks and antisexaquarks then read as

dn .

i —2 4 3Hng = —(ov)%0 (ngng — nsqngq)
= [l + T ] [ng — ng']. (10)
bb'

dl’lg ann €q_.cq

W—F 3Hng = —(ov)% (ngng — n§'ng')
=) [t + T [ng —ngT]. (1)
bb'

where H(T) = 1.66¢)*(T)T?/mp, is the Hubble param-
eter, I g"X is the thermally averaged breakup rate to two
baryons, and Fg‘; is the thermally averaged annihilation
rate. All thermally averaged cross sections (ov)™™ are
assumed to be energy-independent s-wave annihilation.
The rates are given in the nonrelativistic limit by

189,54
b !
Iy = <‘7”>2%[}—»5xn—ecf’ (12)
s
Ff" = (o0)¥" o\ ny. (13)

The first reaction receives contribution from various pairs
bb' of baryons, except for temperatures below 10 MeV
where AA becomes largely dominant. The second reaction
is dominated throughout the temperature range of interest
by the proton and neutron contributions.
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B. Parametrization of cross sections

We parametrize the cross sections as (ov)3%_ o = Am;?
in alignment with [4], and (ov)¥" . = Bm;?. Here, A and
B are dimensionless number that we varied between unity,
corresponding to a strong interaction, and 107'° for A
(1077 for B), which is where I'/H falls below unity at
T = 155 MeV. Lower values would imply that sexaquarks
and antisexaquarks never reach equilibrium with the
baryon-photon bath after the QCD crossover.

While m;? is a typical scale for strong interaction
processes, some studies suggest that the sexaquark might
exhibit a significantly suppressed interaction with baryons
which could arise from a small radius and minimal wave-
function overlap during an interaction [18,21]. For in-
stance, using an estimate of 0.2 fm (0.15 fm) for the
sexaquark’ spatial extent, Ref. [38] finds that the thermally
averaged cross section Sy — AA could be suppressed by a
factor of 10710 (10712). Reference [21] proposes a theory
band for the suppression factor of sexaquark-baryon-
baryon cross sections extending down to ~1072°. We
expect A to be parametrically similar to this suppression
factor, up to some other numerical factors.

For the self-annihilation cross section, <av>§%“, the geo-
metric cross section would be O(zr%)~ 10717 cm?/s,
taking the sexaquark radius to be 0.15 fm [19,38]. The
actual cross section will depend on the effective sexaquark
couplings, and we treat it as a free parameter.

The (anti)sexaquark breakup rate parametrized by A
scales with temperature as Il =T ~AT3/2¢=5s/T,
while the reaction parametrized by B shows different
scalings due to the chemical potential; for 7 > 50 MeV,
it is T ~T% ~ BT*2¢™/T, while for T <50 MeV,
we have

Il ~ BT3/2e=2m /T, (14)
I ~ BT%?2. (15)

For temperatures less than 10 MeV, the yield of baryons
other than protons and neutrons becomes exponentially
suppressed. Freeze-out occurs quickly unless the cross
sections parametrized by A and B are exponentially large,
except for antisexaquarks freezing out through B, which
have a smoother temperature dependence [Eq. (15)] and
can freeze out later. In this case the antisexaquark abun-
dance is always negligible.

One might ask whether this parametrization could miss
important temperature dependence in the cross sections.
The variation in the temperature during freeze-out is
modest compared to the parameter ranges we consider
for A and B, but for the B parameter we will later extra-
polate to annihilation in the present day, where the temper-
ature difference could be relevant. We will assume that the
relevant matrix elements are not momentum-dependent and

so any temperature dependence should arise only from
phase-space effects; we expect (ov)*™ for two-body
exothermic processes to be roughly constant unless the
mass energy liberated in the interaction is small enough to
be comparable to the kinetic energy of the incoming
particles. This is never true for the process controlled by
B, but may be true for the process controlled by A; however,
at most this should be a O(1) effect.

C. Freeze-out results

Let us begin by considering the scenario where only the
process controlled by A is important and we effectively set
B and (ov)§Y" to zero; this approach will allow us to check
consistency with previous studies in the large-A limit [4].

For this case, we show in Fig. 4 the evolution of the
sexaquark abundance for a number of different example
cross sections, illustrating the stable yield across a large
range of values of A, from A = 1 down to A = 10715, We
see that in these cases the freeze-out occurs at different
temperatures, but the final relic abundance is quite similar
due to the flatness of the equilibrium abundance with
respect to temperature. In contrast, decreasing A from 10713
down to 1077 induces a sharp change in the relic
abundance, due to the steep scaling of the equilibrium
abundance with temperature above 7 ~ 40 MeV.

In the top panel of Fig. 5, we plot the behavior of f¢ and
f3, the final relic sexaquark abundance as a fraction of the
dark matter density, as a continuous function of A. We
observe two distinct regimes, associated with freeze-out at
temperature above and below T ~ 40 MeV respectively;
we obtain analytic descriptions of the A-dependence of f

107*
10-6} — ngX(T)/s(T) — A=10""7 — A=10"1°
1078
10—10
10—12
10—14
10—16
10—18
10—20
10—22

T

— A=1071* — A=1

y

ng(T)/s(T)

e R B R R R R s b

| ) L N N
100 10 1
T [MeV]

FIG. 4. Freeze-out yield of sexaquarks as a function of their
mass and cross section. The colors correspond to the choice of
thermally averaged cross section, parametrized by (cv)ift =
Amz? with A = {10717,10719,1075, 1}, and the width of each
color band indicates the sexaquark mass range 1860-1890 MeV.
Smaller cross sections result in earlier freeze-out and a larger
abundance closer to the expected relic dark matter abundance.
The black line represents the observed dark matter yield.
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FIG. 5. Fraction of the total dark matter density composed of
sexaquarks fg/5 = QS/S/QDM as a function of the thermally
averaged cross sections (top) (ov)§y.,, = Am3z?, (middle)
(o) 5y = Bmz?, and (bottom) (ov)¥¥ for T, = 150 MeV.
See Fig. 3 and text for details. The horizontal black lines represent
the values of f, for f, = 1 (full), 1073 (dotted), 107° (dashed),
10~ (dot-dashed), and 10~'> (dot-dot-dashed). The width
of the band corresponds to the range of sexaquark mass
1860-1890 MeV. The dashed orange lines correspond to the
antisexaquark freeze-out abundance.

in these regimes in Appendix B. The steep decline of f at
small A follows the scaling fg o« A~"s/Bs_ with the binding
energy Bg being By = 2m, — mg; we observe that because
Bg < my, this is a much steeper scaling than the inverse
dependence of the relic abundance on the annihilation cross
section in the standard thermal freeze-out calculation.
At larger A, corresponding to decoupling at 7 < 40 MeV,
we find that f is nearly independent of A, because the
equilibrium abundance varies only slowly with temperature
in this regime, as discussed in Sec. IVA. However, the
value of f¢ does depend somewhat on the sexaquark mass,
shown by the broad region at the bottom of the top panel of
Fig. 5, as anticipated from Fig. 2.

To compare our results with previous literature, we note
that both previous studies of the sexaquark freeze-out con-
sidered a relatively large cross section (1072°-107?7 cm?
in [7] and 107%-1072* ¢cm? in [4]), i.e., A€ {1071, 10?}.
This range does not allow for sexaquarks in the pre-
ferred mass range to reach the full observed dark matter
abundance.

No previous work on the sexaquark has explicitly
considered the annihilation interaction SS and the cross
section Sb (Sh). We now consider setting A to zero and
activating these other freeze-out interactions. We take 7', =
150 MeV for the case where (ov)5y" dominates, which
maximizes the sexaquark abundance. The lower panels of
Fig. 5 show these cases. We found that with all these
interactions we can obtain the full dark matter abundance in
sexaquarks, which would yield a symmetric population of
sexaquarks and antisexaquarks, since in all these cases the
freeze-out occurs early while the Universe is still sym-
metric. The scenario where (ov)5¥" controls the freeze-out
corresponds to the standard thermal relic calculation.
Table I presents a summary of the approximate freeze-
out parameter values (1) which lead to the full dark matter
abundance when the other parameters are set to zero,
(2) corresponding to the minimum value to equilibrate
after the QCD crossover, and (3) corresponding to the

TABLE 1. Approximate values of the freeze-out parameters
that, if the other parameters are set to zero, correspond to (1) the
minimum value to equilibrate after the QCD crossover, (2) the
value that gives the full dark matter abundance f, =
fs+ fs =1, and (3) the maximum value where the sexaquark
and antisexaquark relic abundances are comparable (fg = f5).

A (bb - SX) B (Shb—bX) (ov)¥ [cm®/s]
Min 10°1° 107V 10728
f,=1 10717 10713 1072
fS — fS' 10—15 10—10 ]0—22
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FIG. 6. Fraction of the total dark matter density composed of sexaquarks f/5 = Qg/5/Qpy as a function of the thermally averaged

annihilation cross sections parametrized by (cv)¥% , = Amz* and (ov)™"

Shobx = Bm;?. The left panel shows the abundance of

sexaquarks, and the right panel the abundance of antisexaquarks. The contours (dashed lines) are for 1890 MeV (1860 MeV) (anti)

sexaquarks.

maximum value for which the population after freeze-out is
symmetric.

More broadly, we explored the effect of varying A and B,
and (ov)$F" on the freeze-out abundance over wide range
of parameter values with one or more of these inter-
actions turned on. When all of these cross sections are
smaller than the minimum values presented in Table I, the
(anti)sexaquarks do not equilibrate with the baryon-photon
bath. Conversely, when any one of these cross sections is
larger than the maximum value where the sexaquark and
antisexaquark relic abundances are comparable (fg = f3),
the chemical potential becomes effective at depleting the
antisexaquark yield. For higher cross sections, the abun-
dance of antisexaquarks quickly becomes negligible, while
the abundance of sexaquarks becomes almost insensitive
to the variation of the parameters A and B, and <av)§%“.
Varying these parameters over 10 orders of magnitude
results in a change of the abundance of less than a few
percent. For cases where the processes controlled by A or B
remain fast (compared to Hubble) to this point, the result is
a relic abundance that is significantly too small to explain
all the dark matter (f5 ~ 107!"), as noted in Ref. [4]. If
instead A and B are both small and only (ov)" drives the
antisexaquark abundance, the abundance can plateau as
high as fg~ 1072 of the total dark matter abundance,
depending on the temperature when the processes con-
trolled by A and/or B decoupled, due to following the
alternative equilibrium curve described in Sec. III B. In this
scenario, sexaquarks annihilate with antisexaquarks rather
than the baryon and photon bath, and as soon as the
antisexaquarks abundance depletes due to the chemical

potential, no number-changing reaction can occur for the
sexaquarks.

The opposite limit, when all of A, B, (ov)5" are very
small, is where the full dark matter relic abundance can be
obtained. In this scenario, the freeze-out process occurs at
higher temperatures, leading to a larger relic abundance,
which is less sensitive to the dark matter mass. As expected,
in this scenario the dark matter abundance is composed of
approximately equal fractions of sexaquarks and antisex-
aquarks since the antisexaquarks have not been depleted by
the time freeze-out occurs in the early Universe.

We show the effect of simultaneously turning on A and B
in Fig. 6 for 1860 and 1890 MeV sexaquarks. Generally,
either one of them is important. The sexaquark population
never gets depleted below fg~ 1072, such that no white
space is visible.

Our findings indicate that sexaquarks can only produce a
substantial fraction of the dark matter abundance when A, B
are much smaller than the typical strong interaction scale.
The suppression by up to 12 orders of magnitude claimed to
be due to the small radius and minimal wave function
overlap is not sufficient to reach the required values on the
order of 107!7 needed to account for all of dark matter.
There may be an additional tunneling factor coming from
the six-quark configuration change between the sexaquark
and a pair of baryons. This factor could be as small as 10~
which can bring the cross section further from the strong
interaction scale [21].

Additionally, while previous studies of the sexaquark
have treated it as a pure flavor singlet [1,18,45], as
discussed in Appendix A we would expect flavor symmetry
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breaking to induce mixing with other representations.l This
mixing could mitigate the strong suppression found by
these earlier references.

In the first panel of Fig. 5, where the freeze-out is
controlled by A, the contribution from the other thermally
averaged annihilation cross sections can be neglected for
B <107'%, (ov)¥ < 1072° cm?/s. For the second panel,
the results are unaffected (i.e., the assumption that B
controls the freeze-out is valid) for A < 107'8, (ov)¥a <
10727 cm?/s. Finally, the results in the third panel are valid
for A < 107" and B <1077,

Some other works on the sexaquark have considered a
wider mass range, extending to 2054 MeV. A heavier mass
would give a more suppressed equilibrium abundance,
as well as a lower freeze-out abundance for the same
annihilation rates, and would not qualitatively change our
conclusions.

D. Comparison with earlier studies

Comparing our results with previous studies, we note
some discrepancies related to the requirements for sex-
aquark chemical equilibration at the end of the QCD phase
transition and wish to address some of these differences.
We also discuss in this section the expected values of our
cross section parameters in the framework of Ref. [21].

Notably, Ref. [4] finds that a freeze-out solely para-
metrized by A requires A < 107?° to avoid (anti)sex-
aquarks equilibrating with the baryon-photon bath after
the QCD phase transition. In comparison, we find a slightly
milder limit of A < 107!, based on requiring I'/H > 1 at
T = 155 MeV. Part of this discrepancy may be due to
assuming a slightly different evolution for g, during and
after the QCD phase transition (we find closer agreement
with the equilibrium evolution of I'/H at lower temper-
atures). Since A in any case only parametrizes our igno-
rance of the cross sections and even in the best case would
have factor-of-few uncertainties, we do not consider this
difference critical.

More significantly, Ref. [21] states that the dominant
S-number changing process for freeze-out is given by
K*S — pA, comparing the rate of this process with XS —
bb' where X is one or two pions or a photon. In contrast, we
agree with Ref. [4] that the two-pion process dominates. We
suspect that Ref. [21] may have extracted the scaling for the
rate from the arXiv version v1 of Ref. [4], which contains a
typo in the estimated rate for I'y o _, 5,5, With the exponential
factor scaling as e~(2”a+7s)/T We note that the published
version of this work is correct, with an exponential factor of
e~(2ma=ms)/T This means that Ref. [21] artificially sup-
presses the rate of this process by a factor of e=>"s/T <« 1
(the suppression exceeds 10 orders of magnitude at
155 MeV). Using the corrected rate, we find that the

'"We thank Bob Jaffe for this point.

process XS — bb' requires a much smaller coupling than
K*S — pA to avoid equilibrating with baryons in the bath.

Reference [21] parametrizes the interactions of the sex-
aquark with hadrons in terms of an effective Lagrangian,

g _
Legr D —II/B}’Sl//fg/fﬁs + gsquﬁgaﬂ(ﬁsw +H.c., (16)

V40

where yp describes baryons, V# describes vector mesons,
and ¢y is the sexaquark field.

In this framework, the rate of zzS — AA is controlled by
7; Ref. [21] takes our rate parameter A to be equal to §*/40
for this process. By reproducing their calculation with
the corrected rate, we found that the required value of the
coupling to avoid equilibration after the QCD phase
transition is § <4 x 10~, in broad agreement with our
result that A < 107! is needed to avoid equilibration when
including all processes, and contrasting with the original
claim of Ref. [21] that only § <2 x 107° is required. The
new criterion excludes most (but not quite all) of the theory
prediction band for § given in Ref. [21] for the mass range
we consider, implying that a strong tunneling suppression
to § would be needed in addition to a suppression from the
overlap of baryon and sexaquark wave functions. This
prediction also assumes the sexaquark is a pure flavor
singlet, which would be unexpected in the presence of
flavor symmetry breaking, as we discuss in Appendix A.

One reason there has been considerable interest in the
possibility that sexaquarks never couple to the baryons after
the quark-hadron transition is the argument from Ref. [19]
that in this case the correct abundance of dark matter can be
naturally obtained. In reviewing [19], we identified a
numerical error in the latest arXiv version (v3) (which
also persists in [46]), which we have discussed with the
author and confirmed as a bug. Correcting this issue
modestly decreases the inferred sexaquark abundance
generated during the crossover, giving Qpy/Qp ~ 2.5
instead of 5.3. This result still uses the expression given
in Ref. [19] for the efficiency with which strange quarks are
confined in sexaquarks,

1

Ky(mg, T) =
s(mg, T) 14 (rap +raz +2rss +2ryz)

. (17)

where ry, = exp [—(m; + my —mg)/T]. The author has
indicated to us that there should be an additional factor of 2
or 4 preceding the bracketed factor in the denominator for
the spin degrees of freedom of the baryons [47], which
would further decrease the sexaquark yield. More gener-
ally, since the goal of this equation is to determine the
partition of strange quarks among the possible hadronic
states, it is not clear to us why the denominator should omit
color-singlet states containing strange quarks that do not
share the full quark content and quantum numbers of the
sexaquark (we also note that weak decays that do not
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preserve strangeness are already fast relative to Hubble at
this temperature).

In the analysis of Sec. III B, where we assume pg = 2up
down to some cutoff temperature 7,, we obtain Eq. (9)
describing the fraction of the baryon asymmetry stored in
(anti)sexaquarks, as an analog to Eq. (17). We have
confirmed that taking 7, ~ 150 MeV and substituting into
this equation yields Q,/Qpy = 1073, consistent with our
numerical calculation (as presented in Fig. 3); the strong
suppression relative to the original result of Eq. (17) is due
to the large number of degrees of freedom lighter than the
sexaquark that can carry baryon number, and analogously
we would expect a suppression to x, due to degrees of
freedom lighter than the sexaquark that contain strange
quarks. Reference [48] cites experimental results showing
good agreement between hadron yields from the quark-
hadron transition in data from ALICE, and a simple
statistical model where the yield per degree of freedom
is proportional to m*?e="/T, ie., to the nonrelativistic
number densities. If we evaluate the expected fraction of
strange quarks contained in sexaquarks versus baryons
according to these yields, we obtain

2715
———~0.003. (18)
> 65Ny

If we also included strangeness in kaons, this ratio would
drop to ~7 x 107%.

We also emphasize that the key quantity may not be
per se the efficiency with which strange quarks are
confined in sexaquarks, but the efficiency with which
strange quark asymmetry is confined in (anti)sexaquarks,
as we will show in Sec. VII that if antisexaquarks are not
efficiently depleted in the early universe, they are expected
to have very striking signals in the present day. Our
calculation indicates that the chemical potential for sex-
aquarks would need to be enhanced by three orders of
magnitude at the end of the QCD phase transition, relative
to the equilibrium expectation pg = 2up, in order for this
asymmetry to generate the full dark matter abundance (see
also Appendix C).

Finally, while we have treated the three types of cross
sections we consider as independent, we could in principle
relate them using the Lagrangian of Eq. (16). Some caution
may be needed as the SS and Sb annihilation processes
have center-of-mass energies of 3—4 GeV and produce
relativistic particles in the final state, such that it may not be
fully correct to treat them with a low-energy hadronic
effective Lagrangian. Nonetheless, if we proceed with this
approach, representative Feynman diagrams for the three
processes are given in Fig. 7, with the vertices controlled by
g and gggy marked by black circles and squares respec-
tively. We observe we would expect both A and B to scale

with g%, while contributions to (ov)§3" will be controlled

S---e—>—1) S---e—Y}
<C’U>zz?'n—>sx <U”>Z%n—>b'x
X ANAA— b ——NA- X
S §--- NV
-m/\»@ (o) ; (v
3 G-V

FIG. 7. Feynman diagrams corresponding to the three annihi-
lation processes governing sexaquark freeze-out, using the effec-
tive hadronic Lagrangian of Ref. [21], presented in Eq. (16).
Arrows indicate flow of baryon number. We identify by a black
circle the vertex Shb’" and by a black square the vertex Vbb', with
V a vector meson. SM represents Standard Model final states.

primarily by gy, similarly to the elastic scattering cross
section.

V. ELASTIC SCATTERING AND DIRECT
DETECTION

Direct dark matter searches may be applied to constrain
the (anti)sexaquark fraction of dark matter through its
elastic scattering on Standard Model particles. For any
relic antisexaquarks, there will also be stringent constraints
on their annihilation with nuclei (i.e., the process para-
metrized by the B coefficient described in Sec. IV), which
we will discuss in Sec. VII. However, these constraints can
also depend on the elastic scattering cross section via their
accumulation in the Earth (Sec. VI). For this reason, and
because they can also constrain the sexaquark population in
scenarios where antisexaquarks are depleted early on, we
introduce elastic scattering searches first.

As composite particles, sexaquarks can interact strongly
with nuclei through a few channels, including a repul-
sive single vector meson exchange—with the leading
strong force contribution potentially arising from @ — ¢
mixing [46]—and an attractive two-pion exchange. Being
strong-interaction processes, an estimate for the strength
of this cross section would be given by o6y~ m;? =
2 x 10726 cm?. These elastic scattering cross sections are
not anticipated to be suppressed by large factors, as may be
present for number-changing interactions. Previous studies
of sexaquark direct detection signals have relied on these
cross sections being large enough that sexaquarks do not
reach underground detectors, or do so with such tiny kinetic
energies that they are not observable, in order to evade
stringent limits from those experiments [18,49].

In the event that these cross sections are suppressed,
another source of elastic scattering would come from the
sexaquark’s electromagnetic interaction through two-
photon exchange. This would yield an independent con-
tribution to the total cross section, which would not depend
on the coupling to mesons, and which can be estimated
from lattice studies. The two-photon exchange process
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corresponds to an interaction due to the sexaquark’s static
electric or magnetic polarizability. We outline an estimate
for this cross section in Sec. VA. We then discuss current
direct detection constraints on the parameter space in
Sec. VB, which can be used to constrain the elastic
scattering cross section arising from meson exchange
and/or electromagnetic effects.

A. Estimate of scattering via electromagnetic
interactions

The behavior of an electrically neutral composite particle
in response to an external electromagnetic field is deter-
mined by the distribution of quarks and gluons within the
bound state. The dipole, quadrupole, and anapole moment,
the charge radius, and the polarizabilities of such composite
particle dictate its electromagnetic interaction with external
fields or particles [50].

The sexaquark, being neutral with a total spin of zero,
does not possess dipole, quadrupole, or anapole moments.
Instead, the particle’s leading structural deformation under
the influence of an external electric or magnetic field is
described by its polarizabilities and its charge radius.
The electric and magnetic polarizabilities correspond to
a shift in the energy quadratic in the electromagnetic field,
given by the effective low-energy Hamiltonian H =
—(as/2)E>—(Bs/2)H2. The factor of 1/2 in our calcula-
tions is a conventional choice that aligns with the
Hamiltonian employed by [50]. The typical choice in
lattice QCD and experiments is different from ours and

Wwe can use ag = 47ra]§QCD/ “P to convert from the lattice
QCD and experimental convention to our choice.

Classically, the polarizability of a charged sphere scales
with its volume. Thus if the neutron’s radius is (0.8 fm)
and the corresponding value for the sexaquark could be as
small as 0.15 fm [19,38], we may expect the sexaquark
polarizability to be within a few orders of magnitude of
that of the neutron. The measured neutron polarizability is
oD/ exP 11 8 % 107 fmd [41], giving in our conven-
tion a, = 148 x 107* fm3. We use the neutron as a
benchmark since it is a neutral quark bound state with a
well-measured polarizability value. This inferred value
serves as a rough order-of-magnitude estimate; we consider
sexaquark polarizabilities from (0.01-1) x this value. We
are also aware of a preliminary lattice QCD calculation that
finds a value for the sexaquark polarizability similar to the
neutron’s [51].

To model the cross section resulting from the effective
Hamiltonian, we considered several models for the spheri-
cally symmetric nuclear charge density, including the
homogeneously charged sphere [50], the Gaussian distri-
bution, and the exponentially decreasing distribution.
The first model is suitable for heavy nuclei, the second
for lithium-like nuclei, and the third for an individual
proton [52]. We determined the corresponding electric field

and evaluated (— 1 agE?) in the center of mass frame, from
which we extracted the nucleus cross section o3, and
subsequently converted it into an effective per-nucleon
cross section o through the Born approximation,
o = 058 (g, /Ausy)?. Here pgy is the reduced mass
of the sexaquark-nucleus system, as opposed to yg, for the
sexaquark-nucleon system. Throughout this section we use
n to denote nucleon (in previous sections, we have used n to
denote neutrons only). At the energy transfer of interest, the
Helm form factor can be approximated by unity.

For all three models, the cross section follows the same
scaling, differing only in the dimensionless prefactor of the
leading order term, which we label C. We discuss the
derivation of the cross section in detail in Appendix D, and
only present the final result here. In the limit where the
momentum transfer g times the length scale R is small
(gR < 1), or at small angles for any energy, we obtain the
effective per-nucleon cross section

Z4
o5 = Cubafa’ s (19)

The parameter ug, = mgm,/(mg+ m,) represents the
reduced mass of the nucleon and dark matter species, a
refers to the fine structure constant, while (Z, A) denote the
number of protons and nucleons, respectively. The cross
section is isotropic. In contrast to single photon-mediated
interactions, such as Rutherford scattering, the leading term
in the cross section remains independent of the momentum
transfer, as is also the case for scattering due to the charge
radius and quadrupole moment of the particle [50,53].
Typically, the length scale of the atom, denoted as R,
increases with the number of nucleons according to the
relation R o A'/3. As indicated by the last factor in
Eq. (19), the scaling of the nucleon cross section is given
by o o« Z*A~%/3, which results in an enhancement of the
cross section for heavier atoms. This is to be contrasted
with the familiar scaling where the nucleus cross section
scales as A* (for dark matter much heavier than nuclei) and
the nucleon cross section does not change. The values of
the dimensionless constant C obtained in this work and the
atom’s scale R, are provided in Table II. The value of C for

TABLE II. Values for the dimensionless constant C and the
atomic scale R appearing in Eq. (19). C for the homogeneously
charged nucleus and exponential distributions are exact, Gaussian
distribution is approximate, and R values are extracted from
experiments.

C R [fm]
Homogeneously charged nucleus 4z 12413
Gaussian charge distribution 2z \/%1'2 Al
Exponential charge distribution I3z 0.87

16
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the homogeneously charged nucleus was obtained previ-
ously in [50]. The values for R come from experiments,
while the values for C are exact for the homogeneously
charged nucleus and exponential distribution, and approxi-
mate for the Gaussian distribution. While the charge
density distribution of a nucleus is much more complex
than the three models considered here, the parameters
enable us to capture the essential features, and the expres-
sions for C and R are consistent within an order of
magnitude. For the Gaussian charge distribution, the scale
is determined by the variance (r?)'/? =/3/5r, of a
sphere with radius ry. In the exponential charge distribu-
tion, the scale R corresponds to the proton charge radius.

Another nonzero electromagnetic contribution to the
sexaquark-nucleus scattering comes from the sexaquark’s
charge radius. However, since this cross section scales as the
fourth power of the charge radius [50] and it has been argued
that the sexaquark radius may be comparable to its Compton
wavelength [38] (0.1 fm), we expect the leading electro-
magnetic contribution to arise from the polarizability.

Our work focuses on nonrelativistic dark matter scatter-
ing due to a nonrenormalizable effective electromagnetic
Hamiltonian. Other studies have classified the effective
electromagnetic operators [54], explored the relativistic
electromagnetic cross section of dark matter with nuclei,
using various properties such as the dipole moment [55],
anapole moment [56], charge radius [57], and polariza-
bility [58-60]. [53] employed a cross section similar to ours
in the context of a dark SU(4) theory using a parameter that
varies over an order of magnitude, highlighting the effect of
nuclear structure, which is analogous to our factor C.

In addition to the cross section arising from the electric
field of a nucleus, we also investigated the elastic scattering
with photons and the Casimir-Polder effect [61], which
arises from the polarizability of both the dark matter
particle and the nucleus, in Appendix D. We find that
both are significantly suppressed compared to the cross
section presented in Eq. (19).

B. Current limits

The most recent direct detection bounds on spin-
independent dark matter interactions with nucleons have
been obtained through a variety of targets. For the mass
range of interest for the sexaquark (approximately 2 GeV),
direct detection experiments located deep underground
have set strong constraints on small cross sections. We
make use of nuclear recoil bounds from CRESSTIII [62,63],
Migdal and nuclear recoil limits from CDEX [64,65],
nuclear recoil, bremsstrahlung, and Migdal effect in
CDMSlite [66,67], as well as the ionization signal from
DarkSide50 [68] and DAMIC [69]. We also combine under
the label XENONIT various bounds coming from the
Migdal effect for m, <2 GeV [70], ionization signals for
3 <m, <6 GeV [71], and nuclear recoil for larger dark
matter mass [72]. We also include limits on cosmic-ray

boosted dark matter interacting through a vector mediator
with my = 1 GeV (such as the ¢ meson) and cutoff mass
Ay = 0.5 GeV, for m, <4 GeV; these choices provide
conservative limits on the sexaquark according to the
original work [73]. The PandaX limit comes from cos-
mic-ray boosted dark matter at PandaX-II for m, <
0.1 GeV [74] and momentum-independent scattering
through a heavy mediator at PandaX-4T for m, <
2 GeV [75]. We use Ref. [76] to estimate the ceiling of
this experiment. However, for larger cross sections, the
overburden of underground laboratories is much greater
than the dark matter interaction length, causing dark matter
to lose energy through scattering with the atmosphere
and rock overburden, resulting in kinetic energy below
the detector threshold [77]. This stopping power of the rock
and atmosphere provides upper bounds for the constraints
from direct detection experiments located underground
[77-80]. Complementary surface-based experiments, such
as the CRESST [81] and EDELWEISS [82] surface runs,
provide sensitive bounds at an intermediate interaction
strength, albeit with higher background rates. Finally,
reanalyses of the rocket-based X-Ray Quantum Calori-
meter (XQC) experiment [83,84] close the gap at large
cross sections. Various techniques can be used to estimate
the upper bounds, from the straight-line approximation
(e.g., [77]) to analytic approaches [63] and Monte Carlo
codes (e.g., [84,85]). In this work, the upper limits we
present employ the straight-line approximation, except for
CRESSTII and CRESST surface run, which are extracted
using the analytic approach from [63].

In this context, we present up-to-date direct detection
constraints on dark matter-nucleon interactions in Fig. 8,
which are relevant for the sexaquark. The gray region is the
combined excluded parameter space to which detectors are
currently sensitive. We superimpose on it the polarizability
scattering cross section obtained from Eq. (19) for four
main active detector materials, color-coded by material:
argon, xenon, silicon, and germanium, assuming uniformly
charged nuclei, which is a good approximation for the
heavy nuclei employed in direct detection experiments. We
also indicate the approximate scale appropriate for a strong
cross section, 6, = m;>.

Our analysis shows that the polarizability cross section
for all four elements falls within the experimental reach of
published dark matter exclusion limits; namely, that the
polarizability cross section appears to be ruled out by
DAMIC (silicon), DarkSide50 (argon), CDEX and
CDMSIlite (germanium), XenonlT and PandaX-4T
(xenon). The per-nucleon cross sections in these different
materials are similar but differ by the material-dependent
factor Z*A=%/3 [Eq. (19)], which takes the approximate
values 19 (Xe), 11 (Ge), 6 (Ar), and 5 (Si), such that xenon
targets result in the largest cross section.

This indicates that if the sexaquark possessed the polar-
izability we estimated and composed all of the dark matter,
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FIG. 8. Experimental constraints on the spin-independent dark-
matter nucleon cross section and expected cross section due to the
estimated polarizability of the sexaquark. Experiments using the
same active detector material are shown in the same color: orange
(xenon) for PandaX-II and PandaX-4T (together labeled as
PandaX) and XenonlT, green (silicon) for XQC and DAMIC,
turquoise (calcium tungsten oxide) for CRESSTIII, blue (germa-
nium) for EDELWEISS, CDMSlite, and CDEX, red (aluminium
oxide) for CRESST surface, and purple (argon) for DarkSide50.
The gray region represents the combined ruled out parameter
space. The small color-shaded regions indicate the nucleon cross
section due to the electric polarizability of the sexaquark for
commonly used target materials. The horizontal black dashed line
represents the typical strong interaction strength.

it would have been detected in these experiments. The
cross section also falls within the experimental reach of
CRESSTII and CRESST surface run. The width and
height of the polarizability cross section regions are due
to the range of stable mass and uncertainty in the estimate
of the polarizability, respectively; we take the polarizability
to vary from (0.01-1)x the neutron polarizability. We note
that for the sexaquark mass range we consider, for every
choice of cross section within the range displayed on this
plot, there are generally always at least two experiments/
probes that claim to exclude such a cross section; this gives
some protection against systematic misestimates of the
sensitivity.

Using the estimate of the electric polarizability, we found
that the sexaquark-nucleus cross section falls within the

regime of strongly interacting dark matter, but remains
below the saturation level of the nuclear area for targets
typically used in dark matter experiments. It is also a few
orders of magnitude below the typical strong interaction
strength, o, = m;2. The total nucleon-sexaquark cross
section is likely dominated by a strong force component,
leading to an upward shift in the cross section. The
polarizability cross section represents an approximate
lower bound for the total cross section of sexaquarks with
nuclei. As shown in Fig. 8, direct detection experiments
such as XQC, dewar heating [86], deexcitation of a
tantalum isomer [87], the cosmic microwave background
(CMB) and baryon acoustic oscillations [88], and the
Lyman-alpha forest [88] exclude all of the parameter space
at large cross sections and relevant masses. Limits from the
Milky Way satellite galaxies are comparable to the Lyman-
alpha constraints [88] and are not included. In the limits
we are showing, the dewar heating assumes a repulsive
Yukawa coupling with a heavy mediator, such as is the -
case in vector meson exchange of a strong interaction. In
the low energy-transfer limit, the Yukawa coupling is
momentum-transfer independent akin to our polarizability
cross section, Eq. (19).

Regardless of whether the nucleon cross section is
dominated by the polarizability or strong force, our find-
ings suggest that if sexaquarks made up all of dark matter
(through strongly suppressed values of A and B), they
would have been observed in numerous underground and
surface direct detection experiments.

In the scenario where a dark matter candidate consti-
tutes a subcomponent of the total dark matter (f, =
Q, /Qpy < 1), we kept the upper bound of each experi-
ment unchanged, while the lower limit moves upward
proportionally to the fraction of the total dark matter
density that can be probed, represented by log;, f, [80].
Note that because the cross section scales as a3, changes in
the polarizability modify the target cross section faster than
variations in f, modify the detectability.

The straight-line approximation captures the average
energy retained by dark matter particles as they cross the
atmosphere and crust. From this, we can determine how
much energy would be given to an active detector nucleus
and compare this energy with the minimum experimental
threshold [77]. It behaves as a step function; either accept-
ing or rejecting all wind dark matter particles instead of
analyzing the cross section needed for the number of dark
matter particles scattering within the experimental exposure
to fall below one. Compared to other approaches, the
straight-line approximation was found to overestimate the
stopping power of the Earth [85,89]. For subcomponents of
dark matter, fewer particles should be able to reach detec-
tors during the running time, resulting in a slight lowering
of the experimental ceiling [63]. The effect appears
minimal unless the experimental floor is very close to
the ceiling and the straight-line approximation does not

023515-17



MARIANNE MOORE and TRACY R. SLATYER

PHYS. REV. D 110, 023515 (2024)

10726

daX Dewar XQC
1028} E
E DEL
3 W, CRE
10-30F Lis, SSTsurf
5 gl e
L 10732F <= arkSides
& F - =5
34 R,
10—36 ir
E 103
10738 'Ff);_lo‘ N N |
1071 1
m, [GeV]
10—26 .
10728
3
— 10730% CDEX
= -
L1072 CDMSlite
f=} E
= E
® 1034
3
10—36 r
E 109
10738 »Ff);_l()‘ N N |
1071 1
m, [GeV]

2
Oyn [cm?]

2
Oyn [cm?]

DS—-LowMass

" PR L]
101 1

m, [GeV]

10

FIG. 9. Direct detection constraints on the spin-independent dark matter-nucleon cross section for different dark matter fractions
fy = Q,/Qpy, namely f, = 1073 (top left), 107° (top right), and 10~ (bottom left), along with projections for the next generation of
experiments aiming to reach 1072 (bottom right). The dashed lines represent the projected exclusion limits from SuperCDMS Ge HV
and DarkSide (DS)-LowMass, which are distinguished from the reported exclusion limits. The cross section due to the static electric
polarizability of the sexaquark for commonly used target materials is indicated by the color-shaded regions.

allow to implement it, so we did not account for this
effect [85]. However, we emphasize that the Monte Carlo
results of Ref. [85] suggest that the straight-line approxi-
mation should mildly underestimate the signal in any case,
down to f, ~107°.

We present in Fig. 9 the direct detection constraints on
the electric polarizability cross section for a subcomponent
of dark matter, f, = {1072,107%,107%}. We find that a gap
at large cross sections rapidly opens when f, < 10737 due
to the upward shift of the CRESST surface experimental
bound. If sexaquarks are a subcomponent of dark matter
and their strong elastic cross section is large, current direct
detection experiments would not be able to probe them due
to the overburden. This is due to the lack of surface-based
detectors. Furthermore, the detector’s efficiency threshold
could be lower than assumed in the original analysis,
implying that the CRESST surface limits might not be
highly reliable [84]. In this case, the gap at larger cross
sections would already appear for f, < 0.5, when the
Dewar bound shown in Fig. 8 shifts upward. Our analysis

shows that even with a fraction as low as f = 1072, direct
detection experiments using argon as the target material can
still exclude part of the parameter space of the polarizability
cross section we obtained. We find that direct detection
constraints are currently insensitive to a polarizability
nucleon cross section for a smaller subcomponent, of the
order of f, ~ 10710, Still, we are optimistic in the projected
reach of the next generation of experiments to probe
subcomponents reaching down to f, =107'2, such as
DarkSide-LowMass [90] and SuperCDMS Ge HV [91],
shown in the bottom right panel of Fig. 9. Additionally,
proposed experiments such as CYGNUS-1000 [92],
ALETHEIA [93], and SBC [94] could also cover the
phase space of interest. With such sensitivity, the upcoming
direct detection effort will reach the neutrino floor, which is
higher at O(1 GeV) dark matter mass than at O(100 GeV).
We also find that DAMIC-M [95] will be insensitive to a
subcomponent f, = 1072, Another proposal is to employ
underground nuclear accelerators to up-scatter thermalized
dark matter, greatly enhancing the reach of current dark
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matter experiments to strongly interacting subcomponents
of dark matter [80].

VI. ACCUMULATION OF (ANTD)SEXAQUARKS
IN THE EARTH

In the event that the sexaquark has a large elastic cross
section (which may help hide it from direct detection in the
case where it constitutes a fraction of the dark matter),
sexaquarks may accumulate in the Earth and other astro-
physical bodies through efficient capture and subsequent
deceleration until they achieve thermal equilibrium. Such
capture happens when the mean free path of the particle is
significantly smaller than the width of the celestial body.

In this section, we explore the accumulation of
(anti)sexaquarks in the Earth, with a focus on the near-
surface crust, which will be an important ingredient in some
constraints presented in Sec. VII. Assuming that the rates
of evaporation I'*'* and annihilation I per unit volume
are sufficiently low, sexaquarks can attain an impressive
overabundance. Our investigation addresses the accumu-
lation of both symmetric and asymmetric dark matter
within the Earth. Unlike previous studies which considered
dark matter to be its own antiparticle (or with a negligible
asymmetry), e.g., [96-99], where the only annihilation rate
is due to the self-annihilation, we extend our analysis to
include both the self-annihilation channel (SS — YY) and
the annihilation of antisexaquarks with nucleons in the
Earth (S{n, p} — bX, which we will label in this section
as Sn with n for nucleon). Even if sexaquarks constitute
only a subcomponent of dark matter, their accumulation
within the Earth can lead to a significantly larger density
than the local dark matter density, owing to the large age of
the Earth.

To estimate the populations of sexaquarks and antisex-
aquarks accumulating near the Earth’s surface over the
Earth’s lifetime, we adopt the approach outlined in
[99,100]. Our calculations incorporate the PREM model
for the Earth’s density profile and the NRLMSISE-00
model for the atmosphere [101,102]. The effect of the
traffic jam, deemed relevant only for dark matter masses
above approximately 10 GeV [80,103], is excluded.
Denoting I'“P as the capture rate, the evolution of the
number of sexaquarks (Ng) and antisexaquarks (Ng) within
the Earth is described by

dN

g = fsTP = NI = NoNsTg.(20)
dN S cap evap ann ann
o = 3T = NI = NgNsT = NgN, T, (21)

fs and f5 are derived from the freeze-out abundance of
sexaquarks and antisexaquarks and are general functions of
A, B, (ov)5¥". The capture rate is expressed as I =
FP(x > Ng, Rgy/?nmpp)zeom, Where the capture fraction,

[, is estimated using the multiscatter formalism [100],

2

cap _
I =GN

(22)

where N, represents the mean number of scatterings
needed to reduce the particle speed below the Earth’s
escape velocity v., and is given by

1 2 /452
Ny = 2/ Vo) (23)
In(1 - fxg)
The mean kinetic energy transfer fx is defined as
- ZmSmN
= . 24
fKE (mS + mN)2 ( )

We add to I'*P a term P(x > Ny, Rg/¢\rp) accounting for
probability that the sexaquarks scatter at least N, times
as they cross the Earth, given a Poissonian probability
distribution with mean Rg/\rp, the length of the sex-
aquarks’ mean free path #\rp compared to the Earth radius
Rg. This term estimates the fraction of particles that
can scatter at least N times in the Earth before exiting
so they can accumulate. The geometric capture rate, Igeom,
is given by [98]

8 p,v, 302
TS0 = 7R | -2 (1 3 (o5
& SamN 37 mg % )

where

1 2 /9,2
5 1}58_3b$/21}d

- 21}3 + 302

3z vy,

2
2 >, Ya 3vg
i —4\ Erf ——= . (2
21)@ |:UCS+U€B+3:| : <\/;Ud)) (6)

The values for the Maxwell-Boltzmann velocity distribution,
galactic dark matter velocity, and Earth’s escape velocity are
respectively  {v,, vg. Ve } = {270,220, 11.2} km/s. The
Earth radius including the atmosphere, Rg ,y, = 6471 km,
is 100 km larger than the Earth radius.

We expect our formulation for I'**? to be generally a
reasonable approximation, but it slightly undershoots the
capture rate at large cross sections, and exhibits a more
abrupt cutoff at small cross sections, in comparison to
results obtained through Monte Carlo simulations [98].
Nevertheless, it proves to be a reliable approximation for
scattering cross sections above 1073 cm? for the mass of
the sexaquark.

Postcapture, particles undergo diffusion due to gravity
and thermal gradients. Hydrostatic equilibrium states that if
the particles are diffusing over a timescale much shorter
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than the Earth’s lifetime, they can be in thermal equilibrium
with their environment, which is a valid assumption for
scattering cross sections larger than ~10737 ¢cm? [104]. The
distribution of these particles’ number density as a function
of the radius from the center of the Earth is approximated
by the solution to the differential equation

T(r)

where k ~ —1/[2(1 + mg/my)3/?] is the thermal diffusion
coefficient [103], g(r) is the gravitational acceleration
at a height r, and we adopt the temperature profile of
Ref. [100]. From this point, we define Gg(r) = G5(r) =
Vgns(r)/Ny as the radial profile function, where Vg is the
Earth volume. The radial profile function is identical for
sexaquarks and antisexaquarks given their equal mass and
only depends on temperature and gravity gradients through
the Earth. For sexaquarks, the number density remains
approximately constant across the Earth, with a slight
overdensity in the core and near the surface [100,105].
Their mass is not sufficiently heavy to all sink to the Earth’
core, nor to all evaporate, preventing substantial depletion
near the Earth surface.

To study thermal evaporation, we adopt the expres-
sion [99,100]

3 2

2 2
[ = Gg(Ryss) IRissvuss <1 S >e_”§‘/”iSS, (28)
Ry VLss

where R 55 and vy g5 denote the Earth radius and sexaquark
thermal velocity evaluated at the surface of last scattering
(LSS). The LSS is the location z; g5 Where the last collision
between dark matter and atoms occurs, providing the dark
matter particle with a sufficient amount of energy in the
upward direction to escape Earth’s gravitational attraction.
The optical depth defines the location of the LSS
through [100]

- / ® 423 (2) (” o AZ)Z% (29)

LSS N Hyn

The annihilation rates are given by

An(ov)2 [Re
Fg%n:4V2 SS/ drr*Gi(r), (30)
) 0
4r(ov)a™ [Re
[amn — —__ ‘Sn / drr’Gg(r)n,(r). 31
= [ Gy . @

Equations (20) and (21) are coupled differential equations
and their full solution can only be evaluated numerically.
Accounting for capture and evaporation, the number
density of dark matter particles with a mass around a

GeV and large scattering cross section has been previously
found to be approximately 10'* cm™ [100]. Works incor-
porating dark matter annihilation introduce the third factor
shown on the right hand side of Eqs. (20) and (21). In
addition, we include the fourth term of Eq. (21) to capture
possible annihilation of antisexaquarks against nucleons.
We emphasize that for similar annihilation strengths, the
last term of Eq. (21) will dominate over the third due to the
factor of N, instead of Ny, i.e., the larger abundance of
nucleons compared to sexaquarks in the Earth.

In scenarios where the self-annihilation dominates over
evaporation and annihilation against nucleons, the popu-
lations of sexaquarks and antisexaquarks evolve together as

NI s> N, e, [evap (32)
Tcap

Ns(t) = N5(t) =\ [ tanh(, /rcapr;gw). (33)
SS

However, the self-annihilation rate is suppressed due to the
factor ng < 10" cm™, while the annihilation against
nucleons has a term 7, ~ 10** cm™3. For example, taking
(ov)3 = 10727 cm? /s, self-annihilation only becomes the
dominant annihilation channel for (ov)3" < 107> m;>.
Furthermore, the importance of evaporation for dark matter
with a mass less than 10 GeV is emphasized in various
works [98,99]. In a more realistic scenario, we take the self-
annihilation I'(" to be small compared to the evaporation
and annihilation against nucleons. In this case, the pop-
ulations are given by

NI < N, Jan, pevap (34)
Teap e
Ns() = e [1 =™, (35)
FCap — Nﬂr‘:jnn_,’_r*evap
Ns(1) = N, T [1— e WIS (36)

Figure 10 illustrates the accumulation of sexaquarks and
antisexaquarks. For B > 1079, it incorporates the freeze-
out abundance factor fg5 (shown in the second panel of

Fig. 5), assuming that only (cv)§" influences the final

abundance. For sexaquarks, a single factor of B regulates
the overabundance stemming from the freeze-out process.
Conversely, antisexaquarks get two factors of B: one from
freeze-out and another from the depletion of the abundance
during accumulation. They cannot achieve a considerable
overabundance compared to the dark matter wind through
accumulation due to their rapid annihilation with nucleons
in the Earth, shown as the white region on the right panel
of Fig. 10.

At annihilation rates corresponding to B = 107! or
lower, sexaquarks are never coupled to the baryon-photon
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FIG. 10. Number density of accumulated sexaquarks (left) and antisexaquarks (right) near the Earth crust (depth of 1 km) as a function
of the annihilation cross section parametrized by (UU>'§I:,IL bx = Bm3? and scattering cross section o$M or a%cna‘. These figures assume the
annihilation cross section (av}?%“ to be negligible, both for freeze-out and Earth accumulation, as well as (6v) gx_,,;y being negligible for
freeze-out. For the sexaquarks, the plot shows only the capture and evaporation, while for the antisexaquarks, it further shows the
depletion due to annihilation against nucleons. The black vertical lines are for 1860 MeV (anti)sexaquarks as all (full), 10~ (dotted),

1076 (dashed), 10~ (dot-dashed), and 10~'? (dot-dot-dashed) of dark matter. To the left-hand side of the white gaps, we take dark matter

to be half in sexaquarks and half in antisexaquarks.

bath if no other process helps regulating the freeze-out
abundance. Still, sexaquarks could in principle make up all
or a substantial fraction of dark matter based on other
processes occurring either during (e.g., the rearrangement
of quarks during the QCD phase transition as described in
Ref. [19]) or shortly after the QCD phase transition (e.g., by
tuning the values of A and (ov)53"). These scenarios would
imply a symmetric sexaquark and antisexaquark popula-
tion. In this case, a substantial accumulation can occur as
the depletion from the annihilation parametrized by B is
very small. In this context, we present in Fig. 10 the
accumulation of sexaquarks and antisexaquarks for
B < 107'°, demonstrating that this scenario can still lead
to a substantial (anti)sexaquark overabundance. The
observed mismatch in contours at B = 107!¢ arises from
the fact that freeze-out between the thin white gap and the
full black line results in an overabundance of sexaquarks
and antisexaquarks—up to a thousand times more than the
observed dark matter abundance, while to the left of
B =107, we take fs = f5 = 0.5. If the process generat-
ing the relic (anti)sexaquark abundance yields a subcom-
ponent of dark matter, the curves shown in Fig. 10 can be
scaled down accordingly.

For large values of B, evaporation becomes significant
for nucleon scattering cross sections below 10732 cm?. As
B decreases below 1071, the evaporation begins to domi-
nate over the annihilation and for B < 102, the annihi-
lation rate becomes negligible compared to th] and can be
omitted from Eq. (36). The largest abundance occurs for
scattering cross sections between 10732 and 10726 cm?,
where the evaporation rate is smallest due to the LSS being
at or near the Earth surface, which is significantly colder
than inner parts of the Earth, reducing the factors of vy g
in Eq. (28).

In the accumulation plots presented, even when the
sexaquark population in the Solar neighborhood is sym-
metric (i.e., for B < 107!), the depletion of the antisex-
aquark population during the accumulation process results
in an asymmetric Earth accumulation. Symmetry is
restored for B < 107%°, where virtually no antisexaquark
annihilates against nucleons in the Earth. For sexaquarks
with freeze-out, even at large values of B (which lead to
fs~ 10711 as discussed in Secs. III-IV) a slightly larger
abundance than the local dark matter abundance can be
obtained. This becomes especially significant at large
scattering cross sections, where the atmosphere and crust’s
stopping power otherwise prevents the penetration of the
dark matter wind down to underground detectors.

The consideration of sexaquarks binding to nuclei is
omitted in our analysis due to uncertainties regarding the
dominant interaction channels. Specifically, it remains
unclear whether the attractive two-pion channel prevails
over the repulsive single vector meson channel [106].

VII. ANTISEXAQUARK ANNIHILATION
SIGNATURES

As discussed in Sec. III, in cosmological scenarios where
a large (anti)sexaquark abundance is achieved by an early
decoupling from chemical equilibrium with the baryons
(i.e., at temperatures 40 MeV), and where SS annihilation
does not subsequently deplete the relic abundance, we
would expect the sexaquark component of dark matter
to be approximately symmetrically distributed between
sexaquarks and antisexaquarks. In particular, as we showed
previously, obtaining the full dark matter density in
(anti)sexaquarks (without invoking a very large sexaquark
chemical potential at the end of the quark-hadron cross-
over) typically requires suppression of all the depletion
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processes, leading to a significant relic antisexaquark
abundance. Because antisexaquarks carry antibaryon num-
ber and can annihilate against nuclei, this opens up the
prospect of new searches that exploit the very large density
of nuclei in planets and stars, most obviously the Earth.
In this section, we explore how to detect the presence of
antisexaquarks that have accumulated in the Earth or pass
through as part of the Galactic dark matter wind. We
consider both the wind antisexaquark population and the
thermalized and accumulated antisexaquarks discussed in
Sec. VI and Fig. 10, and exploit data from the Super-
Kamiokande neutrino detector. Due to its long running time
and good energy resolution, Super-Kamiokande has high
sensitivity to such signals. The wind and accumulated
antisexaquarks are complementary in their reach for the
scattering cross section; the wind population has a high-
cross section cutoff due to the stopping power of the
atmosphere and crust, while the accumulated population
has a low-cross section cutoff due to the finite size of the
Earth compared to the antisexaquark’s mean free path.
The annihilation of dark matter carrying antibaryon
number in Super-Kamiokande, leading to induced nucleon
decay, has been previously discussed in the literature, e.g.,
in the context of hylogenesis models [107], as well as a first
study for the sexaquark [108]. There are also other works
which have considered the related signal from dark matter
self-annihilation (e.g., [99,109]). In this scenario, looking
at the Galactic wind dark matter annihilating in or near the
detector does not result in a large signal and thus cannot
probe a wide range of annihilation cross sections or dark
matter subcomponents. In our case, because one of the
initial-state particles is an abundant nucleon in or near the
detector, we show that a Galactic wind population of
antisexaquarks could give rise to a striking signal.

A. Annihilations within Super-Kamiokande

For both the transient population of antisexaquarks
composing the dark matter wind and the accumulated
population inside the Earth, the strong annihilation cross
section S{n, p} — bX would result in the annihilation of
nucleons inside a detector and potentially leave a detectable
signal [110]. This section relies on the assumption that the
reaction rate of S{n, p} — bX is nonzero. Most annihila-
tion channels of an antisexaquark with a proton or a neutron
would produce at least one energetic neutral pion above the
Cherenkov threshold, for example through pS — Z7° or

nS — 2%2°. The first pion would have up to a GeV of
kinetic energy, and all subsequent produced pions would
travel faster than light in the ultrapure water of the detector.
The full range of expected final states is presented in
Table III.

Super-Kamiokande is a large neutrino observatory with a
total exposure of 450 kton - years [111]. If such an anni-
hilation event occurs inside Super-Kamiokande, it would

TABLE III. Possible final states of antisexaquark annihilation
with nucleons. We neglect subpercent branching ratios and
assume K° are K¥. BR stands for branching ratio and refers to
the decay of the prompt products of annihilation; we do not
attempt to estimate the branching ratios of pS and nS into these
various products.

Initial Products =3 decay A, K° decay BR
pS = Arxta® prtata® 64%
anlnt a0 36%
=0+ AnOz* prta’nt 64%
an’zOnt 36%
KO antK° ant 070 31%
antrta 69%
SOR+ AyK+ prtyK™* 64%
Andy K+ 36%
AK* prtKt 64%
arVK+ 36%
ns 0,0 An®z° prata’n° 64%
7’7070 36%
B Antn prtanta 64%
anlrt 36%
SO0 AyK® prtyn’n® 20%
prtynt 44%
Ay n®n 11%
anlynt 25%
STK+ pr’K™* 52%
an~ K+ 48%
AK?® prtK° prta’x° 20%
prtata 44%
KO0 07070 11%
nrlnta 25%

first produce two photon rings for each neutral pion (up to
three in channels with large branching ratios, as described
in Table III) and would have been tagged with efficiency of
~50%, although not necessarily reconstructed [112]. The
heavy antihyperon would then decay to an antiproton or
antineutron, injecting another GeV of energy in the detec-
tor, and this antinucleon would annihilate with another
nucleon within the detector. Since the decay timescale of
the antihyperon is ~10710 s, it would travel at most a few
centimeters before decaying, such that the full decay chain
is likely to be contained within the detector volume.

As the antisexaquarks are nonrelativistic, the events
would appear to have invariant mass equal to the sexaquark
plus the nucleon mass (~3 GeV), and small momentum
(~2 MeV), resembling a heavy particle decaying at rest.
Compared to previous analyses undertaken by Super-
Kamiokande, the antisexaquark-nucleon annihilation has
a larger center-of-mass energy than n — 7 oscillations.
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The final state particles would resemble those from a
neutrino neutral-current interaction, although they would
be emitted approximately isotropically rather than forward.
Due to these differences, the expected signature of an
antisexaquark annihilation would be unique, with virtually
no background.

In the absence of a dedicated analysis, we could
seek to repurpose searches for nucleon and dinucleon
decay [111,113,114], and neutron-antineutron oscilla-
tions [115,116], in part since all decay chains stemming
from S{n, p} would produce an antinucleon that would
annihilate with a nucleon, which have already been
searched in these dedicated studies. However, a concern
is whether the additional particles in the final state would
cause antisexaquark events to fail the cuts for these
searches, e.g., by having too many Cherenkov rings from
7Y or Michel electrons from z*. A simpler approach is just
to require that the rate of antisexaquark events is smaller
than the relevant backgrounds, before cuts.

Super-Kamiokande has a rate of multi-GeV multiring
atmospheric neutrino events of ~1 per day for energies
above 1.33 GeV [117]. This corresponds to roughly 5000
events over the detector’s total exposure; to estimate a
bound we require less than 1000 antisexaquark events
over the same exposure, corresponding to a rate of (.2
events/day. A more sophisticated analysis could almost
certainly significantly improve this bound; for example,
even without modeling the signal in depth, Super-
Kamiokande has searched for seasonal correlations in its
dataset and found none [118], which could potentially
place limits on the fraction of the background originating
from wind antisexaquarks. Searches for nn — 7°2° over
282.1 kton - years found zero events with a total invariant
mass above 2 GeV [113], so the limit could potentially be
up to around three orders of magnitude better than our
estimate.

In order to assess the sensitivity of Super-Kamiokande to
a relic antisexaquark population, we estimate in this section
the rate of annihilation events occurring in the detector.
The signal is controlled directly by the B parameter
described earlier, but the relic antisexaquark abundance
can also be depleted by the processes controlled by A and
(ov)§3" in the early universe. We will focus initially on
results where this extra depletion is negligible, which
provides an upper bound on the potential signal rate from
antisexaquark-baryon annihilation; the rate can be scaled
downward appropriately in the case of a lower antisex-
aquark abundance.

The number of annihilated nucleons due to the transient
antisexaquark population is given by
N x/.l'c{lr?n (t E )

zNn skl{ov)Ptpng

xexp( ZDZ / dzZnA(z)), (37)

where N{) g is the number of nucleons in the detector at the
beginning of the experiment lifetime, (6v)3" = Bm;?* is
the annihilation rate, ¢ is the running time, ng , is the local
number density of antisexaquarks, and v5 is the velocity of
antisexaquarks at the detector’s depth. The factor on the
second line of Eq. (37) accounts for the depletion of the
antisexaquark flux as they cross the Earth atmosphere and
crust due to annihilation with ambient nucleons. This
expression gives a range of annihilation rates <av>§'}‘1“ over
which antisexaquarks can annihilate a noticeable number of
nucleons in a detector. For smaller cross section, antisex-
aquarks go through the detector without interacting, while
for larger cross sections, antisexaquarks annihilate in the
atmosphere and the crust before reaching the detector.

In addition to the annihilation cross section, antisex-
aquarks may scatter as they cross the atmosphere and crust,
such that the velocity and hence the flux at the depth of
Super-Kamiokande may be reduced. We follow common
literature (e.g., [77,85]) to include this factor through

vS—v){exp( Sca‘/ Zn = z> (38)
Zdet

S'uSn

where v, ~ 220 km/s is the galactic dark matter velocity.
ng, is a function of 63, but also (ov)§Y" and (ov)§y' since
the fraction of dark matter composed of antisexaquarks is
determined through freeze-out. For a typical dark matter
detector where we consider scattering with an energy above
the experimental threshold, we would cut all dark matter
particles for which the velocity at the detector’s depth does
not result in a sufficiently large kinetic energy. However, in
the context of annihilation, we have no such concerns. The
left panel of Fig. 11 presents the number of expected events
in the Super-Kamiokande detector as a function of the
nucleon scattering cross section and the annihilation cross
section §{n, p} — bX, parametrized by (cv)i™ = Bm;>
The contours for different sexaquark masses are essentially
identical. For larger values of B = 107°, we assume that B
controls the relic abundance. For very small values of B,
this process never equilibrates in the early universe. As
argued previously, in this case the relic abundance can be
determined by A and/or (61}}2’}9‘1, or by processes occurring
during the QCD phase transition. Thus for B < 107!6 we
assume the sexaquarks are symmetric and constitute 100%
of the dark matter density; the presented rate can be scaled
down accordingly if either of these assumptions is violated.
Even though the scattering cross section range shown is
constrained by dark matter direct detection experiments
(Fig. 8) for f, =1, the bounds from antisexaquarks
annihilating in Super-Kamiokande provide an additional
independent check.

In addition to annihilated nucleons due to the transient
antisexaquark population, there may also be a population of
thermalized antisexaquarks which are accumulated near the
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Estimated number of nucleons annihilated in the Super-Kamiokande detector due to (left) antisexaquarks from the dark

matter wind and (right) accumulated antisexaquarks. This number depends on the annihilation rate parametrized by (ov){" = Bm3;? and
on the scattering cross section GE,C;“. The black vertical lines are for 1860 MeV antisexaquarks as all (full), 10~ (dotted), 10~° (dashed),
107° (dot-dashed), and 10~'? (dot-dot-dashed) of dark matter. To the left-hand side of the white gaps, we take dark matter to be half in

antisexaquarks.

surface of the Earth, as described in Sec. VI. The number of
annihilated nucleons due to the accumulated antisexaquark
population is given by

N?z(,:acnn(tE) ~ N2,5K<O-v>%r,1,ntEnS‘,acc’ (39)
where ng .. is the number density of accumulated antisex-
aquarks at the depth of Super-Kamiokande. This equation
depends on the cross section (ov)§™" in three ways: once in
the freeze-out calculation to determine the fractional relic
abundance of antisexaquarks, £ (although for B < 1076 we
again assume f5 = 0.5; the rate can be rescaled accordingly
for smaller f5), once in the accumulation through the
annihilation rate Fag‘:l“, and once in the annihilation in the
Super-Kamiokande detector explicitly in Eq. (39). The right
panel of Fig. 11 presents the resulting number of annihilated
nucleons due to accumulated antisexaquarks.

Comparing annihilation rates due to the antisexaquark
wind and accumulated antisexaquarks, the accumulated
population dominates at large scattering cross sections
(>1073* cm?), where the stopping power of the Earth’s
crust to the wind is significant. On the other hand, the wind
population dominates at small scattering cross section
(<1073 cm?), where the long mean free path implies that
very few antisexaquarks are captured by the Earth.

Combining the effects of the two populations (wind and
accumulated), let us examine the limiting case where the
cross sections parametrized by A and (01})2‘};‘ are negligible,
and where as previously we assume the full dark matter
abundance is obtained (and is symmetric, fg = f5) when
B < 107'° and so chemical equilibrium is never attained
after the QCD phase transition. In this case, we would
expect more than 1 event in Super-Kamiokande over
the range 1072’ < B < 107 (with the lower limit scaling
linearly with the number of events, e.g., there are ~10°

events for B ~ 1072*, and so on). This calculation assumes
ideal conditions, i.e., perfect efficiency for tagging and
reconstructing, and is intended as an order-of-magnitude
estimate of the range of B that can be excluded.

This limit is independent of the elastic scattering cross
section. In the case of elastic scattering cross sections above
10732 cm?, the range of B that would produce ~1000 events
in Super-Kamiokande extends to 1073° < B < 107°, while
for cross sections exceeding 10737 cm? (note that our
polarizability cross section estimate satisfies this criterion),
the range is 1072% < B < 107°. These results are summa-
rized in Table IV. The lower ends of all these ranges
correspond to a far stronger suppression to the effective
sexaquark-baryon coupling than has been envisaged in any
source, to our knowledge (see, e.g., the discussion in
Ref. [21]). The unconstrained region with B > 10~ cor-
responds to the plateau where the sexaquark abundance is
less than 107! of the dark matter density and the antisex-
aquark abundance is suppressed even further; this region
seems experimentally viable, but S, S would contribute only
a tiny fraction of the dark matter. Comparing the two panels
of Fig. 11, Super-Kamiokande is more sensitive to large
values of B for the Galactic dark matter wind than the
accumulated population, since as antisexaquarks are cap-
tured their abundance is depleted by annihilation with nearby
nucleons.

If we relax the assumption that A is small, the effect of a
larger A is to deplete relic abundance f/, following the same
equilibrium trajectory as the case of large B (see Sec. III).
As shown in Fig. 6, this has little effect for B > 10~ but
will suppress the signal for smaller values of B. However,
because the constraints for smaller values of B are already
so strong, eliminating them requires the severe suppression
of antisexaquark relic abundance found for A > 1074,
where f, $1071°.
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TABLE IV. Approximate lower reach of Super-Kamiokande to
the annihilation rate (ov)§" parametrized by B to see at least 0.2
annihilation per day of an antisexaquark in the Galactic dark
matter wind and in an accumulated population, assuming
sexaquarks are all of dark matter. To either go from the given
rate (0.2 events/day) to a different signal rate, or decrease the
fraction of dark matter in (anti)sexaquarks, scale the number in
the table accordingly.

o5 [em?] Wind Accumulated
>107% - 10-%?
107322102 10~24 10739
107371073 10-2 10-2#

< 10—37 10—24 —

A more promising way to evade this constraint while
achieving a non-negligible contribution to f, is to annihi-
late away the relic sexaquark abundance via (ov)5X". As
discussed in Secs. III-1V, this can lead to f, as large as 1073
(for a decoupling temperature 7', up to 150 MeV, corre-
sponding to small A and B) with a very suppressed
antisexaquark abundance. In this specific case, suppressing
the antisexaquark abundance by a O(1) factor (relative to
sexaquarks) requires (ov)%%" 2 10722 cm?/s (as shown in
Fig. 5); there will be limits on the residual antisexaquark
annihilation, but above this cross-section threshold, the
antisexaquark abundance and hence the annihilation signal
is exponentially sensitive to the cross section, as is usual for

asymmetric dark matter.

B. Other annihilation constraints

We can also expand our analysis beyond the antisex-
aquarks annihilating within Super-Kamiokande, to include
those annihilating anywhere within the Earth that produce
neutrinos detectable by the detector. When antisexaquarks
annihilate with either a proton or neutron, they typically
form a strange antibaryon. The decay chain of this baryon
usually includes a charged pion, which subsequently
decays into a muon neutrino. Our focus is primarily on
antisexaquarks annihilating beneath the detector’s location
(r < Rgk), ensuring that all resulting events are upward-
moving. This distinction would be crucial for differentiat-
ing them from cosmic rays. The energy of these neutrinos
could be as high as O(GeV) if they were produced directly
in the annihilation, or via a rapid decay or annihilation of a
charged pion shortly after its production; however, they
could also appear at significantly lower energy if they
originated from pions that stopped in the Earth prior to
decaying. In Appendix F we explore the possible Super-
Kamiokande signature of these neutrinos in the optimistic
case where they have O(GeV) energy, and show that the
number of events is expected to be around 7 orders of
magnitude below that discussed in the previous subsection

(at lower energies we would expect a suppressed cross
section for neutrino detection).

We further investigated the accumulation of (anti)sex-
aquarks and their subsequent SS annihilation in Super-
Kamiokande, assuming the other thermally averaged
annihilation cross sections parametrized by A and B are
strongly suppressed (and thus the sexaquark asymmetry is
determined at T, = 150 MeV). If (ov)$" sets the freeze-
out abundance as well as the accumulation of (anti)
sexaquarks in the Earth, Super-Kamiokande could con-
strain this annihilation rate up to 3 x 10722 cm?/s for
elastic scattering cross sections above 1073 cm?, corre-
sponding to f5~ 107 (and fg~ 1073). In the scenario
where fg were somehow fixed to 1 at the end of the quark-
hadron transition, we would expect to have sensitivity to
(ov)3 up to 3 x 107> cm?/s, again corresponding to
s~ 1077 If (ov)%" is too weak to fully deplete the
antisexaquarks in the early universe, leading to a symmetric
fs = f5 population, and assuming the annihilation products
produce a distinct and distinguishable signature, we can

constrain a wide range of values for (ov){§" for elastic

scattering cross sections above 10733 cm?. Specifically,
where fg = f3 = 0.5, the cross section sensitivity can be
as small as (ov)3%" = 107% cm’ /5. These constraints com-
ing from accumulated (anti)sexaquarks are much stronger
than what can be obtained for the Galactic wind population
because of the sparse density of (anti)sexaquarks, as
presented in Ref. [119] for a symmetric f, = 1 population.
We could also look for neutrinos from SS annihilating in the
Earth, and in this case the neutrinos could be somewhat
higher in energy than in the case of Sb annihilation, although
as previously we would expect the event rate to be lower
compared with annihilation within the detector volume.

Annihilation between sexaquarks and antisexaquarks
could provide a classic indirect detection signal. The
thermal relic cross section (ov)3" ~2 x 1072¢ cm?/s is
ruled out for a ~2 GeV relic with the full dark matter den-
sity annihilating through hadronic channels (e.g., [120]),
and corresponds to freeze-out in a regime where the
sexaquark is still quite symmetric, as discussed in
Secs. HI-IV. Of course, larger cross sections are viable
for f3 < 1. As has been assumed in previous studies
and seems natural, this suggests that either the domi-
nant depletion processes at freeze-out should involve
(anti)sexaquarks interacting with more abundant
Standard Model states, rather than annihilation between
sexaquarks and antisexaquarks, or that (ov){%' must be
large enough to efficiently deplete fs.

Additional bounds from the Earth’s heat flow could also
be derived [96,121]. The limits obtained by these works
require the annihilation products to deposit their energy in
the Earth, i.e., this excludes neutrinos as the final state
particles, and so is complementary to Super-Kamiokande
bounds.
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There is a possible signal from sexaquark self-
interactions via meson exchange, which could have a
QCD-scale cross section. The current upper boundary
for the self-interaction cross section ¢%' per dark matter
mass m,, is as'i/m)( < 0.1-1 cm?/g [122], which (using the
sexaquark mass for m,) converts into 6% = Cmjy?, with
C <10-100. Given the uncertain self-interaction cross
section, it is difficult to see how this channel could provide
a robust constraint even for f, =1, and self-interaction
constraints for a subdominant component are much weaker
or nonexistent.

VIII. SUMMARY

We have explored the implications of the hypothesis
stable sexaquarks could exist, focusing on exploring
whether sexaquarks could compose a large fraction of the
dark matter. We investigated the abundance of (anti)sex-
aquarks through freeze-out and their potential detection
signals, focusing on direct detection experiments and the
annihilation of antisexaquarks, including an accumulated
population in the Earth. We explored a range of possibilities
for the elastic scattering cross section, chnat, as well as
three thermally averaged cross section times velocity,
(ov)o_sx> (OV)S" s and (ov)§E with the first two
parametrized by A and B times mj?, respectively. We
varied these interactions separately to sweep the allowed
parameter space.

To obtain a sexaquark relic density that matches the
observed dark matter abundance, processes that maintain
the sexaquark chemical potential pg = 2up must freeze
out at a high temperature, where chemical potentials
are negligible and a nearly symmetric population of
(anti)sexaquarks is obtained. This requires a severe sup-
pression of all strong number-changing interactions that
allow (anti)sexaquarks to exchange baryon number with
other particles. Specifically, if either A > 10~"> or B> 1073,
the sexaquark number density is driven to around 107! of
the total dark matter density, with antisexaquarks being
further suppressed. This value remains almost unchanged
for higher values of A, B; we have presented a simple
analytic estimate for the value of the abundance at this
plateau in Appendix B. However, for smaller values of A
and B, the freeze-out abundance increases steeply with
decreasing cross sections; in the case where the process
parametrized by A freezes out last, we have shown
analytically that the final relic abundance is approximately
proportional to A~"s/Bs where By is the binding energy of
the sexaquark and myg is its mass. The transition between
these two regimes is tied to the baryon chemical potential
becoming significant (i.e., the baryon and antibaryon
number densities diverging). Considering the high-
temperature regime where chemical potential effects are
negligible, we found that preventing the onset of chemical
equilibrium after the QCD crossover requires A < 107"°

and B < 107 (in contrast to Ref. [21] which found a more
modest suppression of only A < 107! was required; we
have identified the source of this difference as an error in a
cross section adopted by Ref. [21]). This suppression for A
is quite severe and comes close to saturating previous
estimates of the possible suppression from wave function
factors and tunneling [21]; it may be unrealistically small
(especially given the likely presence of representation
mixing due to flavor symmetry breaking).

Nonetheless, we considered scenarios where A and B are
very small and a large symmetric (anti)sexaquark relic
abundance is generated, both with and without subsequent
depletion of S by SS annihilation. In the case where SS
annihilation is efficient enough to exponentially deplete S
abundance (requiring (ov)¥" % 107> cm?/s), we find that
the final sexaquark abundance is always less than 10~3 of
the dark matter, if we start from an equilibrium configu-
ration at 7, < 150 MeV. Achieving the full dark matter
abundance in such a scenario would thus require a very
enhanced yield of sexaquarks from the QCD phase tran-
sition relative to equilibrium expectations. If the SS
annihilation is less efficient, we predict a symmetric relic
antisexaquark population in the late universe.

We presented an estimate for the elastic scattering of
sexaquarks with nucleons due to the sexaquark’s electric
polarizability (there may also be larger contributions from
meson exchange) and found that the resulting cross section
is within the experimental excluded region. Combining
current direct-detection limits, we found that increasing the
cross section did not allow us to escape these bounds.
However, a 1073 or smaller subcomponent of dark matter
with a large scattering cross section could be viable.

If antisexaquarks are present with an abundance
f5 = O(107'2), it becomes favorable to look at their
annihilation signature rather than their scattering in direct
detection detectors. Taking the Super-Kamiokande detector
as a benchmark, and accounting for both the dark matter
wind and the possible accumulation of antisexaquarks
in the Earth, we found that in the case where antisex-
aquarks have an abundance similar to that of sexaquarks
(requiring, among other factors, that B < 107°), an anni-
hilation signal comparable to the relevant background rate
at Super-Kamiokande can be obtained, for values of B
down to 1072*. For elastic per nucleon scattering cross
sections exceeding 10737 ¢m? (which holds for our polar-
izability estimate), the minimum testable value of B is
lowered further, by 4-15 orders of magnitude depending on
the scattering cross section.

Taken together, our results appear to strongly disfavor
sexaquarks as all of dark matter or even as a substantial
subcomponent (more than ~1073). However, a few pos-
sibilities remain open. First, either A > 10™'% or B > 107°
lead to fg ~ 107! and an even smaller component of anti-
sexaquarks. Our constraints using scattering in direct detec-
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tion experiments and annihilation in Super-Kamiokande
are not sensitive to such scenarios. Alternatively, there is a
continuum of scenarios with A < 107", B < 107'° where
SS self-annihilations efficiently deplete the antisexaquark
abundance in the early universe, leading to fg~
1073 — 107!1; this scenario requires a minimal self-anni-
hilation cross section of 1072> cm?/s (for fg ~ 1073; this
lower bound will increase roughly as the inverse of f).
Direct detection also sets bounds on the elastic scattering
cross section in this case, e.g., requiring 3% ~ 1078 cm?
for fg ~ 1073 (with a wider range of possibilities for lower
fs)- Scenarios where the antisexaquark abundance is not
strongly depleted in the early universe (relative to the
sexaquarks) require an extremely tiny value of B to survive
Super-Kamiokande limits, which does not naively appear
plausible.

In order to obtain fg =1, all of the following would
need to be true:

(i) There are either unaccounted-for errors in the con-

straints from multiple direct-detection experiments,
OR the elastic scattering cross section between
nucleons and the sexaquarks is strongly suppressed
(6% < 107*! cm?). This cross section is several
orders of magnitude below what we would expect
from purely electromagnetic interactions, for a
sexaquark radius as small as 0.15 fm.

(i) Either antisexaquark-proton annihilation is sup-
pressed by at least 24 orders of magnitude relative
to a QCD-scale cross section (to avoid signals
comparable to the background rate in Super-
Kamiokande), OR the following must all be true:

Sexaquark-baryon interactions must be suppressed by
large factors A < 1071°, B < 10717;

The net yield of sexaquarks (i.e. sexaquarks minus
antisexaquarks) from the quark-hadron transition must
exceed expectations from the equilibrium calculation
in the hadronic phase by three (or more) orders of
magnitude;

Self-annihilations or a similar process must be suffi-
ciently strong to exponentially deplete antisexaquarks
in the early universe, requiring (ov)3%" 2 107> cm?/s.
(This criterion is not hard to envisage; the others are
more difficult.)

To our knowledge, the sexaquark is the first six-quark
bound state to be proposed as a dark matter candidate.
Other dark matter candidates carrying baryon number may
undergo a freeze-out process similar to what we laid out,
even though their exact quantum numbers may differ, to the
degree that interactions with the baryons enforce a con-
straint on their chemical potential up to the point where
they decouple. In the scenario where these candidates’
baryon-number-transferring interactions decouple before
the chemical potential becomes important, and they do
not then efficiently self-annihilate (or do so in a way that
yields a residual population carrying antibaryon number),

the non-negligible dark matter population would leave a
distinct annihilation signature in Super-Kamiokande.

We hope that our work encourages future lattice QCD
calculations to shed light on the sexaquark’s electro-
magnetic structure and confirm the polarizability estimate
we have used. Additionally, lattice QCD can be used to
investigate the interaction and decay channels of the
sexaquark, providing further insight into its properties.

Expanding beyond the scope of sexaquarks, the equations
we have derived for the interaction of a dark matter candidate
with Standard Model particles in Eq. (19) and Appendix D
hold true for all candidates with nonzero polarizability,
independent of the specific underlying model.
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APPENDIX A: REPRESENTATION THEORY

Group theory provides a powerful framework for inter-
preting the symmetries and transformations of physical
systems. By examining the group properties of quark
bound states, we can gain insights into their structure
and behavior, and make predictions about their interactions
with other particles. In this work, we review Ref. [2]’s
treatment of group theory to investigate the properties of
the sexaquark in a qualitative manner. To construct the six-
quark state, we must build it as an s-wave SU(3), color
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singlet with an overall symmetric wavefunction and spin
zero. The interesting structure arises when we examine the
physical spinless combinations, which give rise to three
possible irreducible representations of SU(3) ; flavor: the 1,
27, and 28. In the SU(3), flavor symmetry limit, the
sexaquark is the singlet, and in the literature it has
frequently been treated as pure flavor-singlet as well as
being color-singlet and spin zero.

However, the flavor symmetry is broken due to the
significant mass gap between the light up and down quarks
and the heavier strange quark. As a result, we expect the
sexaquark-like state to have substantial admixtures of higher
irreducible representations with the same quantum numbers
JPC (representations that contain an isosinglet, strong-
hypercharge zero, and spin-zero state). Admixtures with
the 27 and 28 representations would be expected to modify
the couplings of the sexaquark to other hadronic states
nontrivially, compared to the case where the sexaquark is
a pure flavor singlet [123]. In particular, as discussed in
Sec. II the SAA coupling must be quite suppressed to avoid
constraints from hypernuclei decays, but current arguments
favoring a highly suppressed coupling assume the S is a pure
flavor singlet [21]. This argument is one motivation for our
choice to treat this coupling as a free parameter.

A comparable scenario is observed with the @ and ¢
vector mesons. These mesons possess an isospin of 0 and
are mixed states of the 1 and 8 representations to diago-
nalize the strange quark content. The ¢ meson is nearly a
pure state of 55, whereas the @ meson contains hardly any
strange quark. In the limit of flavor symmetry, the masses of
the two mesons should be approximately equal, but the
symmetry breaking leads to the ¢ meson having a larger
mass, and the two mesons, one belonging to the octet and
the other being a singlet, become mixed [124].

APPENDIX B: SCALING OF THE FREEZE-OUT
ABUNDANCE

In this appendix, in order to better understand the
features of Fig. 5, we develop an analytic understanding
of the temperature dependence of the sexaquark abundance
at freeze-out, ng(T ;). For purposes of this appendix we
assume that the freeze-out is controlled by the breakup
process SX <> bb' where collisions with mesons convert
the sexaquark into two baryons (with a rate parametrized by
A in the main text). Then the chemical decoupling happens
at the temperature 7', where the breakup rate I'gy_; (Tf)
from Eq. (12) falls below the Hubble rate H(T). If we
consider a single species b = b’ which we take to be the A
hyperon, the freeze-out temperature is approximately

T —Bg
R el 2 N
669210 MeV'/2
ln(—g 3 )

mpy mf\A my*

(B1)

where as previously, we define the binding energy as By =
2m — mg. Since both the denominator and numerator are

negative, we have 7 > 0. On the right hand side, we take
100 MeV as a benchmark temperature to solve
for the freeze-out and find that the approximation is
somewhat insensitive to the choice of temperature,
as long as it is in the regime of 1 to 100 MeV. We
3/2 1/2 1/2,,3/2
define X = ngz( ;(;\0] %ZV]\),;:\S,g/z 1'66g*m;2,,1:;[\i:;] "5 then T, =
—Bg/In(X/A) to simplify the notation below. Using this
expression, we obtain the sexaquark abundance at freeze-
out using n(T ;) & Amyz*(n}})*/H(T). We take Eq. (1)
for the A number density n}! and insert Eq. (3) as its
chemical potential.

At high temperatures where the chemical potential is
negligible, the lambda hyperons’ equilibrium abundance
resembles the sexaquarks’ from Eq. (4) with the replace-
ment mg — m, and an overall factor of 2 due to the
different number of degrees of freedom. Then, with the help
of Eq. (B1) the sexaquark freeze-out abundance is

Jmy G

2 (i ([

() (B2)

The A dependence of the sexaquark abundance originates
almost exclusively from A~"s/Ps_ The large negative index
for A, since mg > By, gives rise to a rapid evolution in
fs, f5 as afunction of A at sufficiently small values of A, as
shown in Fig. 5.

For low temperatures, the chemical potential’s depend-
ence on the temperature is nontrivial and the scaling on A is
due to a fine tuning of all terms contributing to the freeze-
out abundance,

Yim§ (In( [5]">/%)) "2
(%) mg/Bg (mez/z (%) _mb/BS)2 '

The dependence on A is very limited and the overall
number density is suppressed by the two factors of Yp.

ngo lowT(T ) ~

(B3)

APPENDIX C: ASYMMETRIC DARK MATTER
WITH BARYON NUMBER

Asymmetric dark matter models sometimes justify an
asymmetry in the number density of a dark matter particle y
compared to its antiparticle 7 by the baryon asymmetry, e.g.,
[125,126]. Let us give this dark matter particle the chemical
potential u, = aup and its yield giving the full dark matter
abundance today Y. If dark matter does not have number-
changing interactions with baryons, then the relation

S =Y +a(Yy - Y =Yg+ Ypy  (Cl)
b

must hold as hadrons and dark matter are formed from the
quark-gluon plasma at 7 ~ T',. Then, for lower temperatures
T < T. they evolve separately as
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S (v -yl = v, (C2)
a(Y;q - Y;q) = YDM' <C3)

The individual baryon asymmetries of Eq. (C2) evolve in a
similar fashion as what was shown in Fig. 1, with protons
and neutrons dominating the asymmetry at late times. For
dark matter, if it remains coupled to the photon bath until
later times the symmetric component will annihilate,
leaving only the asymmetric Yy fraction.

Figure 12 shows the required dark matter-to-baryon
chemical potential ratio @ required to obtain the full dark
matter abundance, for three choices of the hadronization
temperature. For simplicity, we chose the number of dark
matter degrees of freedom g, = 1 as appropriate for a scalar
(with an additional degree of freedom for the anti-dark-
matter); modestly larger values of g, would not change our
qualitative results. We present the ratio a for a wide range
of dark matter masses, some of which would be relativistic
at the temperature 7, they would be formed.

A particle with a similar mass to the sexaquark would
need to have p, = 10u5 to account for all of dark matter. A
smaller value results in the underproduction of dark matter,
while a larger value, in the overproduction.

We can solve Egs. (C2)-(C3) to obtain

2 =0 T Q
a~ny =0( *) & _ <C4)
Sy (T mp - L

a2m3/2e—ml/ﬂ

X (C5)
Zzbmz/ze_mh/T* mp QB

10%¢ .

SE — 7.=100 MeV — T7.=200 Melv

10 E 1

| — 7,=300 MeV — a=1 ;

10*¢ :

£ 103 :

> £ I

3 F |

g 100i !
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FIG. 12. Dark matter to baryon chemical potential ratio
required to obtain the full dark matter abundance for asymmetric
baryonic dark matter. The curves show different choices for
the temperature 7, at which the abundances are initialized.
The vertical lines are key masses; the proton’s (blue) and the
sexaquark’s (brown).

which is valid when T, is large enough that the chemical
potentials are still small relative to the masses.

APPENDIX D: CROSS SECTIONS FOR ELASTIC
SCATTERING OF SEXAQUARKS

In this appendix we calculate several cross sections for
the nucleus to scatter via its electric or magnetic polari-
zabilities.

1. Scattering on a uniformly charged nucleus

Let us compute the cross section for a sexaquark to
scatter on a nucleus through its electric polarizability,
modeling the nucleus as a uniformly charged sphere.
The electric field generated by the nucleus with a spherical
homogeneous charge distribution of radius R and charge
Ze is given by

- . Ze 7| 1],
B(7) =5 ok~ )+ 007 - R) %] 7. D)
T r
The matrix element is then
S I
Api = (psl — Sask |pil (D2)
2
:_%ﬁﬁ/@@maw
2
P - 1
X ®(R—|r|)ﬁ+®(|r|—R)g (D3)
_asZ’a = 616
5 Sm[qu—mmmn
+2gR(g*R* — 2¢*R* 4 12) cos(gR)
+2(¢*R* 4+ 6¢*R* — 12) sin(qR)], (D4)
where ST is the sine integral and we defined g = p; — p;. In

the limit where the deflection of the sexaquark particle is
small, we get ¢~ ugyvscos(d). Expanding the matrix
element for small gR, we get

asZ?a2n [12 nqR

gy = =22 |2 T o(gr)|

(D5)

We can now find the per-nucleus cross section to be

&p
o = / £ 2d(E — E)AL2 (D6)
1447 , . a3
T o5 HsvA X g (D7)

In order to determine the nucleus cross section doe
to a different charge distribution, one needs to extract the
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electric field arising from the charge distribution, square it,
and insert it in Eq. (D2).

2. Other contributions to the cross section with nuclei
from its intrinsic electric polarizability

In addition to the interaction between a sexaquark and
the electric field of a nucleus, there are further contributions
from the coupling of the sexaquark to the electric or
magnetic static polarizability of the nucleus, denoted ay
and Sy, respectively. These additional terms in the potential
were first derived by Casimir and Polder [61], as well as
Feinberg and Sucher [127,128], and result from the
exchange of two photons between two neutral spinless
particles that are separated by a distance r much larger than
their respective sizes:

1
V(r) =- g (23asay + 23spn — TasPy — Tsay).

(D8)

The condition r > A signifies that the separation between
the nucleus and the dark matter particle must be much
greater than the wavelength 4 required to excite the nucleus
from its ground state to the first excited state [127,129].

At distances large compared to the size of the particles,
the induced electromagnetic force is generally attractive.

The electric-electric and magnetic-magnetic polarizabil-
ity interactions are attractive, while the mixed polarizability
interactions are repulsive. Here we only considered the
terms with a factor of ag, the dark matter electric polar-
izability, i.e., the first and third terms. The leading order
term in the cross section for these effects are

529 , aijaj

aa o 77 D9

Sn 167IMS”A2rg (D9)
and

af 49 2 ﬂ%a% (DIO)

AT

Here too we expanded for gr < 1. ry is the length scale
corresponding to the smallest distance of approach of the
two polarizable particles.

We next sought to determine the finite-temperature
corrections to the Casimir-Polder interaction [130], giving
rise to the potential

kgT

V(r) = -3~ asay. (D11)
r

which decays with a gentler slope than the zero-

temperature potential [Eq. (D8)] and is valid at shorter

distances. This potential is valid for the distance between

the nucleus and dark matter satisfying » > (kzT)~! [131].

Here, the cross section between a polarizable atom and dark
matter becomes

(kBT)2 22

aa,T#0 __ = .
Ar

Osn - 16ﬂﬂ§n

(D12)

These cross sections are negligible because they are only
valid for r( large and scale as R™" with n > 6, whereas the
cross section due to the electric field of a nucleus scales as
R72. Thus, the sexaquark dark matter self-interactions due
to the polarizability are highly suppressed.

3. Cross section for scattering with photons
from the electric polarizability

To study the scattering of a photon due to the electric
polarizability of the sexaquark, we use the same effective
Hamiltonian as before, but we modify to describe the
electric field of a single photon in terms of raising and
lowering operators instead of the electric field of a whole
nucleus. The formalism yields two photon-number violat-
ing terms, corresponding to the absorption or emission of
two photons, and a sole photon-number conserving oper-
ator, representing the elastic scattering of a single photon.
Specifically, this operator can be seen as the absorption of a
first photon and the simultaneous emission of a second
photon [132].

The cross section for the interaction between a sexaquark
at rest and a photon with energy E, due to the electric
polarizability can be expressed as
4 (mS =+ E}I)z

scat __ i 2

cat _ D13
Sy 371'aSmS y (mS + 2Ey)3 ( )
msE3 mg < E
o a2 ’ . D14
5 E? mg > Ey ( )

Notably, for a large-mass dark matter particle, the cross
section scales in the same way as Rayleigh scattering.
It is worth noting that the photon-sexaquark cross section
due to polarizability scales with the photon energy,
while the nucleon-sexaquark cross section is momentum-
independent, at least at low energies. It is also significantly
smaller than the cross section between a sexaquark and a
nucleus obtained in Sec. V.

APPENDIX E: SEXAQUARK KINETIC
EQUILIBRIUM

In Secs. II-IV, we made the assumption that (anti)sex-
aquarks shared a common temperature with the thermal
bath. To justify this assumption, it is sufficient to show that
sexaquarks remain in kinetic equilibrium with the baryon-
photon fluid throughout the freeze-out process, even after
departing from chemical equilibrium with Standard Model
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particles. The kinetic decoupling happens at the temper-
ature Tyy where the momentum transfer rate I'(T\q) falls
below the Hubble rate H(T\q).

The sexaquark polarizability leads to interactions with
photons and charged particles. We estimated the kinetic
decoupling of sexaquarks by focusing on their interaction
with photons and protons, which remained in thermal
equilibrium with the bath in the temperature range of
interest, by using the cross sections in Egs. (D13) and (19)
(exponential charge distribution). The main contributions
come from photons, whose large density outweighs the
small suppressed cross section, and nonrelativistic protons.
We approximate the two contributions as [133]

. T
K" (Tq) ~ n, (00) “kd (E1)
mg
w3
ki eq s p
LN (Ta) ~ np'(o0) 5 ——— (E2)

where the thermally averaged elastic scattering cross
sections times the velocity are given by

(o0)s = / dE,E2f 0%, (E3)
[T T

scat scat23/2 1 E4

<Gv>Sp Sp mmg ( + mS> ’ ( )

with f, the phase space occupancy of photons. Figure 13
shows the interaction rate of sexaquarks with photons and
protons in the bath. The width of the red and blue lines
corresponds to the range of sexaquark masses (1860 to
1890 MeV) and polarizabilities from Sec. V. We find that
sexaquarks remain kinetically coupled to photons until

1012 .
1010F 7
108 : b
R — I(T)=H(T)
= 6F
=~ 10°F
= F
E 10tf
— E
3
102
3
1k
2E 1\ )
10 100 10 1
T [MeV]
FIG. 13. Interaction rate of sexaquarks with photons (red) and

nonrelativistic protons (blue) compared to the Hubble rate.
Sexaquarks are kinetically decoupled when both rates divided
by the Hubble rate fall below unity.

sub-MeV temperatures and to protons until 40 MeV to
1 MeV, thus the assumption to use a single temperature for
all the thermal equilibrium number densities in Secs. I[II-1V
is justified. Scattering on electrons and positrons may also
be important but the argument here is already sufficient to
show that kinetic equilibrium is maintained.

APPENDIX F: NEUTRINOS FROM
ANNIHILATIONS IN THE EARTH

In this appendix we explore the potential signature of
antisexaquarks annihilating in the Earth below Super-
Kamiokande’s depth through the production and sub-
sequent possible detection of neutrinos. We make use of
the inclusive charge-current neutrino-nucleus cross section,
o,n/E, ~0.7x 1073 ¢cm?/GeV [41] and take the neutri-
nos to have O(GeV) energy.

The number of elastic neutrino-nucleus scatterings in the
Super-Kamiokande detector due to antisexaquarks in the
Galactic dark matter wind is

OuN _f
"tpng ONnQ) A NN

x {exp(—w / dzZnA )
—exp(—w—”/ dzZnA ﬂ (F1)

where Ag is the surface area of the Earth shell at the depth
of Super-Kamiokande, N9 g is the number of oxygen

wind
NuN scat ~ NN SK<6v>

nuclei in Super-Kamiokande, and N9 o is the number of
nucleons in the Earth, below the detector’s depth. The
exponential factor on the second line accounts for the
neutrinos that interact with nuclei in the Earth before
reaching Super-Kamiokande, while the one on the third
and fourth lines removes the region of parameter space
where antisexaquarks would have annihilated in the atmos-
phere or crust above the detector. The distance ¢ traveled
by the neutrinos approaches 2Rg /7, which is the average
distance between any uniformly positioned location
in a sphere of radius Rg and a point on the surface of
this sphere. We assume that the neutrinos are produced
isotropically from any point below the detector. The
reduction in the antisexaquark flux from annihilation above
the Super-Kamiokande detector is negligible (fraction of
antisexaquarks lost is <107'2). Similarly, the reduction in
the neutrino flux from interaction in the Earth before
reaching Super-Kamiokande is very small, <1075, Here
we are assuming that the neutrinos are produced as muon
neutrinos and do not oscillate during their journey to the
detector.

In addition, the expected accumulated population of
antisexaquarks at depths greater than Super-Kamiokande
would lead to
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FIG. 14. Estimated number of neutrinos interacting with nuclei in the Super-Kamiokande detector due to (left) antisexaquarks from the
dark matter wind and (right) accumulated antisexaquarks annihilating with nucleons in the Earth. This number depends on the
annihilation rate parametrized by <o'v)§r"1“ = Bm;? through the freeze-out abundance, but also that a too large cross section depletes
the antisexaquark flux before reaching the detector, while a too small cross section results in a too long mean free path. It also depends on
the scattering cross section asscna‘; if too large, the stopping power of the Earth crust reduces the flux. The black vertical lines are for
1860 MeV antisexaquarks as all (full), 103 (dotted), 10~° (dashed), 10~ (dot-dashed), and 10~'? (dot-dot-dashed) of dark matter. To the
left-hand side of the white gaps, we take dark matter to be half in antisexaquarks.

0 O —to,ny (F2) above 10732 cm?, we can get one event all the way down
"®Ag ' to B = 1073 (1000 events for B = 10732). For smaller
scattering cross sections yet still larger than the Earth
similarly to the Galactic wind population in Eq. (F1), radius, this is instead B = 102* (B = 10~2!). These
although without the factors accounting for the loss of  pumbers correspond to rates roughly seven orders of
antisexaquarks in their path to reach deeper depths than the magnitude below their counterparts in Sec. VIL
detector. o Another caveat in this situation is that it may be much
Fig. 14 presents the number of oxygen nuclei in the  hupder (o distinguish a small number of neutrinos coming

Super-Kamiokande which would be scattered by muon g5y antisexaquarks annihilating in the Earth from other
neutrinos produced from the annihilation of antisexaquarks |\ rino sources.

with nucleons in the Earth, both for the Galactic dark matter Both antisexaquark annihilation signatures (directly in
wind and the accumulated antisexaquarks. The left panel’s Super-Kamiokande and indirectly via the emission of

depleFion at large scattering cross sections is due to the  Leutrinos which will then scatter in Super-Kamiokande)
stopping power of the atmosphere and the crust, while the (.1 with N,o{ov)2™ ;. The distinction is the second
’ n

depletlon at low s'cattenng cross section and B 1s.from calculation additionally has a factor for the number of
antisexaquarks which would fully cross the Earth without . SiN . .
nucleons in the Earth (10°") times the ratio of the neutrino-

slowing down nor annihilating. nucleus cross section over the geometric cross section of
Assuming ideal conditions, i.e., perfect efficiency for ucleu v

: £ : perect o ! the Earth (1077), and finally a factor of 107! to go from

tagging and reconstructing, as well as statistics in our favor, ’ .

the number of nucleons to the number of oxygen nuclei

this process would give a single neutrino scattering in the : . .
in the detector. Putting these numbers together, the sig-

Super-Kamiokande detector all the way down to B = 10720 :
(1000 events for B = 10-17) for wind dark matter. For nature of Eq. (F1) is smaller than Eq. (37) by seven orders
of magnitude.

accumulated dark matter and scattering cross sections

ﬂ?\(/:,scat(tE) ~ NON,SK <GU>%?1H tEnS,ach
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