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sexaquark: uuddss bound state (m ~ 2mp)  [Glennys Farrar https://arxiv.org/abs/1708.08951 ]

not excluded by prior searches for similar states (among them, the H dibaryon) in the GeV region

standard model compatible (uuddss bound state)
astrophysical bounds have been carefully studied by G.F. & co-workers, can be evaded

neutral, very compact (no pion cloud), stable against weak decay if mass < 2 m  (2230 MeV)Λ

similar to H-dibaryon proposed in 1970’s, but searched for via (weak) decays into ΛΛ
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FIG. 1. Comparison of two realisations of a color singlet
hadron with the quark content (uuddss). Left: hadronic
molecule of two ⇤(uds) hyperons, corresponding to the H-
dibaryon. Right: compact bound state of three diquarks,
bound by color forces, which corresponds to a possible struc-
ture of the sexaquark.

states molecules of color-neutral (hadronic) subclusters
analogous to the hydrogen molecule of atomic physics?
Or are they multiquark states bound by confining forces
between color charged quarks and diquarks? Or some
of each? As an example, the recently discovered all-
charm tetraquark X(6900) [5] can a priori be viewed as
a molecule of two J/ mesons or a diquark-antidiquark
bound state. Similarly, a pentaquark could be a baryon-
meson molecule or a bound state of two diquarks and an
antiquark. For more details, see the textbook [6].

While the H state has been investigated in lattice QCD
calculations [7–11] and a binding energy of a few to 80
MeV has been found at still unphysically large quark
mass, the much lighter and possibly more compact S state
is not yet accessible to lattice QCD calculations [12].

In a recent calculation within a constituent quark
model, Buccella obtained the mass of the S as a bound
state of three diquarks to be mS = 1883 MeV [13] while
Azizi et al. have obtained it to be about mS = 1180
MeV using QCD sum rules [14]. Buccella showed also
that this estimate does not depend on the choice of the
parameters for the constituent quark masses by replac-
ing the latter with an expression using the heavier nonet
mesons, mS = 2MK(1430) � (1/2)Mf0(1370) + 40 MeV +
(1/2)[MN �M�] +M⌃ �MY ⇤ = 1876.5 MeV, where the
first three terms correspond to the constituent mass and
the other terms to the contribution of the chromomag-
netic interaction [13]. An S in this mass range is su�-
ciently heavy to not induce instability in the deuteron
(D) and other nuclei [3, 15]

For mS  mD = 1876.122 MeV, the S is absolutely
stable due to baryon number conservation, while as long
as mS  mp + me + m⇤ = 2054.466 MeV its decay re-
quires �S = 2 and is hence doubly-weak, and its lifetime
exceeds the age of the universe [15, 16]. In this study
we suppose that the S may be a deeply bound state with
low enough mass to be absolutely or e↵ectively stable;

in that case it is an attractive dark matter (DM) candi-
date [2, 3]. The observed dark matter to baryon ratio is
⌦DM/⌦B = 5.3± 0.1 [17, 18] and a successful model for
dark matter should account for this value. In fact, an
abundance of S dark matter (SDM) in agreement with
this observation follows [2] from statistical mechanics us-
ing quark masses as determined from lattice QCD, given
the e↵ective freezeout temperature Te↵ ⇡ 150 MeV for
mS in the expected range.1

Another environment for the production of the S, apart
from the hadronization transition in the early Universe,
is the “Little Bang” in ultrarelativistic heavy-ion colli-
sions at the LHC, where not only traditional hadrons
but also light nuclei and antinuclei are abundantly pro-
duced. Recently, the ratio of light sexaquarks relative to
the deuteron to be expected under these conditions has
been estimated within a thermal statistical model [21]
and found to be sizeable, of the order one. Abundant
production of sexaquarks is not su�cient for their dis-
covery – there remains the problem of the detection of
the S and discriminating it from the far more abundant
neutrons; see [3] for an analysis of detection strategies.
In the present work, we consider S in the mass range

of 1885 MeV < mS < 2054 MeV.2 We study the possi-
ble relevance of the S for the properties of neutron stars
in light of recent multi-messenger observations that con-
strain the mass-radius diagram and tidal deformability.
When the S is present in cold dense baryonic matter in
neutron stars, it forms a Bose condensate as soon as the
baryo-chemical potential in the center of the star fulfills
µb = mS/2, unless a transition to non-hadronic degrees
of freedom occurs first. For a density-independent mass,
for instance mS = 1941 (2054) MeV, this occurs for a
star with M = 0.21 M� (0.7 M�) respectively. The mass
mS = 1941 MeV is chosen as an illustrative case, because
for a density-independent mass and mS = 1941 MeV, the
Bose condensation occurs exactly at saturation density.
Saturation density is roughly the lowest density at which
condensation can be tolerated due to the existence of nu-
clei. Therefore, due to the saturation of the pressure once
Bose condensation occurs, 0.21 M� is roughly the maxi-
mum NS mass that can be reached for a non-interacting
S with mass less than 1941 MeV, unless a transition to
new degrees of freedom replaces hadrons. Such a low
maximum mass is in clear contradiction with the observa-
tion of pulsars as massive as 2 M� like PSR J0740+6620
[22] or PSR J0348+0432 [23] and many, many lower-mass

1
The predicted ⌦DM/⌦B is very insensitive to the assumed

freezeout temperature; the relevant range is motivated by the

recent result of Tc = 156.5 ± 1.5 MeV for the pseudocritical

temperature obtained in lattice QCD simulations [19]. Note a

plotting error in [2] is corrected in v2 of [20]; the formulae given

in [2] are correct.
2
The lower end of the range is su�cient that condensation of S

below saturation density can be avoided and above the upper

end of the range the S decays in O(10
�10s) and is not a Dark

Matter candidate.
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FIG. 1. Comparison of two realisations of a color singlet
hadron with the quark content (uuddss). Left: hadronic
molecule of two ⇤(uds) hyperons, corresponding to the H-
dibaryon. Right: compact bound state of three diquarks,
bound by color forces, which corresponds to a possible struc-
ture of the sexaquark.
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The S(uuddss) [1] is an electrically neutral spin-less boson with baryon number BS = 2 and strangeness SS = −2 in a flavor-singlet state.

1 Introduction

Elementary particles consisting of four or more quarks and antiquarks have been of considerable
theoretical and experimental interest in recent years. In 2003 Belle discovered an extremely nar-
row four-quark state, X(3872), with quark content cc̄uū [1]. This discovery has been confirmed
by many experiments.1 In 2015 LHCb discovered a narrow pentaquark state with quark content
cc̄uud [2]. In 2019 using significantly larger statistics, LHCb resolved the data into three narrower
states with the same quark content [3]. Many other multiquark states have been identified in the
years 2003-2017 [4]. They all involve a heavy quark and antiquark, cc̄ or bb̄. Most of these states
are likely to be hadronic molecules, i.e. heavy-quark analogs of the deuteron, with two color-singlet
hadrons attracting each other via light meson exchange.

The situation changed dramatically with the recent discovery by LHCb of the Tcc tetraquark
with quark content ccūd̄ [5, 6]. This discovery provides significant support to the theoretical con-
sensus that the yet-to-be-observed analogous bbūd̄ state is a deeply bound compact tetraquark, as
opposed to a hadronic molecule. This state is expected to lie well below the BB threshold, making
it stable against strong decay [7–11]. It is natural to ask if any deeply-bound, compact, multi-quark
states involving only light u, d, s quarks may be possible. Unlike for hadrons containing heavy
quarks, theory for multi-light-quark states is not presently sufficiently accurate to make reliable
predictions so experiment must be the guide.

This paper is devoted to the experimental detection of a stable bound state of six light quarks,
u"u#d"d#s"s#, having a mass low enough to be absolutely stable, or effectively stable with a life-
time greater than the age of the Universe, or simply a lifetime so long that it would not be detected
in searches for neutral decaying particles.2 The postulated stable uuddss state is designated S or
“sexaquark” [12].3 The stability of an S can result from its mass being too low for baryon-number-
conserving decay, or from its decay requiring a doubly-weak interaction and/or the transition am-
plitude being suppressed due to small spatial overlap or tunneling barrier [13]. Note that both an S

and a di�⇤ molecule may exist.
This paper has two key parts: 1) establishing that a hadron with properties of the sexaquark

would not have been detected by existing experiments and 2) proposing several experimental strate-
gies to rectify this deficiency in our experimental knowledge. The general experimental challenge
to discovering an S or excluding its existence is that S’s are neutral and similar in mass to neutrons,
but interact less and are much less abundant. S’s do not call enough attention to themselves in high
energy experiments to have been recognized as a new particle among the plethora of final particles.
As we shall discuss in detail, dedicated searches for the H-dibaryon (a hypothesized particle [20]

1For a detailed review on X(3872), also known as �c1(3872) see the PDGLive https://pdglive.lbl.gov/
Particle.action?init=0&node=M176&home=MXXX025.

2By contrast, in the context of the tetraquark and pentaquark states, “stable” refers to decaying via an electromagnetic
or weak rather than strong interaction.

3“Hexaquark” is the generic term for any dibaryon or triple-qq̄ hadron. The sexaquark discussed here is a specific
example of a hexaquark. The name sexaquark, “S”, was chosen for the stable state considered here because its phe-
nomenology is entirely different from other hexaquarks; using the symbol H for this particle would cause confusion with
the H-dibaryon with lifetime ⇡ 10�10 s or generic hexaquarks, as well as with the Higgs. The word sexaquark is appro-
priate because it evokes six, stable, singlet, scalar, strange and strong – all attributes of the state. An additional benefit
of using the Latinate “sexa” is that then the Greek prefix series tetra-, penta-, hexa- remains used for states consisting of
qq̄ or qqq plus qq̄ pairs.
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H-dibaryon

The ratio of densities of S dark matter (SDM) and baryons in the Universe can be estimated from statistical equilibrium in the quark-gluon 
plasma using known parameters from QCD [13] and is consistent with observation. Primordial nucleosynthesis limits on unseen baryons are 
satisfied as long as ambient S’s do not participate actively in nucleosynthesis, i.e., S does not form bound states with light nuclei D, T or He.

[13] G. R. Farrar, (2018), arXiv:1805.03723 , A precision test of the nature of dark matter and a probe of the QCD phase transition

[1] G. R. Farrar, (2017), arXiv:1708.08951v2 [hep-ph] 

S(uuddss) is not H-dibaryon: the later would decay weakly into ΛΛ with τ~ 10-8 s.  mS < 2mΛΛ (=2230 MeV)

Ref. [13] studied the formation of S at the QCD phase transition in the early Universe using statistical mechanics and found that the 
abundance of S is comparable to that of ordinary baryons, and that with a sufficiently small breakup cross section the sexaquark component 
of the baryon asymmetry could survive the hot hadronic phase.

S(uuddss):

!

S(uuddss): if ~ stable, good candidate for DM, survives hadronization epoch 

deeply bound, 
m ~ 2 mn (1879 MeV),
scalar: no pion cloud,
very compact (O(0.2 fm))
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Figure 2: A schematic summary of the landscape of S phenomenology. Each vertical line
indicates a critical mass scale where certain reactions are allowed. Note that the mass of
a nucleon is coarsely denoted by mN ⇡ 938 MeV here, with the mass splitting between
the proton and neutron, the binding energy of nucleons inside a nucleus, and the mass of
additional e± neglected in this figure. From left to right: singly-weak transitions NN ! SK,
doubly-weak transitions NN ! SX; doubly-weak decays S ! NNX; singly-weak decays
S ! N⇤X; strong-interaction transitions ⇤⇤ ! SX; unbound (a broad resonance).

GeV [33, 34], and a light scalar S would worsen the instability because it does not have
Fermi pressure.3 Therefore, we consider mS . 1382 MeV as observationally ruled out.

2. If 1382 MeV < mS < 2mN � BNN , where BNN is the 2-nucleon binding energy, the
doubly-weak decay of a nucleus to an S can give observable signatures. We will use the
e
± searches at the SNO experiment to constrain deuteron decaying to S and thereby

place the strongest limits on this mass range. This updates the analysis of [5] based on
estimation of the sensitivity of SuperK to 16O decay.

3. The narrow mass range in which an S is too light to decay to a deuteron or free
nucleons, while at the same time is heavy enough that nuclear stability is ensured,
mD � me  mS  mD + me (or 1875.1 - 1876.1 MeV), is much less constrained. In
practice, due to the narrow phase space and detection thresholds of low energy e

±, the
mass window 1870 - 1880 MeV is hard to constrain by decay of nuclei or decay of S.
The cooling of SN1987a and observations of hypernuclei provide the best bounds here.

4. If mS & 2mN but mS . mn + m⇤, the S can decay to two-nucleon final states via a

3
Ref. [35] showed that the observed neutron star mass-radius relationship, and neutron star masses above

2 M�, are compatible with the existence of a sexaquark with mass above 2mN when quark deconfinement at

high pressure is taken into account, as indeed is necessary with or without an S.
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stability of neutron stars excludes 
light baryonic states below 1.2 GeV

stability of nuclei

to an S causing nuclei to be unstable. On the other hand, if S is heavy enough, it can decay
to two nucleons.

3.1 Decay of deuterons

The three leading channels of nuclei decaying to S are
8
><

>:

pp ! See⌫⌫ () (A,Z) ! (A� 2, Z � 2) + See⌫⌫,

np ! Se⌫ () (A,Z) ! (A� 2, Z � 1) + Se⌫,

nn ! S () (A,Z) ! (A� 2, Z) + S.

(3.3)

The lightest nucleus that could decay to S is the deuteron D, via the reaction D ! Se⌫. The
ground state of deuterons is dominated by J = 1 and L = 0, with a subdominant (⇠ 4%)
component having J = 1 and L = 2 [41]. For our purposes we will neglect this admixture
and restrict the discussion to L = 0.

Since an accurate modeling of D ! Se⌫ at the level of individual nucleons is difficult,
we treat the deuteron as an effective vector field D

µ. The decay must be transmitted by
two virtual W bosons, with one absorbed internally and one decaying to leptons. Thus, the
coupling of D to the W boson and S can be modeled by

L �
g̃

p
40

gDSW �
†
S
WµD

µ
+

igW

2
p
2
Wµ ̄�

µ
(1� �

5
) , (3.4)

where gW is the weak coupling constant defined by GF =
p
2g

2
W
/(8m

2
W
). The effective

Feynman diagram for this decay at the hadron level is shown in the left panel of figure 4. We
also show one example of quark-level diagrams in the right panel of figure 4. The coupling

Figure 4: Feynman diagrams for D ! Se
+
⌫ at the hadron level (left) and the quark level

(right).

constant gDSW encodes the exchange of an internal W boson and emission of the W ; it has
dimension of mass. We can estimate it by

gDSW ' gWGF p
3
q sin

2
✓C cos ✓C , (3.5)

which follows from the bound state Bethe-Salpeter amplitude. Here ✓C is the Cabbibo mixing
angle with sin ✓C = 0.22, and pq is the characteristic momenta of quarks. The power of pq
follows from the construction and can be deduced on dimensional grounds based on the mass
dimension of gDSW being one, from the effective Lagrangian eq. (3.4). We note that the decay
rate � / g

2
DSW

is highly sensitive to the numerical value of pq. Throughout the paper, we will
proceed with pq = ⇤QCD ' 100 MeV. We note that pq can take values up to the constituent
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Figure 3: Excluded and predicted regions of g̃. The gray band is the theoretical best-estimate
for g̃. The solid lines/regions are observational limits on g̃ which do not require S to be DM.
The dashed lines show DM-based constraints if DM is entirely made of S. See main text
for detailed description and derivation for each limit. As discussed in the text, the exclusion
regions are sensitive to the typical quark momenta in the process, taken to be 100 MeV here.

3 Stability of nuclei

The transition between a two-nucleon state and S (and additional leptons if necessary) must
be doubly-weak to convert two units of strangeness. This motivates us to evaluate the matrix
elements hS|HW |NN

0
i, where HW is the effective Hamiltonian that characterizes the doubly-

weak interaction. To proceed, we can insert a complete di-baryon state
⌦
S
��HW

��NN
0↵

=

X

BB0

⌦
S
��BB

0↵ ⌦
BB

0��HW

��NN
0↵
. (3.1)

Because hS|BB
0
i is only non-zero for eight particular color-singlet di-baryon states, in the

exact flavor SU(3) limit where all octet baryons have an equal mass the matrix element sums
to zero (see eq. (B.3) in appendix). In the presence of flavor breaking, the matrix element is
dominated by the lightest di-baryon transition, i.e.,

⌦
S
��HW

��NN
0↵

⇡
g̃

p
40

⌦
⇤⇤

��HW

��NN
0↵
. (3.2)

The non-vanishing matrix elements hS|HW |NN
0
i enable a number of reactions involving

S and two nucleons. Notably, if S is light enough, two nucleons in a nucleus could be converted
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Strong 
interact.
ΛΛ → SX 
allowed

S is too light to decay to a deuteron & is heavy 
enough that nuclear stability is ensured 

S decays 
to 2-
nucleon 
FS (Λn),

resulting 
in e-

1 Introduction

The possibility that a deeply-bound uuddss sexaquark (S) with two units of baryon number
may be an undiscovered stable hadron is advocated in [1, 2]. Unlike the case for bound
states of two flavor octet baryons, Fermi statistics does not prevent all 6 quarks from being
in a fully symmetric spatial configuration. Moreover, as a singlet simultaneously under color,
spin and flavor, the color magnetic binding between quarks is maximal because the relevant
quadratic Casimir operators vanish, as pointed out by Jaffe [3]. Using the MIT bag model,
Jaffe calculated the mass of the lightest such state, the H-dibaryon, to be 2150 MeV; this
mass is high enough to allow singly-weak decay, giving the H-dibaryon a lifetime estimated
to be of order 10

�10 s [3] but later calculated to be of order 10
�8 s [4]. Subsequent mass

predictions using a variety of models gave results spanning from 1.2 GeV to heavier than 2.2
GeV, thus leaving open the possibility of a deeply bound state with a cosmologically long
lifetime in the event of a mass less than m⇤ +mn [5] or absolutely stable if it is lighter than
two nucleons. The mass estimates are reviewed in greater detail in Sec. 2.

The deeply-bound S, if it exists, is distinct from and completely orthogonal to a weakly
bound H-dibaryon composed of uuddss. Experiments creating doubly-strange hypernuclei
and observing the decay products of ⇤’s [6–9], showed that the formation time of an H is longer
than the ⇤ lifetime. This would not be the case for a loosely bound, “molecular” H-dibaryon,
unless its binding energy is less than the binding energy of two ⇤’s in the hypernucleus,
where B⇤⇤ ⇡ 7 MeV in 6

⇤⇤He [8]). Thus these experiments exclude the existence of a weakly-
bound uuddss state with mass between mn + m⇤ = 2054 MeV and 2223.7 MeV [8]. The
latest lattice QCD calculations [10, 11] show either a very weakly bound ⇤⇤ molecule or
above-threshold resonance, consistent with the hypernuclear experiments and an ALICE ⇤⇤

phase-shift analysis [12]. In the following, we are not concerned with the H-dibaryon, but
rather we constrain a possible compact, spatially symmetric, deeply bound state of the same
quarks, designated S.

Ref. [13] studied the formation of S at the QCD phase transition in the early Universe
using statistical mechanics and found that the abundance of S is comparable to that of
ordinary baryons, and that with a sufficiently small breakup cross section the sexaquark
component of the baryon asymmetry could survive the hot hadronic phase. Studies by [14,
15], assumed that S would thermalize with ordinary baryons in the hot hadronic phase of
the early Universe and obtained the thermal evolution of S. Kolb and Turner [15], taking
breakup reactions XS $ BB

01 to have a typical hadronic cross section ⇠ 1/m
2
⇡, concluded

that the density of S today is at most 10
�10 that of ordinary baryons but if S exists it is

an interesting relic. It is however worth noting that in Ref. [15] Kolb and Turner noted
two scenarios in which S can have a significant dark matter (DM) relic density. In the first
scenario, S must be lighter than 1.2 GeV, in accordance with [14]. However as we show in
Sec. 2, this light mass scenario is not viable because it leads to the transition of two bound
nucleons in a nucleus into S and a kaon with singly-weak lifetime, and is therefore ruled out
by the stability of nuclei. In the second scenario, the one advanced in Ref. [13], the S breakup
cross sections must be orders of magnitude smaller than 1/m

2
⇡ to prevent S from coming into

chemical equilibrium with baryons. Ref. [13] argued that such small breakup cross sections
can arise naturally because the effective Yukawa coupling of S with two baryons that have
identical quantum numbers as S (such as ⇤⇤), denoted g̃ may be very small. Details of that

1
Examples are KS $ p⇤, ⇡S $ ⌃⇤, �S $ ⇤⇤ and ⇡⇡S $ ⇤⇤. Note that ⇡S $ ⇤⇤ is forbidden by

isospin conservation.
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argument are given in appendix A. The generic Feynman diagram for XS ! BB
00 including

the Yukawa vertex is shown in figure 1.

Figure 1: The effective Feynman diagram for XS ! BB
00. The lower vertex, g̃, is an effective

Yukawa vertex for S dissociating to two baryons that have the same quantum numbers as S

(e.g. ⇤⇤, ⌃+
⌃
� or ⌅N).

Given the wide variance in mS prediction using different theoretical calculation tech-
niques (1.2 GeV - 2.23 GeV) and the possibility that S could be produced in the early Uni-
verse, we are motivated to derive observational constraints on g̃ in the entire mass window
1.2 GeV - 2.23 GeV. The potential that a sufficiently small g̃ may permit a relic abundance
of S sufficient to compose up to 100% DM adds further motivation to study g̃. The Yukawa
coupling g̃ governs the transition between S and two baryons and produces a rich landscape
of phenomenology. For instance, if mS is lighter than two bound nucleons, a nucleus could
decay to S and the rate is governed by g̃. We discuss under what circumstances the S is
consistent with constraints on the stability of nuclei. If S is furthermore to be the DM, the
possibility of its decay to baryons throughout cosmic history generates observable effects and
we derive additional limits on g̃ based on this consideration It should be stressed that the
scattering cross section between S and baryons is expected to be of order mb [1, 2] and is not
related to g̃.

Our paper is organized as follows. In Sec. 2, we overview the phenomenology of S in
different regimes of mS and present the main result of the paper — the excluded region of g̃
as a function of mS . Section 3–5 are dedicated to deriving the various observational limits
on g̃; in Sec. 3 we constrain the decay of the deuteron to S and obtain strong limits from the
Sudbury Neutrino Observatory (SNO) experiment; in Sec. 4, we analyze the signatures of S
DM decaying to two baryons; in Sec. 5, we review the previous searches for the H-dibaryon
and assess their sensitivity to g̃. In Sec. 6 we discuss a possible model that predicts a small
g̃. Finally, we end with a review of existing literature on S in Sec. 7.

2 Landscape of S phenomenology

2.1 Interactions of S

Due to baryon number conservation, there are only two types of effective stong-interaction
vertices of S on the hadron level. The first type is a Yukawa vertex that transfers baryon
number between two baryons, B and B

0, and S, where the two baryons have identical net
quantum numbers as S. The other type is a vertex where S emits or absorbs a flavor singlet
meson, predominately a vector meson V

µ.2 Interactions of S can therefore be modeled by
2
Since the S is a singlet in flavor, it cannot emit a flavor-octet meson without transitioning to a much more

massive non-singlet di-baryon. The flavor-singlet combination of the ! and � [13] vector mesons is the most

important, because while the scalar meson f0(500) is lighter, it is a loosely-bound di-pion [16] or tetraquark,

hence should have very small coupling to a deeply S which would be very compact, unlike a possible loosely

bound di-⇤ molecule resembling the deuteron and having mass ⇡ 2m⇤.

– 3 –
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[51] G. R. Farrar and Z. Wang, (2023), arXiv:2306.03123

S(uuddss): decay considerations

region of interest: 
 1850-2050 MeV
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“We find that the existence of a stable sexaquark is well-compatible with both the maximum mass and the highly 
constraining tidal deformability of GW170817, given present knowledge of the properties of hadronic and quark matter.” 

“Whether or not a sexaquark exists, within our framework the most massive stars must have a quark 

matter core with stiff EoS to support their high mass. Among the successful hybrid star solutions which we develop, we 
find two general types: those in which the quark matter core is surrounded by nucleons, and others in which the core and 
interpolated region is surrounded by a layer with a substantial sexaquark (but negligible hyperon) fraction. This potentially 
may lead to an observable signature of sexaquarks in the cooling curve or kilonova properties.  

At low density the EoS must be quite soft to produce compact ≈ 1.4 M⊙ neutron stars, while at high density it must be stiff 
to support high mass stars. Intriguingly, the sexaquark neatly solves this problem by naturally producing the needed 
softening.”

13

We show in Fig. 7 the observational constraints for the
tidal deformability parameters along with predictions for
the various equations of state.

As can be seen, the only EoS which lies in the green
credibility region, is DD2Y-T+S when mS = 1885 MeV
and x = 0.05. However, this model does not fulfill the
constraint on the maximum mass, Mmax � 2 M� [22],
see Figs. 6 and 7 panel (b). It should also be stressed
that the standard hadronic matter model, DD2Y-T, also
fails to satisfy the tidal deformability constraint.

Therefore we conclude that within our setting, where
the sti↵ nucleonic RMF parameterization ”DD2” (that
violates the tidal deformability constraint) sets the
hadronic matter baseline, a purely hadronic EoS is ruled
out – independent of the existence of a sexaquark.

In Fig. 6, some special values for the slope factor x and
mS have been selected based on the range which fulfills
the constraints of the combination of mS and x. These
constraints for x as a function of mS are shown in Fig.
8. The boundaries are defined as follows:

1. S appears below the maximum mass of NS in mat-
ter with only nucleons: region above blue solid line
is excluded.

2. S appears below the maximum mass of NS in mat-
ter with nucleons and hyperons: region above red
solid line is excluded.

3. Condensation of S occurs only above the saturation
density: region below violet solid line is excluded.

4. Condensation of S doesn’t occur below the satu-
ration density: region left of yellow solid line is
excluded.

5. No decreasing mass of S (i.e., constant pressure
above density of condensation and below endpoint
of neutron star M -R relation): region below x = 0
is excluded.

6. Avoiding an unstable S that decays in 10�10s: re-
gion above 2054 MeV is excluded (mS > mp+me+
m⇤ = 2054 MeV)

Therefore, only the white region remains. However, the
border of the white region which lies on the line x = 0 is
also strictly excluded within the framework of our analy-
sis because it leads to Bose-Einstein condensation (BEC)
of a constant-mass S which limits the maximum mass of
purely hadronic neutron stars to Mmax . 0.7 M�. A
scenario according to which such a BEC of S triggers
a catastrophic rearrangement of the neutron star struc-
ture (star quake) which entails the conversion to a hybrid
neutron star with a color superconducting (CFL) quark
matter core has recently been considered in [77].

In addition to these boundaries, three dotted verti-
cal lines for specific values of the sexaquark mass are
shown. Furthermore the green line corresponds to the
condition of S condensation at the onset of hyperons. The

FIG. 8. Allowed (white) and excluded (light and dark grey)
regions in the plane of mS and x values as defined by con-
straints on the sexaquark condensation. See text for details
and explanation of the additional lines. The region of masses
mS > mp +me +m⇤ = 2054 MeV is also excluded by the re-
quirement of sexaquark stability on cosmological timescales,
if S is the dark matter. For further details, see text.

sexaquark appears before (after) hyperons for points be-
low (above) this line. Dashed blue and red lines, which
are almost on top of each other, show S condensation
at the center of a neutron star, which includes nucle-
ons and nucleons-hyperons, respectively, with a mass of
M = 1.4 M�.
In the next sections we discuss hybrid EoS which in-

clude a deconfined phase of matter to understand if they
favor, exclude or constrain the existence of a sexaquark.

VI. DECONFINEMENT SOLUTION FOR THE
HYPERON AND SEXAQUARK DILEMMAS

It was mentioned in section IV that two di↵erent types
of construction are used for dealing with hybrid stars.
We compare their results regarding the maximum mass,
radius, tidal deformability and the sequence of particles
onset for constructed hybrid stars in this section.
The resultant parameters for the EoS which have been

obtained as a hybrid solution for di↵erent scenarios using
the MC and RIC are listed in Table III and Table IV,
respectively. The quark matter parameters have been
selected and tuned in such a way to describe a desirable
critical point for the transition from hadronic phase to
quark phase. (The corresponding hadronic matter and
quark matter EoS for each scenario which includes S1941
are given in Appendix B in Fig. 14 in the P-µ plane while
the ones which include S1885 are shown in Fig. 15.) As
we already mentioned, the “reconfinement” phenomenon
at higher chemical potentials has been ignored when a
Maxwell construction is employed.
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(1) a deconfined (quark matter) core is essential to support the most massive neutron stars (m ≈ 2 M⊙); (2) a 
significant contribution of hyperons must be excluded in any density regime, as that excessively softens the equation 
of state; (3) present observational constraints are compatible either with early deconfinement such that sexaquarks 
also never play a role, or with a sexaquark-dominated phase. This raises the interesting possibility of low mass 
neutron stars with a sexaquark core, or a more massive neutron star with a sexaquark layer, potentially giving a means 
to probe and constrain sexaquark properties

S(uuddss): constraints from neutron star mergers and EOS 5/13



S(uuddss): proposed formation channels

search for a stable or effectively stable S is highly motivated; as we shall see in the following, the
mass range 1.85� 2.2 GeV is most promising.

4 Properties and Cross Sections

Three attributes of a stable S make it very difficult to detect:
• The S is neutral and a flavor singlet, so it does not couple to photons, pions and most other
mesons, nor does it leave a track in a detector.
• The S has no pion cloud and may be more compact than ordinary baryons; the amplitude for
interconversion between S and baryons is small.
• The mass of the S makes it difficult to distinguish from the much more copious neutron.

Being a flavor-SU(3) singlet, the S cannot couple to flavor-octet mesons, except through an
off-diagonal coupling transforming it to a much heavier flavor octet dibaryon. At low momenta,
as relevant for dark matter interactions, the SN interaction can receive contributions from the
exchange of glueballs (masses & 1.5 GeV), the flavor singlet superposition of ! and � vector
mesons denoted �0 (mass ⇡ 1 GeV) and the f0 – the very broad isosinglet scalar (also known as �)
with mass ⇠ 500 MeV which is a tetraquark or di-meson molecule. Due to the extended nature of
the f0 and the fact that pions do not couple to the S, the f0’s contribution to S interactions should
be small compared to that of the �0, particularly if the f0 is a two pion resonance. Exchange of
�0, which is a vector meson, produces a repulsive nucleon-nucleon or S-S interaction. However
the sign of the S-�0 coupling need not be the same as that of the N -�0 coupling, so the S-nucleon
interaction can be attractive or repulsive. There is no fundamental approach to predict the strength
of the �0 coupling to S (or, for that matter, the �0 coupling to other hadrons). Without this, we
cannot model b appearing in Eq. (4.1) below or calculate the cross section for non-relativistic �0-
mediated DM-nucleon and DM-nucleus scattering.

The charge radius of a nucleon, ⇠0.9 fm in spite of its Compton wavelength being 0.2 fm, is
a measure of the cloud of pions surrounding it. The fact that the S does not couple to the octet of
pseudoscalar mesons, on account of its being a flavor singlet, implies that the S is not surrounded
by a pion cloud. Therefore it would be expected to have a smaller spatial extent than octet mesons
and baryons. Naively parameterizing the radius rX of a particle X as a linear superposition of its
Compton wavelength �X plus that of the lightest meson M to which it couples strongly,

rX = �X + b�M , (4.1)

and fitting to the nucleon charge radius, we find b = 0.45. For mS ⇡ 2 GeV, the Compton
wavelength �S ⇡ 0.1 fm, so Eq. (4.1) with b = 0.45 would imply that the S would have a spatial
extent rS ⇡ 0.2 � 0.3 fm for �0 or f0 mesons respectively. There is no contradiction between
being more compact and being more deeply bound relative to other light-quark hadrons, since the
short-distance QCD attraction, ⇠ ln(r)/r, compensates the increased zero-point kinetic energy by
virial arguments.

Our understanding of non-perturbative QCD is presently inadequate to enable a first principles
prediction of hadron cross sections at energies in and above the resonance regime. Naively invok-
ing a black-disk model using the charge radii fails badly for nucleon-nucleon and meson-nucleon

– 6 –

The sexaquark production rate in hadronic interactions can be expected to vary strongly with the experimental conditions. 

low energy: g2 suppression: Kp → SΛ is suppressed by O(10-10) wrt other QCD states

high energy: pp collisions @ LHC: 1016 collisions, O(10-1) per quark: 10-3~10-5 S / neutron. Detection!

higher energy: ϒ(1S, 2S, 3S) decays → (>6) gluons → SΛΛ + pions.  
         Exclusive channels: rare; Semi-Inclusive analyses: still require >109 ϒ decays, hermetic detector (Belle-II)

~

high energy: PbPb collisions @ LHC: 1010 collisions, O(1) S / deuteron. Detection!

high energy: long interaction-length neutral hadrons (beyond n): not comparable to cosmic DM energies

6/13



formation reaction:
 (p 3He)  →  S(uuddss) + K  K  π

_ + + _

S= +2, Q= -1

𝛑

requires multi-nucleon annihilation !

other multi-nucleon annihilations
seen at O(10   )  -  ASTERIX, OBELIX-5

Doser, M., Farrar, G. & Kornakov, G. Searching for a dark matter particle with anti-protonic atoms. Eur. Phys. J. C 83, 1149 (2023). https://doi.org/10.1140/epjc/s10052-023-12319-8

S(uuddss): a novel formation mechanism (at rest!) 

antiproton annihilation on 3He nucleus at rest:

no SM process produces such a signature

production at rest allows full kinematic 
reconstruction of all particles (except S)

7/13
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in-trap formation of antiprotonic atoms→

formation reaction:
 (p 3He)  →  S(uuddss) + K  K  π

_ + + _

𝛑

formation in gas jet target→

eV ~ keV p

low rate, vacuum?, 3He recuperation required

_
He3 +

_
p

small numbers of  He ions needed3

S(uuddss): two formation pathways

He3
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formation reaction:
 (p 3He)  →  S(uuddss) + K  K  π

_ + + _

�
_

-

Fig. 2: Three-nucleon rearrangement and annihi-
lation graphs for p̄d leading to the formation of
a final state containing the K+K+⇡� topology
or of the S(uuddss). In both cases, the specta-
tor p would also form part of the final state. Top:
graph for p̄d ! ⌅̄0S. Bottom: p̄d ! ⌅�K+K+⇡�.
In p̄–3He annihilations, this channel, in which
the ⌅� can be fully reconstructed via its ⌅�

!

⇤⇡�,⇤ ! p⇡� decay, and which is accompanied
by a spectator proton ps, is a useful cross check
for the presence of multinucleon annihilation, but
also for triggering, tracking and particle identifi-
cation capabilities of the detector used to search
for S(uuddss).

To summarize: the potential backgrounds
to the signal, either via rescattering or multi-
nucleon annihilation processes, cannot result in
a K+K+⇡� final state recoiling against a single
state; only particle misidentification (or particles
escaping detection) can result in such a final state.
In the later case, the resulting topology requires
a study of the missing mass distribution to estab-
lish down to which level sensitivity to the searched
for S(uuddss) is feasible. The fake and misidenti-
fication rates are evaluated in the following with a
simple Monte Carlo simulation and using known
branching ratios for p̄p and p̄n annihilations into
final states with at least one K+.

Fig. 3: Sketch of the searched-for ⇡�K+K+mm
topology (wheremm is the recoiling missing mass)
with a generic compact cylindrical TPC-like track-
ing detector surrounding Penning trap structures
within which the formation and annihilation pro-
cess would occur. The overall device would be
embedded in a multi-T solenoidal magnetic field.

3 Simulations

The p̄–3He annihilation process has been studied
using the Geant4 simulation framework [35–37],
obtaining an estimate of the production rate of the
topologies of interest with final states containing
K+K+⇡� and possible backgrounds to the pro-
cess. In addition, for rare multi-nucleon processes
we have studied the final states using Monte-Carlo
phase space generators implemented in the ROOT
framework [38, 39]. Figure 3 provides a sketch of
the searched-for topology within a generic track-
ing and particle identification detector, such as a
compact TPC.

The annihilation at rest of antiprotons on
nuclei is simulated in several steps, following the
procedure as in [40]. First, 1 keV antiprotons are
shot at a nm-thin 3He target where via electro-
magnetic interaction they are slowed down until
captured by an atom. The thin target prevents
new interactions of any produced states with
the bulk material, providing similar conditions to
those of ultra-high vacuum. Then, the annihila-
tion of the antiproton with one of the nucleons is

5

spectator p

→

established, with production rates in the order of
10�6

⇠ 10�4 and with indications of the presence
of multi-nucleon annihilations.

In the case of p̄–3He (Fig.1), after annihi-
lation of two of the antiquarks of the p̄ with
two of the quarks of other nucleons to pro-
duce two s̄s pairs, the resulting intermediate
quark composition is then [ussūs̄s̄][ddu][uud] or
[dssd̄s̄s̄][ddu][uud], depending on which quarks of
the antiproton-proton pair annihilate (the for-
mer occurring two times more frequently than the
later). Pairing o↵ the 3rd and 4th nucleons’ quarks
results in [ussddu][ūd][s̄u][s̄u] (in 2/3 ⇥ 1/3 of the
cases), in [dssuud][d̄u][s̄d][s̄d] (in 1/3 ⇥ 1/3 of the
cases), in [ussddu][ūu][s̄d][s̄u] (in 2/3 ⇥ 2/3 of the
cases) and in [dssuud][d̄d][s̄d][s̄u] (in 2/3 ⇥ 2/3 of
the cases).

The outcome is then production of the (puta-
tive) S(uuddss) state in coincidence with two
kaons and one pion:

(uuddss)+ ⇡� +K+ +K+ (in 2/3⇥ 1/3 of the cases)
(1)

(uuddss)+ ⇡+ +K0 +K0 (in 1/3⇥ 1/3 of the cases)
(2)

(uuddss)+ ⇡0 +K0 +K+ (in 2/3⇥ 2/3 of the cases)
(3)

(uuddss)+ ⇡0 +K0 +K+ (in 1/3⇥ 2/3 of the cases)
(4)

In all cases, the total strangeness of the final
state mesons is +2, while the sum of charges
⌃Q = +1. Final state masses sum to m(S) +
2m(K) + m(⇡), allowing producing S with mS

2 [0, 2600] MeV. The experimentally cleanest tag
is (1), since all final state particles (except for
the invisible S(uuddss) state) are easily detectable
and uniquely identifiable. Furthermore, kinematic
reconstruction of the missing mass is unambigu-
ously possible, since the initial energy and momen-
tum of the p̄–3He system are known. Note that
also p̄d annihilation can lead to the production of
the sexaquark (p̄d ! ⌅̄0S, Fig. 2, left), but results
in a much reduced mass window (mS < 1500 GeV)
than is the case for p̄–3He and is experimentally
much more di�cult to detect due to the dominant
⌅̄0

! ⇤̄⇡0, ⇤̄ ! p̄⇡+ decay.
We now discuss a number of standard model

processes that result either in similar final state
topologies, or that produce final states containing

the characteristic K+K+⇡� topology (with addi-
tional mesons or baryons, but which might escape
detection in a real detector) to determine whether
these could result in potential backgrounds. No
standard model processes result in the signal
topology with a single missing particle; in all cases,
particle misidentification plays a role in potential
backgrounds:

• The most challenging background channel
stems from p̄p(d) ! K+K̄0⇡+⇡�(d), with the
⇡+ being misidentified as a K+ and both the
K̄0 and the spectator d escaping detection. This
channel with a production rate of O(10�3) will
be studied in more detail below (section 3).

• Additional potential backgrounds stem from
incomplete detector solid angle coverage. Anni-
hilation of antiprotons on a deuteron-like two-
nucleon system inside 3He with the fourth
nucleon (a proton ps) remaining as spectator,
p̄d(ps) ! ⌅�K+K+⇡�(ps) is kinematically
allowed (Fig. 2, right). Here, the decay of the
⌅�

! ⇤⇡�;⇤ ! n⇡0 produces a recoiling ⇡�,
a neutron and two photons. Misidentification
of this topology as signal requires missing the
⇡� of the ⌅� decay and the spectator proton,
but also the missing mass recoiling against the
K+K+⇡� system will not result in a unique
recoil mass.

• A related background with a spectator neutron
(ns) stems from: p̄d(ns) ! ⇤0K+K+K�(ns),
which is is kinematically allowed, as is the
related process p̄d(n) ! ⌃0K+K+K�n. While
mis-identification of the K� as ⇡� can lead to
the signal topology, the missing mass recoiling
against the K+K+“⇡�” system will not result
in a unique recoil mass.

• A more challenging, also related, background
stems from p̄pp(ns) ! ⌅0K+K+⇡�(ns). Fully
neutral decays of the ⌅0

! ⇤⇡0;⇤ ! n⇡0

produce a recoiling neutron and four photons,
in addition to the spectator neutron. Here,
only the missing mass recoiling against the
K+K+⇡� system, which will not result in a
unique recoil mass, can be used to discriminate
this potential background.

• p̄n + p + p, with p̄n ! K�K+⇡�. This back-
ground requires both misidentification of the
K� as K+ as well as both protons escaping
detection.

4

spectator d, mis-identification, mm2 

spectator p, topology, mm2

Λπ0 → Kππ0

S(uuddss): backgrounds

1)

2)

3)
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Fig. 2: Three-nucleon rearrangement and annihi-
lation graphs for p̄d leading to the formation of
a final state containing the K+K+⇡� topology
or of the S(uuddss). In both cases, the specta-
tor p would also form part of the final state. Top:
graph for p̄d ! ⌅̄0S. Bottom: p̄d ! ⌅�K+K+⇡�.
In p̄–3He annihilations, this channel, in which
the ⌅� can be fully reconstructed via its ⌅�

!

⇤⇡�,⇤ ! p⇡� decay, and which is accompanied
by a spectator proton ps, is a useful cross check
for the presence of multinucleon annihilation, but
also for triggering, tracking and particle identifi-
cation capabilities of the detector used to search
for S(uuddss).

To summarize: the potential backgrounds
to the signal, either via rescattering or multi-
nucleon annihilation processes, cannot result in
a K+K+⇡� final state recoiling against a single
state; only particle misidentification (or particles
escaping detection) can result in such a final state.
In the later case, the resulting topology requires
a study of the missing mass distribution to estab-
lish down to which level sensitivity to the searched
for S(uuddss) is feasible. The fake and misidenti-
fication rates are evaluated in the following with a
simple Monte Carlo simulation and using known
branching ratios for p̄p and p̄n annihilations into
final states with at least one K+.

K
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(missing mass)

K

π 

+

+

-

B

Fig. 3: Sketch of the searched-for ⇡�K+K+mm
topology (wheremm is the recoiling missing mass)
with a generic compact cylindrical TPC-like track-
ing detector surrounding Penning trap structures
within which the formation and annihilation pro-
cess would occur. The overall device would be
embedded in a multi-T solenoidal magnetic field.

3 Simulations

The p̄–3He annihilation process has been studied
using the Geant4 simulation framework [35–37],
obtaining an estimate of the production rate of the
topologies of interest with final states containing
K+K+⇡� and possible backgrounds to the pro-
cess. In addition, for rare multi-nucleon processes
we have studied the final states using Monte-Carlo
phase space generators implemented in the ROOT
framework [38, 39]. Figure 3 provides a sketch of
the searched-for topology within a generic track-
ing and particle identification detector, such as a
compact TPC.

The annihilation at rest of antiprotons on
nuclei is simulated in several steps, following the
procedure as in [40]. First, 1 keV antiprotons are
shot at a nm-thin 3He target where via electro-
magnetic interaction they are slowed down until
captured by an atom. The thin target prevents
new interactions of any produced states with
the bulk material, providing similar conditions to
those of ultra-high vacuum. Then, the annihila-
tion of the antiproton with one of the nucleons is
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→ sensitivity down to 10 -9

Geant-4 simulation

For this reason, reconstruction using liquid or
gaseous targets would be very di�cult.

An alternative is provided by the formation
of p̄–3He in Penning traps [40]. In-trap forma-
tion in ultra high vacuum (UHV) ensures that
any low transverse energy nuclear remnants can
be detected and identified axially (e.g. via a micro
channel plate (MCP) and time-of-flight detectors),
while higher energy mesons can be detected via
a traditional cylindrical tracking detector embed-
ded within the Penning trap’s solenoidal magnetic
field which allows to reconstruct accurately the
momentum of any produced charged particles
(Figure 3).

4 Discussion

The above discussion demonstrates that
S(uuddss) sexaquarks, a specific dark matter
candidate, can potentially be formed and be
detected with high sensitivity and over a very
low background in antiproton-nuclear anni-
hilations at rest, with the most appropriate
system for detection being p̄–3He annihilations.
This process assumes that re-arrangements of
quarks can happen across nucleon boundaries.
Experimentally, such multi-nucleon interac-
tions have been shown to occasionally occur
in antiproton annihilation [25, 45]. The same
process could also occur in heavier nuclei
than 3He, resulting in final states of the type
(uuddss) + K+K+⇡� + n ⇥ [uud] + m ⇥ [udd].
Kinematically, such a state with supernumerary
protons or neutrons might decay into ⇤⇤N 0 or
would result in multiple particles recoiling against
the K+K+⇡� system, and thus entail a less
clean final state topology than for p̄–3He. Finally,
while the formation of the sexaquark system in
antiproton–tritium interactions should proceed as
in 3He, the resulting final state does not have the
same characteristic S=+2 signature.

Formation of the p̄–3He antiprotonic atom
through co-trapped ionic precursor systems, e.g.
p̄ + 3He+, can rely either on pulsed forma-
tion via charge exchange between co-trapped
antiprotons and anionic atomic ions that are
first photo-ionized and then immediately excited
into Rydberg states [46], similar to the pulsed
formation of antihydrogen [47], requiring produc-
tion of metastable 3He� [48], or on three-body
interactions between antiprotons and a trapped
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Fig. 4: Top: Reconstructed missing mass dis-
tribution from 1010 simulated events in Geant4
of the K+K+⇡� system in p̄–3He ! uuddss +
K+ + K+ + ⇡� together with background. The
peak at 1.89 GeV/c2 corresponds to production
of S(uuddss) with a branching ratio of 10�8.
Bottom: Experimental sensitivity (3 and 5-�) to
the branching ratios of S(uuddss) in p̄–3He !

uuddss+K+ +K+ + ⇡� as a function of mS for
1010 events.

ensemble of cationic 3He+ atomic ions, similarly
to the manner in which antihydrogen atoms can
be formed [49, 50].

Alternatively, replacing 3He with tritium
would result in an (S⇡�K+K0) final state in a
process similar to that of Figure 1. Contrary to
antiproton annihilation on 3He to (S⇡�K+K+)
however, which has no standard model back-
ground with the same final state topology, for
antiproton annihilation on tritium the standard
model process p̄p(nn) ! ⇡�K+K̄0(nn) with two
spectator neutrons occurs at a branching ratio
level of O(10�3).
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in line with the longer term physics program with thrust on antiprotonic atoms
but could also constitute a (longer term, more costly) dedicated experiment

Penning traps = cryogenic environment:

solid Ar TPC ?
silicon strip/pixel ?

+ TOF
+ MCP

ion source

requires R&D,  discussions started w/ potential partner
requires significant funding, some R&D (T         ~ 4K)operation

experience with scintillating fiber tracker (FACT)
one of two workhorse technologies in AEgIS

(other physics opportunities provided by such a set-up, in particular
 the investigation of multi-nucleon annihilations )

being installed in AEgIS in 2024

realistic time line: post LS3, ~ 2030  (some development work and some R&D is
going to be needed...)
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thank you for your attention!

references:

Doser, M., Farrar, G. & Kornakov, G. Searching for a dark matter particle with anti-protonic atoms. 

Eur. Phys. J. C 83, 1149 (2023). https://doi.org/10.1140/epjc/s10052-023-12319-8

Glennys R. Farrar, (2018), arXiv:1805.03723 , A precision test of the nature of dark matter and a probe of the QCD phase transition

Glennys R. Farrar, (2017), arXiv:1708.08951v2 [hep-ph] , Stable Sexaquark

Glennys R. Farrar and Zihui Wang (2023), arXiv:2306.03123v2 , Constraints on long-lived di-baryons and di-baryonic dark matter

M. Shahrbaf, D. Blaschke, S. Typel, G. R. Farrar, D. E. Alvarez-Castillo (2022), arXiv:2202.00652v2 , 

Sexaquark dilemma in neutron stars and its solution by quark deconfinement

Glennys R. Farrar (2022), arXiv:2201.01334v2 , A Stable Sexaquark: Overview and Discovery Strategies

https://doi.org/10.1140/epjc/s10052-023-12319-8
https://arxiv.org/abs/1805.03723
https://arxiv.org/abs/1708.08951
https://arxiv.org/abs/2306.03123v2
https://arxiv.org/search/nucl-th?searchtype=author&query=Shahrbaf,+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Blaschke,+D
https://arxiv.org/search/nucl-th?searchtype=author&query=Typel,+S
https://arxiv.org/search/nucl-th?searchtype=author&query=Farrar,+G+R
https://arxiv.org/search/nucl-th?searchtype=author&query=Alvarez-Castillo,+D+E
https://arxiv.org/abs/2202.00652v2
https://arxiv.org/abs/2201.01334v2


1 5 10 50 100 500 1000
IntLenRatio

10-7

10-6

10-5

10-4

0.001

0.010
NSintperN

Figure 5. Number of S and S̄ interactions in 1m of Fe, per produced neutron in the central region, after 1m
(blue), 10m (gold) and 50m (green) of Fe absorber, as a function of the ratio of interaction length of S to
that of n, taking �prod,S = 1/300�prod,n.

interaction products.
In a detected S or S̄ collision the momentum |pS | of the incident S is unknown. However in

the central region the spectrum as a function of transverse energy (ET ⌘
q

p
2
T
+M2) is similar for

all hadrons. It peaks below a few GeV, so one can reasonably expect the same to be true for S and S̄.
In the S-nucleus scattering event, the final S’s 3-momentum is also unknown. The accompanying
secondary hadrons should have a similar distribution as for neutron-initiated events but without the
forward diffractive component. The total energy of the secondaries gives a lower bound on the
energy of the incident S, from which one can infer a lower bound on v/c for a given assumed mS .
One can also model the energy of produced particles as a function of the initial energy of the S

and its mass. With a decent estimate of v/c of the initial S or S̄, timing the scattering event with
respect to bunch-crossings could be useful to reduce background from cosmic ray scattering, and
potentially constrain mS .

Practical considerations of cost, as well as physical and engineering constraints, are highly rel-
evant. We note that the milliQan detector [89], being installed for LHC Run 3 behind 17m of rock
outside the CMS detector, may have sensitivity to S, S̄’s produced in the primary collision. The
rock would eliminate the neutron and other remnants of the primary interaction almost entirely,
leaving only the remaining S and S̄ as neutrals to initiate interactions. These S and S̄ initiated
vertices could possibly be discriminated from other backgrounds. (Note that the FASER exper-
iment [90] searched for an anomalous component of neutral penetrating particles which decay,
whereas the sexaquark search needs to trigger on neutral penetrating particles which interact.)

For milliQan, the detector subtends a fraction 0.0053 of azimuth and the pseudorapidity ac-
ceptance is ±0.0167, giving f = 8.5 ⇥ 10�5. Taking dNn/dY = 0.17, we obtain the number of
S and S̄’s entering the solid angle of the detector and interacting in 1m Fe-equivalent by multiply-
ing the appropriate curve in Fig. 5 by 3 ⇥ 10�5 times the total number of interactions. With 1016

inelastic interactions calculated previously for 150 fb�1 and using the gold curve to approximate
the milliQan shielding over the range of interaction length ratio shown, the estimated number of
events in the milliQan detector is (3⇥104 to 9⇥107)(Nint,mQ/Nint,1mFe), where the last factor is
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search for a stable or effectively stable S is highly motivated; as we shall see in the following, the
mass range 1.85� 2.2 GeV is most promising.

4 Properties and Cross Sections

Three attributes of a stable S make it very difficult to detect:
• The S is neutral and a flavor singlet, so it does not couple to photons, pions and most other
mesons, nor does it leave a track in a detector.
• The S has no pion cloud and may be more compact than ordinary baryons; the amplitude for
interconversion between S and baryons is small.
• The mass of the S makes it difficult to distinguish from the much more copious neutron.

Being a flavor-SU(3) singlet, the S cannot couple to flavor-octet mesons, except through an
off-diagonal coupling transforming it to a much heavier flavor octet dibaryon. At low momenta,
as relevant for dark matter interactions, the SN interaction can receive contributions from the
exchange of glueballs (masses & 1.5 GeV), the flavor singlet superposition of ! and � vector
mesons denoted �0 (mass ⇡ 1 GeV) and the f0 – the very broad isosinglet scalar (also known as �)
with mass ⇠ 500 MeV which is a tetraquark or di-meson molecule. Due to the extended nature of
the f0 and the fact that pions do not couple to the S, the f0’s contribution to S interactions should
be small compared to that of the �0, particularly if the f0 is a two pion resonance. Exchange of
�0, which is a vector meson, produces a repulsive nucleon-nucleon or S-S interaction. However
the sign of the S-�0 coupling need not be the same as that of the N -�0 coupling, so the S-nucleon
interaction can be attractive or repulsive. There is no fundamental approach to predict the strength
of the �0 coupling to S (or, for that matter, the �0 coupling to other hadrons). Without this, we
cannot model b appearing in Eq. (4.1) below or calculate the cross section for non-relativistic �0-
mediated DM-nucleon and DM-nucleus scattering.

The charge radius of a nucleon, ⇠0.9 fm in spite of its Compton wavelength being 0.2 fm, is
a measure of the cloud of pions surrounding it. The fact that the S does not couple to the octet of
pseudoscalar mesons, on account of its being a flavor singlet, implies that the S is not surrounded
by a pion cloud. Therefore it would be expected to have a smaller spatial extent than octet mesons
and baryons. Naively parameterizing the radius rX of a particle X as a linear superposition of its
Compton wavelength �X plus that of the lightest meson M to which it couples strongly,

rX = �X + b�M , (4.1)

and fitting to the nucleon charge radius, we find b = 0.45. For mS ⇡ 2 GeV, the Compton
wavelength �S ⇡ 0.1 fm, so Eq. (4.1) with b = 0.45 would imply that the S would have a spatial
extent rS ⇡ 0.2 � 0.3 fm for �0 or f0 mesons respectively. There is no contradiction between
being more compact and being more deeply bound relative to other light-quark hadrons, since the
short-distance QCD attraction, ⇠ ln(r)/r, compensates the increased zero-point kinetic energy by
virial arguments.

Our understanding of non-perturbative QCD is presently inadequate to enable a first principles
prediction of hadron cross sections at energies in and above the resonance regime. Naively invok-
ing a black-disk model using the charge radii fails badly for nucleon-nucleon and meson-nucleon

– 6 –

S(uuddss) as keV DM (300 km/s)

the rate of S ! nn could be 100 times higher and the upper bound on g̃ would increase by a factor
10.

The horizontal black dashed line in Fig. 1 is the maximum value of g̃ consistent with survival of
SDM as the Universe transitions from the quark gluon plasma into a hot hadronic plasma [58]. This
value is calculated by requiring that the reaction rate of breakup processes such as K+

S ! p⇤ is
less than the expansion rate of the Universe at T ⇡ 150 MeV. The survival condition becomes easier
and easier to satisfy as the Universe cools, and the upper bound on g̃ would be weakened if there
were continuing production of SDM throughout the QGP-hadron transition. Considering all of the
relevant reactions, survival of SDM is guaranteed if g̃ is less than . 2⇥ 10�6 [15]. This constraint
is satisfied based on overlap alone, even without taking into account tunneling suppression. Hence
the conclusion of [59] that dark matter cannot be di-baryonic, while applicable for a loosely-bound
H-dibaryon, is inapplicable to SDM.

To summarize this section, the QCD interconversion amplitude g̃ between S and two baryons
must be small, as shown in Fig. 1. Theoretical estimates based on wavefunction overlap are very
sensitive to the assumed sexaquark radius, with a value of g̃ . 10�7 being obtained as a fiducial
value. The observational constraints on g̃ are strongest below mS ⇡ 1870 MeV; for higher masses
g̃ ⇡ 10�4.5 is compatible with experimental constraints as long as dark matter does not predomi-
nantly consist of sexaquarks. A small g̃ makes calculating the sexaquark mass in lattice QCD very
challenging. The HAL QCD strategy is to reconstruct the ⇤⇤ potential, then calculate bound state
masses in that potential. However a small g̃ implies that accurately probing the ⇤⇤ potential at
small distances through ⇤⇤ scattering will be difficult.

6 Astrophysical and related constraints

If a sexaquark exists with mS . 2.05 GeV, sexaquarks can naturally be the dark matter [15]. In
this section we briefly report constraints on sexaquark dark matter (SDM) and some implications.

If the dark matter is composed all or in part of sexaquarks, the possibility of a non-negligible
scattering cross section with baryons can have observable astrophysical and cosmological conse-
quences. References [17, 18] provide a comprehensive compendium of present limits on DM-
baryon interactions for DM in the GeV mass range. A full non-perturbative analysis is essential,
solving the Schrödinger equation for extended nuclear sources rather than assuming Born approxi-
mation scaling with nuclear mass number A. Cosmological limits from small scale structure in the
CMB give a limit on the dark matter nucleon cross section, �Xp . 10�24.5 cm2, and a similar limit
follows from cooling of gas clouds [17, 57]. Recently, these limits have been improved by combin-
ing constraints from big bang nucleosynthesis with bounds from a novel dewar experiment [60, 61],
giving �Xp . 10�26.2 cm2 [18] for mS ⇡ 2 GeV. This is at the upper range of plausible S-nucleon
cross sections (Sec. 4).12

12Direct DM detection experiments are at much lower energy than encountered in accelerator experiment contexts,
with Galactic DM having a typical 300 km/s velocity implying keV-range kinetic energies for SDM. Furthermore, direct
detection experiments with significant material overburden lose sensitivity when the DM particles reaching the detector
have lost enough energy via scattering in the overburden that they are no longer capable of triggering the detector.
This effect is particularly important for DM in the GeV range; as a consequence, the ultra-sensitive deep underground
WIMP detectors are not sensitive to sexaquark DM. Near-surface experiments to date suffer from the problem that SDM
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S(uuddss): observability in recoil detectors

deposits little energy in detectors and the detector responses have not been calibrated in the relevant regime.  Note that 
SENSEI  which is sensitive to GeV-and-below masses, relies on a DM-electron coupling which is not present for the 
electrically neutral S.
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FIG. 2. ⌦DM/⌦b versus mS in MeV (vertical axis) and the ef-
fective transition temperature in MeV (horizontal axis). The
measured value 5.3± 0.1 is indicated by the black line. (Note
there was a plotting bug in this figure in the original version
of this preprint; this is the corrected plot.)

binations of the given baryon states containing uuddss.
The leading uncertainty due to confinement and chiral-
symmetry breaking cancels, to the extent that the pres-
ence or absence of the quark and gluon condensates shifts
the masses of the S and octet baryons together.

Idealizing the production of DM as occurring at a sin-
gle e↵ective temperature somewhere in the 140-170 MeV
range, and using Eq. (3) to calculate s(mS) taking
yb = mS/(2mp), leads to the values of ⌦DM/⌦b shown
in Fig. 2. For the entire plane the predictions are within
a factor-2 of the measured ratio ⌦DM/⌦b = 5.3 ± 0.1.
Indeed, the agreement is better than 15% for sexaquark
mass in the “safe” 1860-1880 MeV range, for the arguably
most relevant range for Te↵ : 140 � 155 MeV, the final
stage of hadronization.

The mild dependence of ⌦DM/⌦b across Fig. 2 follows
from the fact that fs and s have the opposite behav-
ior as T changes so their product varies relatively little.
The biggest source of uncertainty in predicting ⌦DM/⌦b

is thus mS , and the approximation of using T = 0 values
of the masses to estimate s via Eq. (3). If a sexaquark
would be discovered so mS is fixed, the 2% precision with
which ⌦DM/⌦b is known will strongly constrain how the
QCD condensates and energy di↵erence of sexaquark-like
and hyperon-like states evolve with temperature. If DM
is made of uds quarks but not sexaquarks, then the mS

in Fig. 2 is to be interpreted as an e↵ective uuddss en-
ergy during DM formation, appearing in Eq. (3) via the
expression for r1,2.

Implicit in the above discussion, is that the value of
⌦DM/⌦b established in the hadronization transition per-
sists to the recombination epoch where it is measured [3].
If DM is in the form of quark nuggets or PBH, its persis-
tence is assured as long as the nuggets or PBHs are large

enough not to evaporate. (Late-time accretion of OM
onto PBH, even if significant, would not a↵ect the value
of ⌦DM/⌦b at recombination.) For sexaquark DM, non-
destruction requires the cross section for reactions such
as ⇡S ! ⌃⇤ and KS ! p⇤ to be small, consistent with
the wavefunction overlap between an S and two baryons
being suppressed due to the expected small size of the
sexaquark [5, 10]; see Supplementary Materials for more
details .

CONCLUSIONS

Very simple statistical physics, along with externally-
determined parameters such as quark masses and the
temperature range of the QGP-hadron transition, have
been used to calculate the ratio of Dark Matter to ordi-
nary matter in models where DM is comprised of equal
numbers of u, d, s quarks. The prediction is relatively in-
sensitive to details of DM properties. When applied to
the sexaquark dark matter model, the prediction agrees
with observation to within its ⇡ 15% uncertainty for mS

in the range 1860-1880 MeV, where both sexaquark and
nuclei are absolutely stable. Subsequent breakup of sex-
aquarks into baryons must be suppressed, but this is self-
consistent in the framework of the stable sexaquark con-
jecture due to its deep binding and compact physical size.
Conditions in the QGP phase transition may lead to

multiple coexisting states of uds dark matter, potentially
consisting of a combination of sexaquarks, quark nuggets
and primordial black holes 4. A similar if less precise
prediction for ⌦DM/⌦b as seen in Fig. 2 should apply
to both quark nuggets and primordial black holes from
their collapse, if either of those form, since they share the
essential features: i) DM which consists of nearly equal
numbers of u, d, s quarks and ii) relative suppression of
hyperon-like states, due to the strong QCD attraction of
uuddss quarks in the spin-0 channel.
The parameter-free nature and simplicity of the analy-

sis presented here make the congruence of prediction and
observation a possible smoking gun that DM consists of
u, d, s quarks in nearly equal abundance. In that case,
⌦DM/⌦b will provide a valuable window onto the QGP-
hadron transition, much as the abundances of primordial
nuclei probe conditions during nucleosynthesis at 1000
times lower temperature.

4 The microscopic details of the QCD phase transition and their
interplay with primordial temperature/density fluctuations from
inflation have to be explored in greater depth, to determine
whether these inhomogeneities can produce regions in which the
development of the chiral condensate lags su�ciently relative to
that in neighboring regions, to significantly concentrate baryon
number, along the lines considered in connection with a 1st order
transition [6]. An intermediate phase of sexaquarks or sexaquark-
like states in the late-stage QGP as discussed in connection with
Eq. (3) might facilitate this process.
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The leading uncertainty due to confinement and chiral-
symmetry breaking cancels, to the extent that the pres-
ence or absence of the quark and gluon condensates shifts
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is thus mS , and the approximation of using T = 0 values
of the masses to estimate s via Eq. (3). If a sexaquark
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which ⌦DM/⌦b is known will strongly constrain how the
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expression for r1,2.
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destruction requires the cross section for reactions such
as ⇡S ! ⌃⇤ and KS ! p⇤ to be small, consistent with
the wavefunction overlap between an S and two baryons
being suppressed due to the expected small size of the
sexaquark [5, 10]; see Supplementary Materials for more
details .

CONCLUSIONS

Very simple statistical physics, along with externally-
determined parameters such as quark masses and the
temperature range of the QGP-hadron transition, have
been used to calculate the ratio of Dark Matter to ordi-
nary matter in models where DM is comprised of equal
numbers of u, d, s quarks. The prediction is relatively in-
sensitive to details of DM properties. When applied to
the sexaquark dark matter model, the prediction agrees
with observation to within its ⇡ 15% uncertainty for mS

in the range 1860-1880 MeV, where both sexaquark and
nuclei are absolutely stable. Subsequent breakup of sex-
aquarks into baryons must be suppressed, but this is self-
consistent in the framework of the stable sexaquark con-
jecture due to its deep binding and compact physical size.
Conditions in the QGP phase transition may lead to

multiple coexisting states of uds dark matter, potentially
consisting of a combination of sexaquarks, quark nuggets
and primordial black holes 4. A similar if less precise
prediction for ⌦DM/⌦b as seen in Fig. 2 should apply
to both quark nuggets and primordial black holes from
their collapse, if either of those form, since they share the
essential features: i) DM which consists of nearly equal
numbers of u, d, s quarks and ii) relative suppression of
hyperon-like states, due to the strong QCD attraction of
uuddss quarks in the spin-0 channel.
The parameter-free nature and simplicity of the analy-

sis presented here make the congruence of prediction and
observation a possible smoking gun that DM consists of
u, d, s quarks in nearly equal abundance. In that case,
⌦DM/⌦b will provide a valuable window onto the QGP-
hadron transition, much as the abundances of primordial
nuclei probe conditions during nucleosynthesis at 1000
times lower temperature.

4 The microscopic details of the QCD phase transition and their
interplay with primordial temperature/density fluctuations from
inflation have to be explored in greater depth, to determine
whether these inhomogeneities can produce regions in which the
development of the chiral condensate lags su�ciently relative to
that in neighboring regions, to significantly concentrate baryon
number, along the lines considered in connection with a 1st order
transition [6]. An intermediate phase of sexaquarks or sexaquark-
like states in the late-stage QGP as discussed in connection with
Eq. (3) might facilitate this process.
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FIG. 2. ⌦DM/⌦b versus mS in MeV (vertical axis) and the ef-
fective transition temperature in MeV (horizontal axis). The
measured value 5.3± 0.1 is indicated by the black line. (Note
there was a plotting bug in this figure in the original version
of this preprint; this is the corrected plot.)

binations of the given baryon states containing uuddss.
The leading uncertainty due to confinement and chiral-
symmetry breaking cancels, to the extent that the pres-
ence or absence of the quark and gluon condensates shifts
the masses of the S and octet baryons together.

Idealizing the production of DM as occurring at a sin-
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range, and using Eq. (3) to calculate s(mS) taking
yb = mS/(2mp), leads to the values of ⌦DM/⌦b shown
in Fig. 2. For the entire plane the predictions are within
a factor-2 of the measured ratio ⌦DM/⌦b = 5.3 ± 0.1.
Indeed, the agreement is better than 15% for sexaquark
mass in the “safe” 1860-1880 MeV range, for the arguably
most relevant range for Te↵ : 140 � 155 MeV, the final
stage of hadronization.

The mild dependence of ⌦DM/⌦b across Fig. 2 follows
from the fact that fs and s have the opposite behav-
ior as T changes so their product varies relatively little.
The biggest source of uncertainty in predicting ⌦DM/⌦b

is thus mS , and the approximation of using T = 0 values
of the masses to estimate s via Eq. (3). If a sexaquark
would be discovered so mS is fixed, the 2% precision with
which ⌦DM/⌦b is known will strongly constrain how the
QCD condensates and energy di↵erence of sexaquark-like
and hyperon-like states evolve with temperature. If DM
is made of uds quarks but not sexaquarks, then the mS

in Fig. 2 is to be interpreted as an e↵ective uuddss en-
ergy during DM formation, appearing in Eq. (3) via the
expression for r1,2.

Implicit in the above discussion, is that the value of
⌦DM/⌦b established in the hadronization transition per-
sists to the recombination epoch where it is measured [3].
If DM is in the form of quark nuggets or PBH, its persis-
tence is assured as long as the nuggets or PBHs are large

enough not to evaporate. (Late-time accretion of OM
onto PBH, even if significant, would not a↵ect the value
of ⌦DM/⌦b at recombination.) For sexaquark DM, non-
destruction requires the cross section for reactions such
as ⇡S ! ⌃⇤ and KS ! p⇤ to be small, consistent with
the wavefunction overlap between an S and two baryons
being suppressed due to the expected small size of the
sexaquark [5, 10]; see Supplementary Materials for more
details .
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the sexaquark dark matter model, the prediction agrees
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in the range 1860-1880 MeV, where both sexaquark and
nuclei are absolutely stable. Subsequent breakup of sex-
aquarks into baryons must be suppressed, but this is self-
consistent in the framework of the stable sexaquark con-
jecture due to its deep binding and compact physical size.
Conditions in the QGP phase transition may lead to

multiple coexisting states of uds dark matter, potentially
consisting of a combination of sexaquarks, quark nuggets
and primordial black holes 4. A similar if less precise
prediction for ⌦DM/⌦b as seen in Fig. 2 should apply
to both quark nuggets and primordial black holes from
their collapse, if either of those form, since they share the
essential features: i) DM which consists of nearly equal
numbers of u, d, s quarks and ii) relative suppression of
hyperon-like states, due to the strong QCD attraction of
uuddss quarks in the spin-0 channel.
The parameter-free nature and simplicity of the analy-

sis presented here make the congruence of prediction and
observation a possible smoking gun that DM consists of
u, d, s quarks in nearly equal abundance. In that case,
⌦DM/⌦b will provide a valuable window onto the QGP-
hadron transition, much as the abundances of primordial
nuclei probe conditions during nucleosynthesis at 1000
times lower temperature.

4 The microscopic details of the QCD phase transition and their
interplay with primordial temperature/density fluctuations from
inflation have to be explored in greater depth, to determine
whether these inhomogeneities can produce regions in which the
development of the chiral condensate lags su�ciently relative to
that in neighboring regions, to significantly concentrate baryon
number, along the lines considered in connection with a 1st order
transition [6]. An intermediate phase of sexaquarks or sexaquark-
like states in the late-stage QGP as discussed in connection with
Eq. (3) might facilitate this process.
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FIG. 2. ⌦DM/⌦b versus mS in MeV (vertical axis) and the ef-
fective transition temperature in MeV (horizontal axis). The
measured value 5.3± 0.1 is indicated by the black line. (Note
there was a plotting bug in this figure in the original version
of this preprint; this is the corrected plot.)

binations of the given baryon states containing uuddss.
The leading uncertainty due to confinement and chiral-
symmetry breaking cancels, to the extent that the pres-
ence or absence of the quark and gluon condensates shifts
the masses of the S and octet baryons together.

Idealizing the production of DM as occurring at a sin-
gle e↵ective temperature somewhere in the 140-170 MeV
range, and using Eq. (3) to calculate s(mS) taking
yb = mS/(2mp), leads to the values of ⌦DM/⌦b shown
in Fig. 2. For the entire plane the predictions are within
a factor-2 of the measured ratio ⌦DM/⌦b = 5.3 ± 0.1.
Indeed, the agreement is better than 15% for sexaquark
mass in the “safe” 1860-1880 MeV range, for the arguably
most relevant range for Te↵ : 140 � 155 MeV, the final
stage of hadronization.

The mild dependence of ⌦DM/⌦b across Fig. 2 follows
from the fact that fs and s have the opposite behav-
ior as T changes so their product varies relatively little.
The biggest source of uncertainty in predicting ⌦DM/⌦b

is thus mS , and the approximation of using T = 0 values
of the masses to estimate s via Eq. (3). If a sexaquark
would be discovered so mS is fixed, the 2% precision with
which ⌦DM/⌦b is known will strongly constrain how the
QCD condensates and energy di↵erence of sexaquark-like
and hyperon-like states evolve with temperature. If DM
is made of uds quarks but not sexaquarks, then the mS

in Fig. 2 is to be interpreted as an e↵ective uuddss en-
ergy during DM formation, appearing in Eq. (3) via the
expression for r1,2.

Implicit in the above discussion, is that the value of
⌦DM/⌦b established in the hadronization transition per-
sists to the recombination epoch where it is measured [3].
If DM is in the form of quark nuggets or PBH, its persis-
tence is assured as long as the nuggets or PBHs are large

enough not to evaporate. (Late-time accretion of OM
onto PBH, even if significant, would not a↵ect the value
of ⌦DM/⌦b at recombination.) For sexaquark DM, non-
destruction requires the cross section for reactions such
as ⇡S ! ⌃⇤ and KS ! p⇤ to be small, consistent with
the wavefunction overlap between an S and two baryons
being suppressed due to the expected small size of the
sexaquark [5, 10]; see Supplementary Materials for more
details .

CONCLUSIONS

Very simple statistical physics, along with externally-
determined parameters such as quark masses and the
temperature range of the QGP-hadron transition, have
been used to calculate the ratio of Dark Matter to ordi-
nary matter in models where DM is comprised of equal
numbers of u, d, s quarks. The prediction is relatively in-
sensitive to details of DM properties. When applied to
the sexaquark dark matter model, the prediction agrees
with observation to within its ⇡ 15% uncertainty for mS

in the range 1860-1880 MeV, where both sexaquark and
nuclei are absolutely stable. Subsequent breakup of sex-
aquarks into baryons must be suppressed, but this is self-
consistent in the framework of the stable sexaquark con-
jecture due to its deep binding and compact physical size.
Conditions in the QGP phase transition may lead to

multiple coexisting states of uds dark matter, potentially
consisting of a combination of sexaquarks, quark nuggets
and primordial black holes 4. A similar if less precise
prediction for ⌦DM/⌦b as seen in Fig. 2 should apply
to both quark nuggets and primordial black holes from
their collapse, if either of those form, since they share the
essential features: i) DM which consists of nearly equal
numbers of u, d, s quarks and ii) relative suppression of
hyperon-like states, due to the strong QCD attraction of
uuddss quarks in the spin-0 channel.
The parameter-free nature and simplicity of the analy-

sis presented here make the congruence of prediction and
observation a possible smoking gun that DM consists of
u, d, s quarks in nearly equal abundance. In that case,
⌦DM/⌦b will provide a valuable window onto the QGP-
hadron transition, much as the abundances of primordial
nuclei probe conditions during nucleosynthesis at 1000
times lower temperature.

4 The microscopic details of the QCD phase transition and their
interplay with primordial temperature/density fluctuations from
inflation have to be explored in greater depth, to determine
whether these inhomogeneities can produce regions in which the
development of the chiral condensate lags su�ciently relative to
that in neighboring regions, to significantly concentrate baryon
number, along the lines considered in connection with a 1st order
transition [6]. An intermediate phase of sexaquarks or sexaquark-
like states in the late-stage QGP as discussed in connection with
Eq. (3) might facilitate this process.
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S(uuddss): can it account for the ratio of baryonic to DM?


