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Thermal production of sexaquarks in heavy-ion collisions

We present new results on the thermal production yield of a hypothetical state made of
six quarks uuddss assuming its production in heavy-ion collisions at the CERN Large
Hadron Collider (LHC). A state with this quark content and mass low enough to be
stable against decay in timescales of the order of the age of the Universe has been
hypothesized by one of us (G. Farrar) and has been discussed as a possible dark matter
candidate. In this work, we address for the first time the thermal production rate that
can be expected for this state in heavy-ion collisions at colliders. For this estimate we use
a thermal model which has been shown to describe accurately the production of hadrons
and nuclei in heavy-ion collisions at LHC energy. This estimate is of great relevance for
sexaquark searches at colliders as well as for its consideration as a dark matter candidate
and for the composition of neutron stars.

Keywords: Dark matter; particle physics; search for new particles; multiquark states;
heavy-ion collisions.

1. Introduction

The papers on quarks by Gell-Mann and Zweig opened the possibility that hadrons
with more than the minimal quark content (¢g or gqq) could exist.!»? In recent
years, experiments have discovered some multiquark states, demonstrating that
such states do exist in nature and they are currently included in the Review of
Particle Properties.> Among them, we mention as an example the first observa-
tion of pentaquark states by the LHCb Collaboration that was not opposed by
other experiments via a nonobservation with upper limits conflicting the measured
cross-sections.®® In the analysis of A) — J/¥pK~ decays, they observed narrow
peaks in the J/¢¥p mass spectrum and further analysis led to the discovery of the
P.(4380), P.(4440), P.(4457) and P.(4312)% pentaquark states with valence quark
content uudsé, which are listed in Ref. 3.

Furthermore, the LHCb Collaboration reported in 2021 a structure seen in the
J/A invariant mass distribution at a mass of 4458.8 + 2.9%17 MeV (with sta-
tistical and system errors, respectively) obtained from an amplitude analysis of
g, = J/YAK™ decays.” To mention a recent result on tetraquarks from another
experiment, in 2021, the BESIII Collaboration reported the discovery of an exotic
tetra-quark structure, the Z.5(3985), produced in ete™ — K1 (Ds— D§+ D* — Do)
at center-of-mass energy of 4.68 GeV and has a minimal césu four-quark substruc-
ture.® Apart from the above given few examples from experimental findings on
multiquark states, for a review on discovered multiquark states or multiquark state
candidates we refer to the reviews for exotic hadrons in the Particle Data Group?
and to the review in Ref. 9.

Among the multiquark states the neutral flavor singlet multiquark state uuddss
has been long discussed as an interesting multiquark candidate, because it is
expected to be tightly bound, as first discussed by Jaffe.!? Using a bag model, Jaffe
estimated that the uuddss state is expected to have a mass around 2150 MeV, mak-
ing it strong interaction stable but allowing first-order weak decay into A +p+ 7.
Jaffe named the wuddss candidate with such characteristics, the HO dibaryon.
A number of experiments have searched for such a state and did not find it. But
they have set upper limits to its existence, see, e.g. Refs. 11-16.
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It has been recently proposed by one of us (G. Farrar), that a color-flavor-spin-
singlet multiquark state made of uuddss quarks may exist, with a hard-core radius
of ~0.1-0.4 fm and mass lower than 2 GeV, in which case it would be stable or have
a lifetime greater than the age of the Universe.'” 19 In addition, such a uuddss state
would couple weakly to hadrons because of its flavor singlet nature that excludes
coupling to pions.!” 19

In that case, because of its weak coupling matter and its stability, the uuddss
state has escaped observation in experiments till now, since experiments in the
past searched for the HO dibaryon with the characteristics as discussed by Jaffe.
Therefore, the upper limits set by these experiments do not apply to a uuddss state
with the above discussed characteristics.!” 1

For the above reasons the uuddss state with such characteristics was proposed
by one of us (G. Farrar) as a possible dark matter candidate.'™ 19 To distinguish
the low mass stable and compact uuddss state from the weakly decaying uuddss
state of Jaffe, Farrar proposed the name sexaquark ().

As discussed by Farrar in Ref. 19, assuming that dark matter is made of equal
numbers of u, d and s quarks (in any form, namely it could be a small object as a sex-
aquark but also a big one like a quark star) leads to an estimated ratio of dark matter
to ordinary matter which agrees within a factor of 2 with the measured ratio of dark
matter to ordinary matter in the Universe, for the whole range of masses shown in
Fig. 2 of Ref. 19; namely 1850-1890 MeV and for quantum chromodynamics (QCD)
phase transition temperature of 140-170 MeV. This is a very interesting similarity
of predicted and observed values of the dark matter to baryon abundances, sug-
gesting that maybe objects made out of u,d, s quarks can be at the origin of dark
matter in the Universe since there is a priori no reason why the numbers shown in
Fig. 2 of Ref. 19 agree with each other, while they could be different by many orders
of magnitude.* We note that the recent result for T, of the QCD phase transition,
obtained from recent simulations of lattice QCD, is 156.5 & 1.5 MeV.20 However,
the small statistical error of this result cannot be mismatched with the width of the
crossover transition region that can be estimated from the full width at half maxi-
mum of the chiral susceptibility and which is at least one order of magnitude larger.

Questions have been raised in the literature as to the possibility that the sex-
aquark can be a candidate for dark matter (see, e.g. Ref. 22). However, this pos-
sibility is not excluded since the authors of Ref. 22 neglected to take into account
the robustness of sexaquarks in the hot hadronic phase against breakup to baryons,
which follows if the sexaquark is very compact and/or there is a high potential
barrier for reconfiguring the quarks.

#As shown in subsequent work, within the uncertainties of the calculation and nature of the
evolution from the quark—gluon plasma to the hadronic phase as chiral symmetry breaking and
confinement turn on, the range of sexaquark masses which can be compatible with the observed
dark-matter-to-baryon ratio is larger, possibly from 1700 MeV to 2 GeV. Note a minor plotting
error in Ref. 19 which is corrected in Ref. 21.
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Experiments aim to explore all possibilities to discover dark matter and started
searching for a possible stable sexaquark. In particular, the BABAR Collaboration
was the first experimental collaboration that performed a search for sexaquarks
and published an upper limit on its production in Upsilon decays.?? In this search
they explored the detection method proposed in Ref. 17, namely to search for the
S state via the Upsilon decay in Upsilon factories, as missing mass due to the S
or S production in association with di-anti-Lambda or di-Lambdas: T — SAA or
SAA +pions and /or photons. The BABAR Collaboration observed no signal in the
exclusive SAA + charge conjugate channel and published the 90% confidence level
limits on the branching fraction Y(29,3S) — SAA to be (1.2-1.4) 1077 for a mass
of the S below 2.05 GeV.

Comparing this result to expectations, the predicted!” inclusive branching frac-
tion of S in Upsilon decays is of the order ~ 10~7. The exclusive to inclusive ratio for
Upsilon decay is typically < 10, so no exclusive signal would have been expected
at the level of sensitivity of BABAR which is 10~7 in the exclusive channel as dis-
cussed in Ref. 17.

In this paper, we estimate for the first time the production yield of the sexaquark
in heavy-ion collisions at the LHC assuming a thermal production of the sexaquark.

We use a model for thermal production of hadrons and nuclei in heavy-ion
collisions which has successfully described data at the LHC and other collision
energies.?* 26 In Sec. 2, we describe the model and in Sec. 3 we present the results
and their discussion ending in Sec. 4 with conclusions and outlook.

2. The Hadron Resonance Gas Model
with Multicomponent Hard-Core Repulsion

The hadron resonance model with induced surface tension which allows us to treat
the hard-core repulsion of hadrons and light (anti-)nuclei has been developed by
some of us and is discussed in detail in Refs. 24-29. The model was designed for an
accurate description of multicomponent hadron mixtures. The effects of hard-core
repulsion are known to be important for such systems. Within the present approach
their treatment beyond the Van der Waals approximation is provided by attributing
a part of the interparticle repulsion to the induced surface tension coefficient 3. It is
remarkable that regardless the number of particle species in the grand canonical
ensemble this quantity is defined along with the system pressure p as a solution of
the system of two coupled equations (we use the natural units, i.e. speed of light
¢ = 1, the Planck constant & = 1 and the Boltzmann constant kg = 1 are set to a
unity):

N

p=T>» ¢rexp [W] (1)
k=1
N

S =TS Ridpexp [PTQE] @)

k=1
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The summation in this expressions is performed over all particle species labeled
by k. Each of them is assigned an own proper volume v, = %ﬁRi and surface
area s = 4mR: expressed through the corresponding hard-core radius Ry. The
parameter « plays a crucial role within the present approach. It accounts for the
higher-order virial coefficient of the equations of state (1) and (2). In Refs. 24 and 25,
it was found that in the limit of Boltzmann statistics, a = 1.25 reproduces the third
and the fourth virial coefficient of the gas of hard spheres, while the widely used
Van der Waals prescription is consistent only with the second one. It is important
to note, that the description of hadronic mixtures with the Boltzmann statistics
is well justified at the LHC energies since the corresponding particle occupation
numbers are high. Accounting for this fact, we can write the thermal density of the
kth hadron species as

oy = — /OO dm Ty
b Nk(M,;Fh) MR (m—mk)2+1“i/4

L[ P pur — \/p* + m?
@n)? exp .

) T

(3)

This includes the spin—isospin degeneracy factor of the kth particle species gy as well
as its chemical potential py. The Breit-Wigner attenuation in Eq. (3) accounts for
a finite width I'y of hadron resonances with mass my. The lower limit M™® of the
mass integration in Eq. (3) stands for the decay threshold mass of the corresponding
hadrons in the dominant channel. The factor

o0 dek
N (M E/
R(M™) M (mfmk)2+1“i/4

(4)

provides a proper normalization of the mass distribution function. A special com-
ment should be made with respect to the chemical potential py of the kth particle
species. Hadronic systems produced in the collisions at such high energies as under
LHC conditions are characterized by the almost perfect symmetry between particles
and antiparticles. This leads to a vanishing of the corresponding chemical poten-
tials.?425 In Eq. (3) they, however, are kept for the convenience of the calculations,
while in our analysis we set pu; = 0.

Having Egs. (1) and (2) solved for a given value of temperature T, the parti-
cle number density of the kth hadron species can be found with the help of the
thermodynamic identity p, = %
the thermal yields of particles N,Eh = Vpp, defined through the effective volume
of the system at chemical freeze out (CFO) V. Since inelastic reactions cease to
occur after CFO, the particle decays are no longer compensated by their inverse
processes. As a result the total yields of particles Nf°* differ from the thermal ones.
The corresponding modification can be done using the branching ratios Br; ., i.e.
the probability of a particle [ to decay strongly into a particle k. The total particle

. This number density gives a direct access to
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multiplicities allow us to define the particle yield ratios, which are independent on
the CFO volume, i.e.
N;z()t _ Pr + Zl;&k} piBri
NIt pj+ 30 pBr

These ratios can be compared to the experimental data, while the temperature

()

should be adjusted in order to provide the best agreement. In our analysis we used
the values of hadronic hard-core radii found in previous works, while the hard-core
radius of the sexaquark was analyzed independently. More details on the fitting
procedure of experimental data with the hadron resonance gas model (HRGM) can
be found in Refs. 24-26.

3. Results

In this paper, we show results on the ratio of thermal sexaquark yields to thermal
deuteron (d) yields and to thermal Omega (2) hyperon yields. This comparison
aims to address two distinct cases, in particular in order to study two different
expected times of freeze out, for each of the 2 hyperon and the deuteron, which is
related to their internal structure.

Namely, we consider the case of the nuclei, like the deuteron which are expected
in principle to build at a late stage of the collision through coalescence of nucleons
and second, the case of the {2 hyperon which is expected to have a CFO at an earlier
stage of the evolution of the hadronization.?® We consider these two cases as kind
of two distinct freeze out assumptions in which the sexaquark production can be
assumed.

In Fig. 1, we show the result of the thermal model calculation for the produc-
tion of sexaquarks in Pb + Pb collisions at the LHC at CERN for a center-of-mass
energy of \/syn = 2.76 TeV. The y-axis shows the ratio of the thermal production
yield of sexaquarks to the thermal production yield of selected hadrons and nuclei,
as a function of the temperature of the thermal particle source, assuming the mass
of the sexaquark to be 1700 and 1950 MeV. We will explore a larger range of masses
in future work.

In both figures, the upper two lines show the ratio of thermal sexaquark yields to
thermal deuteron yields, and the two lower lines show the ratio of thermal sexaquark
yields to thermal € hyperon yields. The variable denoted by R is the assumed hard-
core radius of the sexaquark. From top to bottom, each line corresponds to R = 0,
0.4, 0, 0.4 fm. The lines corresponding to R = 0 fm case show the thermal model
result for pointlike particles. We will explore a larger range of R values a sexaquark
masses in future work.

The range of temperatures studied here is between 140 and 180 MeV, which is a
relevant range for the temperature of the QCD phase transition that is expected to
have occurred in the early Universe and can be reproduced in small scale today in
the laboratory when colliding high-energy heavy ions in accelerators. The particle
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Fig. 1. Ratio of thermally produced sexaquarks to thermally produced hadrons and nuclei, as a
function of the temperature of their thermal particle source, assuming the mass of the sexaquarks
to be 1700 MeV (upper picture) and 1950 MeV (lower picture). The two upper lines show the
ratio of thermal sexaquarks to thermal deuterons, whereas the two lower lines show the ratio of
thermal sexaquarks to thermal €2 hyperons. The R parameter shown on the lines is the assumed
hard-core radius of the sexaquark.

source in Pb+ Pb collisions at the center-of-mass energy of /sy = 2.76 TeV at
LHC was found in previous papers analyzing hadron production in these reactions
to be characterized by a temperature of about 150 MeV.

We find that the ratio of the thermal sexaquarks to thermal light nuclei and
strange hadrons varies between about 0.2 and 1.4 for the sexaquark mass of
1700 MeV, and between about 0.05 and 0.27 MeV for the sexaquark mass of
1950 MeV. In particular the ratio of the thermal sexaquark yields to thermal
deuteron yields is about 1.1 to 1.4 for the sexaquark mass of 1700 MeV, and between
0.22 and 0.27 for for the sexaquark mass of 1950 MeV. The ratio of the thermal
sexaquark yields to thermal 2 hyperon yields is about 0.2—-0.25 for the sexaquark
mass of 1700 MeV, and about 0.05 for the sexaquark mass of 1950 MeV. The
ratio to thermal €2 hyperon yields is rather similar for pointlike and nonpointlike
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cases as compared to the ratio to the thermal deuteron yields, especially at lower
temperatures.

Furthermore, we observe that the dependence of the ratio of the thermal sex-
aquark yields to thermal light nuclei and strange hadron yields has a weak depen-
dence on the temperature except for the case of pointlike particles (R = 0) in
which case the ratio rises with temperature. The expected CFO temperature of
the Pb+Pb system at the center-of-mass energy of \/sxy = 2.76 TeV is about
150 MeV. For the sexaquark mass of 1700 MeV and at the temperature of 150 MeV,
the ratio of the thermal sexaquark yields to the thermal light nuclei yields is around
1.45 for R = 0 fm and around 1.00 for R = 0.4 fm, while the ratio of the ther-
mal sexaquark yields to thermal Q hyperon yields is around 0.25 for R = 0 fm and
around 0.20 for R = 0.4 fm. For the sexaquark mass of 1950 MeV and at the tem-
perature of 150 MeV, the ratio of the thermal sexaquark yields to the thermal light
nuclei yields is around 0.27 for R = 0 fm and around 0.22 for R = 0.4 fm, while the
ratio of the thermal sexaquark yields to thermal 2 hyperon yields is around 0.05
for both R = 0 fm and around 0.04 for R = 0.4 fm.

In all cases the ratio of the thermal sexaquark yields to thermal light nuclei and
strange hadron yields is quite high and therefore abundant production of thermal
sexaquarks may be expected in heavy-ion collisions at LHC energies.

4. Conclusions and Outlook

A stable, compact uuddss state has been proposed as a dark matter candidate by
one of us (G. Farrar) and was named sexaquark in order to make clear the difference
from previous theoretical works on a wuddss state with different characteristics
that was proposed as HO dibaryon by R. Jaffe. If indeed there is a stable sexaquark
and the amplitude for its breakup to two baryons is small as argued, then the
experimentally measured ratio of Omega (dark matter)/Omega (matter) in the
Universe can be very well reproduced, suggesting that (u,d, s)-symmetric matter
of any form may be the source of dark matter in the Universe.

In this work, we estimate for the first time the thermal production rates of sex-
aquarks and in particular the ratios of thermal sexaquark states to thermal hadrons
with the particular example of the Q baryon, as well as to thermal light nuclei with
the particular example of the deuteron, in heavy-ion collisions at a center-of-mass
energy of \/syN = 2.76 TeV at the LHC. The study has been performed an assumed
mass of 1700 and 1950 MeV for the sexaquark and for two cases of radii of the
sexaquarks, R = 0.0 and 0.4 fm.

It is shown that sexaquarks may be produced at relatively high rates for both
cases of the investigated radii of 0.0 and 0.4 fm. At 150 MeV, thermal sexaquarks
with a mass of 1700 MeV are found to be produced with similar rate as ther-
mal deuterons, and thermal sexaquarks with a mass of 1950 MeV are found to be
produced with a rate of 1/4 of the thermal deuterons, in Pb+ Pb collisions at the
center-of-mass energy of \/syn = 2.76 TeV at the LHC.
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The estimated production rate of the sexaquark in heavy-ion collisions is of
great interest for future searches of this hypothetical particle and may be relevant
for other considerations about the role of the sexaquark in cosmological phase tran-
sitions and in neutron stars. We will explore a larger range of masses, hard-core
radii R, collision systems and center-of-mass collision energies in future work.
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