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Abstract

It is stated in section 5 of the LSAG report that there is no basis
for any conceivable threat from strangelet production at the LHC. Our
arguments follow closely the line of reasoning of previous reports [1, 2,
but they put particular emphasis on two observations. First, on gen-
eral grounds, the probability for strangelet production decreases with
increasing center-of-mass energy. As a consequence, strangelet pro-
duction at LHC is less likely than at RHIC, just as it was less likely
at RHIC than in the heavy-ion programs at lower center-of-mass en-
ergies pursued in the 1980s and 1990s. Secondly, RHIC data strongly
disfavour models of particle production which were advocated as pro-
duction mechanisms for strangelets. On the contrary, RHIC data give
strong support to a thermal model of particle production, which puts
tight upper bounds on strangelet production. In this Addendum, we
provide background information to support these statements and the
main conclusions drawn from them. In particular, we recall the main
arguments of the safety reports [1, 2], and we discuss how these argu-
ments can be strengthened in the light of recent data from RHIC.

Strangelet Properties

Strange quark matter is a hypothetical state of matter consisting of roughly
equal numbers of up, down and strange quarks. It has been speculated that
strange quark matter might constitute the true ground state of baryonic



matter, being more stable than ordinary nuclei [3, 4]. Hypothetical small
lumps of strange quark matter, having atomic masses comparable to ordinary
nuclei, are often referred to as ‘strangelets’. Such strangelets might be either
stable or metastable. At present, a first principle theory of strange quark
matter is not within theoretical reach. It would require major theoretical
breakthroughs in the application of QCD to finite density and to mesoscopic
systems. As a consequence, theoretical studies on whether strangelets can
exist for some parameter range depend on model-dependent assumptions. As
reviewed in detail in [1, 2], theoretical speculations about the existence of
strangelets may be summarized as follows:

1.

It 1s unclear whether bulk strange quark matter exists at all.

. It is unclear whether bulk strange quark matter can be stable.

If it does exist, strange quark matter may be absolutely stable in bulk
at zero external pressure, though the expected values for the relevant
parameters tend to disfavour stability [2].

Finite size effects make it very unlikely that small strangelets (A < 10)
can be stable or long-lived.

Even if bulk strange quark matter is stable, finite-size effects (sur-
face tension and curvature) significantly destablize strangelets with low
baryon number. For typical parameters, it has been estimated that
finite-size effects add, e.g., 50 MeV per baryon for A = 20 and 85 MeV
per baryon for A=10 [2].

Stable strangelets, if they exist, could be present only in states of low
entropy (i.e., temperature).

Hot strangelets are much less stable than cold ones. The characteristic
scale to decide what is hot or cold is set by the binding energy per
baryon of the strangelet. On general thermodynamic grounds, the time-
scale for evaporation of hot strangelets is expected to be very small,
though difficult to calculate. Assuming typical nuclear binding energies
of O(1) MeV, one expects that stable strangelets are would need to be
much colder than the matter produced in heavy-ion collisions [1, 2].

If stable strangelets exist, they are most likely positively charged.
If strange matter contained equal numbers of u, d and s quarks, it



would be electrically neutral. Since, s quarks are heavier, Fermi gas
kinematics alone indicates that strange quarks are suppressed, giving
strange matter a positive charge per unit baryon number. However,
the effects of gluon exchange reactions are difficult to quantify. Per-
turbatively, gluon exchange is repulsive and increases the mass. But
gluon interactions weaken as quark masses are increased, so the gluonic
repulsion is smaller between s — s, s — u or s — d pairs than between
u and d quarks. Hence, increasing the strength of gluon interactions
tends to reduce the charge of quark matter negative, and also to unbind
it. Unreasonably low values of the bag constant are necessary to com-
pensate for a large repulsive gluonic interaction energy, which is why
negatively-charged strangelets are regarded as extremely unlikely [1].

Hypothetical disaster scenarios based on strangelet production in heavy-
ion collisions require that strangelets be stable or very long-lived, and hence
that they are sufficiently cold. It has been argued in detail [1] that each
of these conditions is unlikely. In the following, we discuss in particular
how RHIC data allow us to strengthen the argument that sufficiently cold
strangelets cannot be produced in the hot particle furnace created in a heavy
ion collision. Moreover, most hypothetical disaster scenarios require that the
produced strangelet be charged negatively, so that its fusion with positively
charged nuclei could lead to a hypothetically disastrous chain of events. In
contrast, in normal matter, positively-charged strangelets would capture elec-
trons, which would shield any fusion with other nuclei. To trigger a run-away
reaction in the latter case, one must invoke an ionizing mechanism (e.g., by
transporting the strangelets to the interior of the Sun [8]), and this adds
another layer of unlikely assumptions.

Strangelet Production mechanisms in heavy-
ion collisions

Strangelets, if they exist at all, are hadronic systems made out of quarks.
Any model for their production should be first tested against the existing
data on the production of nuclei. This line of argument has been explored in
[2]. Here, we sharpen its conclusions in the light of recent data from RHIC.
There are three models of particle production, which have been considered
in the context of strangelet production in heavy-ion collisions:



=) \ \ \ \ \ \ \ \ \ \ \ \ \
B 1o , o2  s,~130Gev E
i ]
) Bds -
10 S 4
E ® . 7
L —,— i
-27 )
| e Data |
10 . ]
r —— Model ]
| T=165.5, p,=38 MeV - i
ol
TKpAZQKKDPAZOQ9K
T KpANZ=ZT Qnm anmmnmn T K K

Figure 1: Comparison of the experimental data on different particle multi-
plicity ratios obtained at RHIC at ,/syx = 130 GeV with thermal model
calculations [6]. The abundances of strange and multiple strange hadron
species are well-described in terms of a chemical freeze-out temperature and
baryon chemical potential. The dependences of these parameters on the
center-of-mass energy is shown in Fig. 2.

1. Thermal models Hadron production in heavy-ion collisions is remark-
ably well described in terms of a statistical model. This model describes
hadron yields in terms of the grand canonical ensemble of a hadron res-
onance gas at temperature 7" and baryon chemical potential pug [5],
which characterizes the net baryon density. Figure 1 illustrates the
success of this model for particle production in heavy-ion collisions at
RHIC. The relative abundance of all particle species with n, strange
quarks (where experimental obseervations extend up to ny = 3 only),
are well described by the model. The temperature 7" and baryochem-
ical potential mp of this model show a characteristic dependence on
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Figure 2: Thermal model fits at mid-rapidity of the freeze-out temperature
T and the baryon chemical potential ug as functions of the center-of-mass
energy ,/syy. The data points up to RHIC energies are taken from [6]. The
points at , /5, = 5.5 TeV are based extrapolations of the measured trend [7].
The decrease of baryon chemical potential with center-of-mass energy makes
strangelet production less likely at higher center-of-mass energies.

the center-of-mass energy of the heavy-ion collision, as seen in Fig. 2.
The temperature increases with increasing collision energy, saturating
at T' ~ 165 MeV, whereas the baryon chemical potential decreases.
The reason for the decrease of up is that, at higher collision energies,
the same net baryon number is distributed over a wider longitudinal
kinematic range, resulting in a lower net baryon density and hence a
lower value of up.

The statistical approach can also be applied to the production of com-

plex nuclei. The penalty factor for the yield Y, of a nucleus A compared

to A — 1 is the ratio of Boltzmann weights [2]
Ya (my — p5)
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where my is the nucleon mass. For the relevant temperature of 7' = 165



MeV, a small baryon chemical potential up < my as shown in Fig. 2,
and A = 10, this gives a relative suppression factor 3 x 1072° compared
to the production of nucleons. We note that this would be the suppres-
sion factor for the production of normal nuclei. The production of any
strangelet of A = 10 may be expected to be suppressed significantly
more than the production of a normal A = 10 nucleus. Moreover, the
grand canonical ensemble, on which the above estimates are based, is
expected to be modified by an additional canonical suppression factor,
as soon as the constraint from the finite total baryon number in the
collision becomes relevant at sufficiently large A. Taking these consid-
erations into account, the suppression factor 3 x 1072° is an extremely
conservative upper bound. If one repeats the exercise with A = 20, one
is led to a suppression factor 10749,

We note that the production of light nuclei with A < 10 has been mea-
sured in central heavy-ion collisions at AGS, SPS and RHIC. It is well
accounted for by the penalty factor (1): see, e.g., [18] for a comparison
of thermal model calculations to data. The measured penalty factors
for light nuclei range from 1/50 at AGS, to ~ 1/300 at the SPS, and
for antinuclei they range from 1/(2 x 10°) at the AGS and 1/3000 at
the SPS to 1/1500 at RHIC [2]. As functions of center-of-mass energy,
the penalty factors increase for nuclei, but - due to the decrease of the
baryon chemical potential with |/syn, they decrease for antinuclei. In
a system with postive net baryon number, the total yield of nuclei is
always larger than the yield of antinuclei. For this reason, the above
estimate is based on the thermal production of nuclei.

. Coalescence models The basic physics idea of coalescence models is
that a nucleus A forms when A nucleons occupy the same ‘interaction
volume’. In these models, the yield Y, of nuclei A is related to the
initial yield Yy of nucleons as

Ya = Ba(Yn)*, (2)

where B, is the so-called coalescence parameter. The penalty factor Pp
for coalescing an additional nucleon onto an existing cluster is then [2]
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Here, V' denotes the interaction volume over which coalescence is ef-
fective, and the subscript ‘0’ refers to a reference scale set, e.g., by
determining the coalescence parameter and the interaction volume at
a specific collision energy.

It has been emphasized previously in [2] that predictions from the co-
alescence models are in qualitative and even reasonable quantitative
agreement with thermal models. For instance, in [2] it was estimated
on the basis of coalescence models that the suppression factor for pro-
duction of an A = 20 nuclei in a central heavy ion collision is 10750+,
This compares very well with the suppression factor of order 10=%°
obtained in the above discussion of thermal models.

Since coalescence models do not differ qualitatively from thermal mod-
els, the same safety arguments apply. For this reason, we emphasize in
the main LSAG report that in the detailed study of heavy-ion collisions
at RHIC and lower energies, no evidence for an anomalous coalescence
mechanism has been found. The basis of the 2003 report has been fully
vindicated by further RHIC running.

. Distillation mechanism

Strangeness distillation has been proposed specifically as a mechanism
for strangelet production. This mechanism assumes that a baryon-rich
quark-gluon plasma is produced in a heavy-ion collision, which cools
by evaporation from its surface. Due to the large baryon chemical
potential in this plasma, an § quark would be more likely to pair with
an u or d quark, than an s quark with an @ or d. As a consequence,
the cooling of the plasma would lead to an excess of s quarks in a
baryon-rich lump, which may finally become a strangelet.

We note that this production process would be more likely for large
baryon chemical potential, and thus would be less likely for heavy-ion
collisions at the LHC than at lower center-of-mass energies. Moreover,
there is by now significant empirical evidence against a dynamical pic-
ture of heavy-ion collisions in which strangeness distillation could be
operational. In particular, empirical evidence from RHIC strongly sup-
ports explosive production scenarios, in which, for instance, collective-
flow gradients increase with center-of-mass energy [17]. The short life-
time of the produced systems (of the order of 10 fm/c) is not expected



to allow for an evaporation process. Moreover, the explosive collec-
tive dynamics is expected to favor bulk emission rather than surface
emission [17]. So, there is no evidence for a distillation mechanism ca-
pable of strangelet production at RHIC, and this suggestion for strange
particle production has been abandoned for the LHC.

Direct experimental searches for strangelets

Strangelets have been searched for in ordinary matter on Earth [9] and in
heavy-ion collisions over a wide range of center-of-mass energies. In partic-
ular, searches for stranglets have been reported by several experiments at
the Brookhaven Alternating Gradient Synchrotron [10, 11, 12, 13], by the
NA52 Collaboration at the SPS [14, 15], and by the STAR Collaboration
at RHIC [16]. All of these searches yielded negative results and reported
complementary upper limits. In particular, STAR reported an upper limit
of less than 107% strangelets per central Au-Au collision for strangelets with
lifetimes > 0.1 ns and mass larger than 30 GeV/c?.

More details about the experimental situation can be found in the previ-
ous reports [1, 2].

Summary of the safety argument

Quantitative considerations

The maximal luminosity of lead-lead (Pb+PDb) collisions at the LHC is £ =
10*” /em?s. With a hadronic Pb+Pb cross section of 8 barn, this implies a
rate of up to 8000 Pb+Pb collisions per second. With a foreseen running
time of 1 month per year (10° seconds) times a duration of the program of,
say, 10 years, we arrive at a conservative upper bound on the total number
of ion-ion collisions at the LHC of O(10'). However, a large fraction of
the hadronic Pb+Pb cross section is diffractive or very peripheral. Only
10 percent of the entire rate can be considered as being sufficiently central
for creating a collision system characteristic of a heavy-ion collision with a
number of participants Npae > 20 say. As a consequence, a conservative
bound on the number of heavy ion collisions relevant for production of an
A = 10 nucleus is O(101°).



Our conservative estimate for the thermal production of a normal A = 10
nucleus at the LHC was 3 x 1072 times the rate of nucleon production.
Taking the latter rate to lie in the hundreds, we arrive at a probability of
~ 10712 that a single normal nucleus of size A = 10 is produced during the
entire LHC program as a result of the essentially thermal dynamics in a heavy
ion collision. So, if LHC would run for the entire lifetime of the Universe, the
probability of producing such a single nucleus via thermal production would
be 1/1000 1.

We note that the above is an estimate for the thermal production of a
normal A = 10 nucleus from a hadron gas of temperature T' = 165 MeV.
The production of normal nuclear matter provides an extremely conservative
upper bound on the production of strange quark matter. For this reason, we
find that the significant empirical support for thermal particle production in
heavy ion collisions, which was substantiated further by RHIC data in recent
years, strengthens the main conclusion of the 2003 report [2]. There is no
basis for any conceivable threat from strangelet production at the LHC.

Qualitative considerations

The above estimate of an upper limit to the probability of A = 10 nuclei
can be further strengthened by the following qualitative argument, which is
based on general principles of thermodynamics alone.

Strangelets are cold, dense systems. Like nuclei, they are bound by O(1-
10) of MeV (if they are bound at all). Heavy-ion collisions produce hot
systems. At LHC, the temperatures reached are in excess of 100 MeV. The
second law of thermodynamics fights against the condensation of a system an
order of magnitude colder than the surrounding medium. The hypothetical
production of a cold strangelet from a hot hadron gas has been compared to
producing an ice cube in a furnace [1].

The LSAG report has aimed at communicating this central qualitative
idea. In the present addendum, we have provided the quantitative back-
ground, to which the notion of ’particle furnace’ corresponds. As seen from
Fig. 2, measurements show that heavy-ion collisions reach temperatures of

'One may add that in semi-peripheral collisions, nuclei with A = 10 may appear
amongst the break-up products of the spectators of the nuclear projectile. However,
such fragment production of nuclear remnants is not a mechanism that could give rise
to strangelets. For this reason, we focus solely on thermal production rates of normal
nuclei.



T = 160 MeV in the last stage of the collision. Moreover, the baryon chem-
ical potential, which characterizes the net quark density, decreases as the
center-of-mass energy increases, further decreasing the likelihood of produc-
ing any system with large atomic number. The particle abundances measured
at RHIC and in lower-energy experiments are consistent with expectations
from the thermal model of statistical hadronization (see Fig. 1). This model
is also known to apply to the production of light nuclei, as far as they have
been identified experimentally, and it provides a very large suppression factor
for the production of A = 10 nuclei. On these grounds, we conclude that the
experimental evidence from RHIC for the thermal model of particle produc-
tion significantly strengthens the conclusions of the 2003 report of the LHC
Safety Study Group.
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