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We discuss the properties of two distinct forms of hypothetical strange matter, small lumps of strange quark
matter (strangelets and of hyperon mattefmetastable exotic multihypernuclear objeEMQO’s)], with
special emphasis on their relevance for present and future heavy ion experiments. The masses of small
strangelets up t&A\g=40 are calculated using the MIT bag model with shell mode filling for various bag
parameters. The strangelets are checked for possible strong and weak hadronic decays, also taking into account
multiple hadron decays. It is found that strangelets which are stable against strong decay are most likely highly
negatively charged, contrary to previous findings. Strangelets can be stable against weak hadronic decay but
their masses and charges are still rather high. This has serious impact on the present high sensitivity searches
in heavy ion experiments at the AGS and CERN facilities. On the other hand, highly charged MEMO'’s are
predicted on the basis of an extended relativistic mean-field model. Those objects could be detected in future
experiments searching for short-lived, rare composites. It is demonstrated that future experiments can be
sensitive to a much wider variety of strangel¢80556-28137)02905-1

PACS numbegps): 25.75~q, 12.38.Mh, 21.80ta, 12.39.Ba

[. INTRODUCTION to possess properties quite similar to those of stranggléts
There are several experiments under way at the AGS in
One of the most fascinating aspects of modern particld@rookhaven using forward spectroscoj~11] or an open
physics is the phase transition from hadronic matter to &eometry[12] looking for long-lived charged strangelets
deconfined strong interacting plasma phase. New forms df7>10—100 n$ as a “smoking gun” for the formation of a
matter might be possiblgL] and formed during this transi- duark-gluon plasmaQGP. The NEWMASS collaboration
tion. It has been proposed that the introduction of strangéexperiment NAS2 has recently reported new limits for pro-
quarks into a plasma with two flavors could lower the Fermiducing long-lived strangelets10"° s) at the higher bom-
energy of the system and thus the mass of the quark mattdparding energy of the SPS facility at CERN3]. The H
If its mass is lower than the mass of hadroftiyperoni¢  dibaryon[14] with quark content uddss$, is possibly the
matter with the same strangeness fraction, it could not decaljghtest strangelet. The search for tHedibaryon in the col-
(completely via strong interactions, which means that it lisions of heavy ions opened a very active field of research
would be metastablg2]. If its mass is even lower than non- [15]. Most recently experiment E888 at AGS set new limits
strange nucleonic matter, quark matter would be the tru®n the production of thél dibaryon for lifetimes ofr>1 ns
ground state of nuclear mattgs]. [16]. Also, quite recently, experiment E896 has been ap-
The only way to produce a quark-gluon plasma in theproved to look for short-livedd dibaryons in the forward
laboratory is by collisions of heavy ions at ultrarelativistic direction[17] sensitive to lifetimes ofr~10"*!s.
energies. It has been shown that during the stage of coexist- Simple coalescence estimates give production probabili-
ence of the two phases the abundantly produced strange atids of strange clusters of the order of*168~ 8, whereS
antistrange quarks are distributed asymmetrically betweedenotes the strangeness afig the baryon number of the
the quark and the hadron phdde5]. The strange quarks are cluster [2,18]. Hence, small clusters withg+|S|<r+3,
enriched in the plasma, thus lowering its mass, whereas thehere r is the sensitivity of the apparatu§presently
antistrange quarks are found predominantly in the hadronic<12), are most favored for detection. Therefore, if strange-
sector. Radiated pions and kaons carry away entropy andts are formed due to this scenario, baryon numbers of
antistrangeness from the system, thus cooling it and chargingg<12 are expected. Dynamical calculations with nonequi-
the quark droplet with net strangeness. This mechanism cdibrium particle emission suggest alég~ 10— 30[5,19] for
lead to the formation of a droplet of rather cold, strangeinitial entropies corresponding to AGS and SPS bombarding
guark matter; a strangelet. energies. At higher energy, at the RHIC and LHC colliders,
On the other hand, even without a phase transitiorstrangelet distillation still works but lower mass numbers of
strangeness and antistrangeness are abundantly producedairt 10 are expectef0], which might be detectable with the
heavy ion collisions. Therefore baryonic objects with a highALICE detector at the LHG21]. In the following we exam-
strangeness fraction may be formed; so-called metastable eixe the properties of both forms of strange matter for this
otic multihypernuclear objecttMEMO’s) [6]. They are ex- mass range, its decay properties, and its detectability for re-
pected to be bound by energies upHg/A~—22 MeV and  cent and future heavy ion experiments.
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Il. STRANGELETS i

P=R V)
Dl a

[24] are not appropriate for describing the low mass strange- ( R

lets of interest here as shell effects get crucial for their sta-

bility. Similar shell model calculations have been performedHerem; denotes the mass of the quark of flavowe choose

recently[25]. The authors consider strorand weak decay m,=my=0 MeV andm,=150 MeV.R is the radius of the

by nucleon and hyperon emission together and conclude théitag, « the angular momentum quantum number, anth-

stable low mass strangelet&d<<100) exist which have a bels the eigenvalues in the quantum statdhe total energy

low (and positivé charge to mass ratio. A detailed inspectionis calculated by summing the lowest occupied single particle

of Fig. 2 in[25] shows that strangelets with mass numberenergies and adding the phenomenological bag enBiy

Ag=10 andZ=—4 or Z=7 exist which have a rather high with the volume of the bay, which has to be chosen such

mass to charge ratio contrary to their conclusion. We pointhat the inside pressure of the quarks is in equilibrium with

out that the procedure of their work is to start in tigsolute  the outside vacuum pressure. The term

minimumfor a given baryon number and then to look for its

stability against possible weak and strong decays. Although 1 (2A—Ag—Ay)?

this investigation is very important, we believe that their Ecb=1—5a R @)

finding is not fully consistent with the initial condition of

possible strangelet production in relativistic heavy ion colli-with the quark numbeA; of flavori accounts for Coulomb

sions. Initially, all kinds of strangelets might be producedcorrections. Pressure equilibrium is achieved by minimizing

with different quark contents. They are decaying first bythe total energy with respect to the bag radius. This exact

strong decaygstrong hadron emissiorand afterwards, if result has recently been approximated by curvature contribu-

surviving, by weak hadronic decays. In REZ5] the authors  tions to the mass of strangeldé®4].

start only with those strangelets at their minimum value in  \We calculate the binding energy of strangelets foman

E/A for a given baryon numbek and study the stability of  bitrary number ofu, d, ands quarks withAg=<16 for a given

those candidates only. However, it is only the slowest decaypag parameter. Afterwards we look for possible strong de-

the weak leptonic decay, which ultimately drives a strangeletays, i.e., single baryofin,p,A,3 ", 2% ,Q "} emission

to its minimum value. For the purpose of detecting strangeznq mesonic{7 "~ ,K*~,K%K® decays(note that kaon

lets the direct strong decays and weak hadronic decays afcays do not occur in our calculatjoextending the ideas

now relevant, thus giving rise to a much wider class of posy|ready presented ii2] to finite size configuration. Note that

sible candidates to be observeske also the discussion be- for smaller strangelets shell effects are therefore of crucial

low). In the following we recalculate strangelets for low importance. For example a strong neutron decay of a
masses and now check separately for strong and weak hagyangelet

ronic decay starting with all possible combinations and al-
lowing for all kinds of decays. Q(A,S.2)—Q(Ag—1S,2)+n (5)

The MIT bag model used includes only the quark kinetic
energy, the Pauli principle, and confinement. It should not bés allowed if the energy balance of the corresponding reac-
taken too seriously as it effectively models the features of theion is
QCD at the confinement energy scale. It cannot fix the over-
all energy scale due to the unambiguity of the bag constant E(Ag,S,2)>E'(Ag—1S,2)+m,, (6)
B, which decides whether or not strange quark matter is
stable. It does, however, illustrate potentially interesting efwhereE stands for the total energy of a strangelet. Multiple
fects as shell closure effects. Infinite strange quark mattehadron emission is implemented by considering the combi-
treated as a gas of noninteracting quarks, is absolutely stabi&tion of hadrons for a given charde=2Z/Ag and strange-
for bag constants oB#~145 MeV. For bag constants be- ness fractiorf = |S|/Ag with the lowest total mass. The pos-
tween BY4~150-200 MeV strange quark matter is meta- Sible area for strangelet$ &0, f,=—1, andfs+f,<2) is
stable, i.e., it can decay weakly depending on its strangeneshvided into nine areas dfree) hadronic matter where seven
content. For larger bag constants strange quark matter is uareas are covered by the possible metastable combinations of
stable and decays completely via strong reactions into hadhree different baryon species as given in Table IV of Ref.
rons. Hence, we will discuss our results for various choice$6]. The remaining two arér " p% "} and{7 nX "} matter.
of the bag constant, preferably for the case of metastabilityMultiple hadron emission is allowed if

The Dirac equation with a Bogolyubov-type boundary
condition reads E(fs.f)>H(fs.f2), (7)

In the present investigation, strangelets are treated as non-
interacting fermions within the MIT bag model, filling up the
bag with exact single-particle Dirac states followif,4]. and the energy
We point out that the simple mass formula of Berger and

Jaffe [23] or Fermi gas models including a curvature term 2

+m?

1/2

El .= ()

p . whereH(fg,f,) stands for the lowest mass of hadrons for a
E+m, JLK(pR) 1) given strangeness and charge fraction. Note that the baryon
number does not enter here as it is a conserved quantity. In

with addition, we checked also for the fission of a strangelet into

i, (PR)=—sgr(«x)
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TABLE I. Candidates of small MEMO's for filled-shell states. Here we only considenA Z°Z ~) baryons. The double hypernucleus
5 He which was already sedB1] belongs also to this class. Candidates involihdparyons are @3, =) and 2p3 " E9).

2(E°E7) 2(AE°E7) 2mAE") 2pAE% 2MAE°E") 2(pAECET)  2(pmAE")  2(pnAE%  2(pnAE°E")

A 4 6 6 6 8 8 8 8 10
z -2 -2 -2 +2 -2 0 0 +2 0
S 8 10 6 6 10 10 6 6 10

another strangelet and an arbitrary number of hadrons whilésee, e.g., the estimate of theS= =2 decay of theH

conserving charge, strangeness, and baryon number: dibaryon[29]). In this case the strangelet would be super
long lived.
E(Ag,S,Z2)>E' (AL, S, Z")+(Ag—AQH(fL,f)) (8
(As (Ag (Ag—Ag)H(fs,f; . MEMOS
by three combined loops whefé= (S—S')/(Ag—AL) and The (multi)strange baryonic objects are treated within the

framework of an extended relativistic mean-field theory. Al-

f,=(Z—-Z')I(Ag—Ag). This allows, for example, for a o . S
z bined st d fast let emitti i though the application of the mean-field approximation
combined strong decay of a strangelet émitting a Neutron ang, o ,¢ 4oy ptful for small systems, it has been shown that the

a pion. It might well be that single hadron decay is not POSTnodel furnishes quite remarkable results for nuclei with

sible while multiple hadron decay is due to shell effects. baryon numbers as small #=4 [6]. In addition to the

Note that this procedure is different from the one used Nyell-known o and o meson, strange scalar and vector me-

[25] where mesonic decays and multiple hadron emissiong ' e introduced; the* and the¢ meson (=975
have not been implemented. Nevertheless, the authors gl _
. S eV, my=1020 Me\). The latter couple to strangeness
lowed also for weak neutron decay which we will discuss . . : ;
: , only, thus incorporating the seemingly strong attractive
later in a wider clas$Sec. ) separately. : .
hyperon-hyperon interacticf7].

A strangelet is callednetastablein the following if its The vector coupling constants are chosen according to
energy lies under the correspondifigee) hadronic matter of piing . aing
the same baryon number, charge, and strangeness, and |fs|{’J (6) symmetry, the _sc_alar.couplmg constants are f|?<ed to

X ) ' _— ' hypernuclear data. Within this model, MEMO'’s consisting of
cannot emit a single hadron or multiple hadrons by strongC I =0 ——
%mbmatlons ofp,n,A,E”,E "} baryons demonstrate that

processes as described above. A metastable strangelet G 1y are metastable due to Pauli-blocking effects. They pos-
then only decay via weak decays such as the nonleptoni ess binding energies per baryon B§/Ag~— 22 MeV,

(hadronig decays. Strangelets which are stable agains?

strong decay but unstable against nonleptonic weak decaﬁ}rangeness per baryon of up fig~2, unusual charge per

will be denoted in the following ashort lived(see Sec. IV. aryon off,~—0.5 to zero while carrying positive baryon
Estimates of this weak decay rate range fromnumber and baryon densities up to 2.3 times that of or-

7.~1075—1075 s[26] and r,~3X 10"’ s[27] to anything d/i{1a:r3é rgjgleir.] MetzstableI clusterd§ (if gurely hyperonic matter
betweenr,=10"°—10"1° s[28]. These estimates were cal- {A,E",E "} have been also predictéd].

culated for the process+s—d+s in infinite matter and In the following we extend the calculation ] to small

depend sensitively on the difference of the and s-quark mass numbers relevant fotheavy ion physics. We calculate

. . = 0 :47 .
chemical potentials. For the lightest strangelet, tHe even combinations dfn,pA E".E "} baryons up to a filled

. . - s andp shell, i.e., eight baryons of each using model 2 of
g'ﬁ:&{:n_Wllt(;lgEalrg,%ogtggsgjn%?: gs) b?\ni?sgrissgazg]f etime of Ref.[7]. Out of these 3125 combinations we have found 298
nl— .

) : L configurations, which are bound and metastable. The two
Weak nonleptonic or hadronic decay is implemented by allest systems fohg=4 are “He and the corresponding

the hadronic decay processes mentioned above allowing f@" ; = —0 :
strangeness violation dfS= + 1. A strangelet stable against _Asxséem, |.e.,trt]w & ag_d t\:\_/o_ ' -I;;h: nex; h(—:‘;\vg ones
all these weak decays can then only decay via leptonic dec B_Z\) Maore de i{)mﬁl(?aﬁlo_ns AA i' 2n,2A, 257},

of the forms—ue™ v, andd«—ue™ v, or via radiative decays 2p,2A 257}, and{2A,2=7,2="}. PureA or neutron mat-

throughus— udy. These decay modes are suppressed by th[?r is not bound in this model. Nevertheless, we have found

=]

0 =- :
three-body space of the leptonic decay or by the electromag:OMe Very loosely bounf=", ="} systems. The properties

netic coupling constant of the radiative decay compared t& these small MEMO’s are summarized in Table 1. Other
the nonleptonic decays. Both decay modes are supposed 18Nt cand|dates7are discussed extensively[7i such as
yield similar lifetimes[23] which are then higher than the zozoHe and,,zoHe. Note that the doubla hypernucleus
nonleptonic ones. A strangelet stable with respect to weak »3He has already been sef8t], but the event cannot be
hadronic decay but unstable with respect to weak leptonic ofeinvestigated as the documents disappeared. A discussion
radiative decay is calletbng lived (see Sec. Y. It lives on  about the well-established double hypernuclefiBe and

the time scale of the weak leptonic decay 7,, which has the hyperon-hyperon interactions can be foundl3gy].

been estimated to be;=10%—10° s in infinite matter The binding energy per baryon for these small systems is
[2,30,26. If a strangelet demonstrates to be stable againstot more than—16 MeV for baryon numbers less than
these decays also, then it can only decay by higher ordekz~16. For higher baryon numbers we have found an ap-
weak decay AS==*2), which results in lifetimes of days proximately linear decrease of the binding energy. This fact
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decay to a pure hadronic state anymore, simply because of
energy conservation. It is remarkable that there exists a quite
sharp lower limit of the binding energies: already for bags
with Ag~40 infinite quark matter is quite a good approxi-
mation.

It is clear that this simple version of the MIT bag model is
not able to reproduce the hadron spectrum. The masses of the
nucleonA and = are overestimated, the mass of tfeis
underestimated. To provide a better description of the hadron
masses, one-gluon exchange corrections and a zero-point en-
ergy term of the fornZ,/R must be taken into accouf@4].
Strangelets withs states only up to a mass number of
Ag=6 have been studied extensively[Bb] taking into ac-
count colormagnetic and colorelectric corrections. No
900 , , strangelet has been found to be metastable with the exception

0.0 1.0 2.0 3.0 of theH dibaryon withAg=2,S=—2, andZ=0. This find-
ing has been confirmed {22]. Up to now, these corrections
can only be applied to quarks sitting énstates. We are not
aware of any attempt including these terms for higher shell
states also.

For a bag constant @&'*=145 MeV (not shown almost
all bags are lighter than the corresponding hyperonic matter.
After subsequent strong and weak processes the final result-
ing strangelets thus should have long enough lifetimes to be
detectable. Nevertheless, for the situation depicted in Fig. 1

MEMO's decay by weak mesonic or nonmesonic decay in(BM: 170 MeV) strangelets with a strangenes§ fraction Ies_s
analogy to hypernuclear weak decay. The nonmesonic déhan fs%o'.G are less bound than corresponding hyperonic
cays of the typeAN—NN, EN,AA—AN,SN, ..., wil matter (sphd linel and hence, they can completely decay.
play an important rol¢7]. Due to the high mass differences strongly into hyperons and'nucleons. and are not detectablg n
involved in these decay@bout 186- 200 MeV) the process heavy ion searches. For intermediate strangeness fractions
is not hindered by Pauli-blocking effects. The first process
has been seen in the weak decay of hypernuclei, which decay
on the time scale of the lifetime of the\, i.e., 20¢
To~77~10"1%s. Also the mesonic decag — N yields )
similar lifetimes for very light hypernucleisee, e.g.[33]).

1700

1500

1300 +

E/A, [MeV]

1100

FIG. 1. The energy per baryd®/Ag of all possible strangelets
with Ag=<40 andN,=N, for a bag constant oB¥*=170 MeV
versus the strangeness fractibp. The solid line connects the
masses of nucleo, E andQ and stands for free baryon matter.

is already known from ordinary nuclei. The less bound com
binations found are mainly combinations®f and=°, i.e.,
pure £ matter with onlyEg/Ag~—2 MeV.
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We expect that MEMO’s will live then on the same time 1.0 0
scale,myemo™ 7w, irrespective of their strangeness content, Z/A *
if they are not bound deeper to create a minimum intttal N
energy at finite strangeness, as is the case for strangelets. 0.0e »
L]

IV. SHORT-LIVED STRANGE MATTER *

=1.0e¢ o

In the following we will discuss the properties of light 3.0
strangelets and compare them to those of MEMO's. Figure 1
shows the energy per baryon of all possible quark bags with
a baryon number up t8z=40 as a function of the strange-

0000 0000000000000 00000000000 [ SO000P0000000000880000000000

0O C O ® & & 06 &0 060 00 8 00 ® 0 @& 60 060000000000
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ness per baryors=|S|/Ag for a bag constant dB*=170 201 - |

MeV. We only show bags with equal numbers of up and fs °

down quarks. The energetically most favorable combinations ¢

always have the same number of up and down quarks since 10¢ ¢

they occupy the same single-particle levels. The Coulomb ° :

correction is in the order of some MeV and thus not impor- ° % § > g g ? :

tant in our case. 00¢ X 8 X :
The solid line connects the masses of the nucl&orE, 2 10 12 14 16

and Q. As a first cut for potential candidates, quark bags AB

lying above this line cariand probably will completelyde-

cay via strong processes, those lying beneath the line will g, 2. The strangeness per barybpn (lower pant and the
lead in principle to metastable strangelets. The importangnharge fractiorz/A (upper pantas a function of the baryon number
point to note here is that any strangelet initially formed witha; for short-lived strangeletgdots, unstable strangeletéopen
a mass under this line might decay to another strangelefircles for a bag constant oBY*=150 MeV. The hadronic coun-
changing baryon number, strangeness, and charge but cannetpart, MEMO’s, are shown by crosses.
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FIG. 3. The same as Fig. 2 for a bag constant8df'=160 FIG. 4. The same as Fig. 2 for a bag constanBdf=170
MeV. MeV.

only bags with rather large baryon number then can be stable

with respect to strong decay. This means that there exists fa>2.5. For higher baryon numbers {8Az<16) no meta-
minimum critical strangeness fraction for which strangeletsstable strangelet exists fég<<1 andZ/A>0.5. Most of the
exist which will depend of course on the bag parameter andhetastable strangelets are found to be highly negatively
baryon number of the strangelet. charged which is contrary to the conclusion drawr 28)].

The dependence on the baryon number and the bag pélere the authors start their consideration in the minimum for
rameter is illustrated in the following. We have calculateda given baryon number due to flavor equilibrium. Neverthe-
the mass of all possible bags witty<16, which are most less, a hot strangelet formed in heavy ion collision does not
interesting for heavy ion experiments, but with arbitrary start decaying with flavor changing decays but with strong
numbers of up, down, and strange quarks and various bagecays. Our results demonstrate that the cascade of strong
parameters. As already stated, we define metastable stranggscays of a strangelet do not stop in an absolute minimum
lets as those who are stable against strong decay, while ugyt in a region allowing for highly charged strangelets.
stable strangelets are not. The hadronic counterpart, MEMO's, are also shown as

Figures 2—4 show the strangeness and the charge fractiQysses in Figs. 2—4 for comparison. There are candidates
versus the baryon number for bag parameter8¥f= 150, which are highly positively and negatively charged

160, anq 170 MeV, respectively. Dots stand for metastable,_0.6<Z/A<+0_7). MEMO's show up where strangelets
open circles for unstable bags, and crosses for sma
i

MEMO's. For hiaher bag parameters. one sees less candie unstable and vice versa. There is also a region in the
' v gp ! —Z/A plane where both MEMO'’s and strangelets appear.

dates of metastable strangelets and they are shifted to high h tically least f ble obiect will d int
strangeness, higher masses and, more important, to negatit gre, the energetically least favorable object will decay into

charges e other. A strangelet created in a quark-gluon plasma can

For BY4=150 MeV shown in Fig. 2, metastable strange-the” possibly <_jecay into a MEMO via strong interactions.
lets exist for a wide range of chargiZ{/A<1) and strange- On the other side, MEMO’s can coalesce from the hot and
ness fraction. Only for quite low strangeness fractionhyPeron-rich zone of a re!at|v.|st|c heavy ion collision f|rs'g
f<0.4, comparable to the ones of light doutehypernu- @nd form a strangelet which is then detected. The density
C|ei, are Strange]ets unstable with respect to strong decay'istributions within both ObjeCtS resemble each other Closely.
This situation changes when looking at the case offransition matrix elements are to first approximation propor-
BY4=160 MeV depicted in Fig. 3. Nearly no strangelet ap-tional to the overlap of both wave functions. Therefore, the
pears to be metastable wifg<1 or Z/A>0.6 in the mass energetically least favorable state may be a doorway state,
range considered here as they are subject to fissioning indecaying rapidly into the favorable state. [[B6] the decay
nucleons and hyperons. Especially for light systems, théor a double hypernucleus tok dibaryon was estimated to
maximum charge i€= +2. This trend is getting even more happen at=10"18—10"?° s if the mass of thé4 dibaryon
pronounced forB¥4=170 MeV as can be seen in Fig. 4. is close to 2n, . We expect similar time scales for the tran-
Only a few of the very light strangelets fér<6 remain to  sition of one form of strange matter to the other if the masses
be metastable. They are highly negatively chargedare similar. Of course, this is speculation and cannot be clari-
Z/Ag<—0.5 and have a very high strangeness fraction ofied by our present knowledge of strange matter.
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V. LONG-LIVED STRANGE MATTER 10 . .

The properties of strange matter as discussed in the pre o

vious section apply for systems living on the time scale e
. . . _10 [1B8™=145 MeV (m,=280 MeV)

of weak interactions, i.e., Tygmo~10 s and 05 L o OB™=150 MeV 1
T=10"°—10"1 s. Present experiments are looking for #B"=160 MeV |
long-lived strangelets,,,>10"°—10"8 s. They are not able o @B =170 MeV
to see MEMO'’s and possibly most of the strangelet candi-
dates, if the nonleptonic decay is too fast. Nevertheless, it is
known that the leptonic decay gives longer lifetimes due to
the reduced phase space of the three body dgz@p,24.
As 7,=10"%—10"° s in infinite matter, the present experi- o5 | o
ments are sensitive to strangelets which are stable again:
weak nonleptonic decay. In the following we study all pos- o
sible weak hadronic decay for the metastable strangelets suc
as weak pion, kaon, proton, neutroh, 3%, E%, Q" -109 6 5 o 2 12 16
decays. A

For example, a weak neutron decay of a strangetbich
turns out to be one of the most dominant decay mpdes

0og

@]
[ lejelelelolelelololelo )
SOOCOOOO00000

(DN
g )

0.0 O

ZIA

® @® O O
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FIG. 5. The charge fractioZ/A for long-lived strangelets,
which are stable against nonleptonic weak decay, for different
choices of the bag parameter. The case for the original MIT param-
SHlers B8Y4=145 MeV, m=280 MeV) is also shown.

Q(Ag,S5,Z2)—Q(Az—1S—-12)+n 9

happens if the energy balance of the corresponding reacti

reads ing one unit of negative charge when going to a higher mass

E(Ag,S,Z)>E'(Ag—1S-12)+m,, (10)  number. The reason for the stability line is a pronounced
shell effect. These strangelets mainly have a closestiell
whereE stands for the total energy of a strangelet. Note thafor the u quarks and a closes| p3/2, or p1/2 shell for the
weak neutron decay drives a strangelet to lower strangenesgjuarks. Then the quarks added result in the chain seen in
fraction only if the initial strangeness content of the strangeFig. 5. This rule is less stringent for the ca@¥*=150 MeV
let is fs<1, but tohigher strangeness fraction fdr,>1 as as many strangelets demonstrate to be long lived. For the
the obtained shift in the strangeness content is easily founcaseB#=145 MeV strangelets with a closex8/2 shell for
to readAf =(f,—1)/(A—1) and, thus, gets positive. the u quarks also appear resulting in the positively charged
Multiple hadron emission and fission to another strangeletandidates a\z=13,14. Due to the higher strange quark
is also checked in analogy to the strong decays described imass ofm;=280 MeV strangelets with high strangeness
Sec. Il but now withAS=*+1. In addition we add the case fraction are less stable and only the shell for thes quarks
with BY4=145 MeV, m¢=280 MeV which are the original are filled here. Also forBY4=150 MeV there are several
MIT values[34]. cases with a filledp3/2 shell for theu quarks, such as
We find that the strangelets mainly decay via weak pionA=10, Z=+8 (18.6d6s). The candidates shown for
or baryon emission. In a very few cases weak multiple hadAg<6 have to be taken with some care as colormagnetic and
ron emission is possible. We have also checked the casmlorelectric terms are not included in the present investiga-
BY4=180 MeV but none of the strangelets are stable withtion. If included, they appear to be not stable at[85,22]
respect to weak hadronic decay. Nevertheless, for the othend can decay to ordinary hadrons via strong interactions.
cases we found some candidates. The remaining long-live@ihe lightest long-lived candidates fAg=6 are summarized
strangelets are shown in Fig. 5. Surprisingly, we find someén Table Il. We add also the candidates which can only decay
long-lived strangelets with quite low mass numbers for allby weak multiple hadron emission as the decay is suppressed
cases considered here. They are lying on a chain which startyy phase space. Actually, we find only one additional
from the triple magic strangelet (®d6s) where all quarks strangelet of this type.
fill up the 1s state—due to its symmetry character it is also The most promising candidates are fog=10, Z=—4,
called the quarky [37]. The “valley of stability” starting at for Agz=12,Z=—6, and forAg=16,Z=— 10, which appear
the quarka continues then towards negative charges by addin all the cases studied here. Note that the first candidate is

TABLE Il. Some candidates for long-lived strangelets witk=6 which are stable against weak nonleptonic decay. CaB&“= 145
MeV, mg=280 MeV; case II:B¥*=150 MeV, ms=150 MeV; case lIl:B¥*=160 MeV, m;=150 MeV; case IV:B¥*=170 MeV,
mg=150 MeV.

A 6 7 8 8 9 9 10 10 11 12 12 13 13
Z 0 -1 -8,-3°% -2 —4,-5-6 -3 —4 —-3,+8 -5 —6 -5 -7 +2,3,4,5
case -1 Il Il -1l I =1 1=V I =1 1=V I -1V |

&This candidate can decay via a weak multiple decay.
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triple magic (616d18s or 6u18d6s). and a wide range of massAg>10 of about
The question of why mainlyegativelycharged strange- 10 °—10 %/event just recently{12]. According to Fig. 5
lets appear to be stable against weak hadronic déaag these experiments could see the positively charged candi-
also already, to a somewhat lesser extent, against strong hadates forBY4=145 MeV (m;=280 Me\) at Ag=13,14,16
ronic decay arises. The reason is twofolda) Strangelets and the ones foBY4=150 MeV atAg= 14— 16.
with a rather low strangeness fractiéand correspondingly The high sensitivity experiment E848] was looking in
positive chargesare decaying strongly by fissioning into the range—1<A/Z<—7 and no strangelet was found with
nucleons and hyperons as discussed in the last section. Assensitivity of 10°— 10 1%event. Also the follow—up ex-
Z/A>0 follows model independently frof,<1 for isospin  periment E87810] using the gold beam did not see any
saturated matter this will always happen if there is a mini-evidence for unusual composites wj#f{<3 on the level of
mum energy for strangelets at high strangeness fractiorl0™ ‘/event. Nevertheless, these experiments were measuring
Still, in addition, any strong decay by emitting a neutfeee  at zero degree and were not measuring at midrapidity for
Eq. (5)] (or a proton will enhance the relative strangeness Ag>8 [10]. Hence, they are only sensitive to e.g., the can-
content of the remaining strangelet by an amountdidateAg=7,Z=—1 for the caseB¥*=150 MeV and for
Af=f /(A—1)>0 shifting it to a higher strangeness frac- the other charged candidates A;<6 for BY*=150,160
tion f4 which thus can exceed () It is easier for positively MeV.
charged strangelets to decay via, e.g., weak proton decay. Unfortunately, none of these experiments has set limits so
The charge reverse reaction would be a weak neutron decdsr for the other candidates in the valley of stability, such as
accompanied byr~ emission which is less favorable. In Ag=10 andZ=—4 and for higher negative charges. While
general,(the dominant weak nucleon decajsee Eq.(9)] finishing this work, new results from E886 were published
will drive strangelets witif ;>1 to a higher strangeness frac- which give limits for negatively charged strangelets down to
tion and hence to higher negatiZéA ratios. 10" 8/event, but unfortunately fofiZz| <4 only [11]. Experi-
These two reasons should be generally valid if the massasent E864 has given new limits f&= —1,—2 from their
of finite droplets of SQM follow a distribution close to that newest run for masses &=5 up to A=100 [38]. Most
shown in Fig. 1. Although calculated within the MIT bag recently, experiment NA52 presented new limits for nega-
model, we believe that a similar distribution would, in prin- tively charged strangelets with a sensitivity down to
ciple, also show up when applying other bag modeisd 10 8— 10 '%event forM/|Z|=10-40[13]. However, their
fixing the same overall energy scale within the appropriatdimit for the above mentioned strangelets wMv|Z|~2 is
parameters In this sense our major result, i.e., the tendencymuch less, about I¢— 10~ “/event. Moreover, results were
of short-lived and long-lived metastable strangelets to exispresented for rigidities of/Z= 40,100,200 GeV only, while
preferably as a slightly or highly negative exotic state ofNA52 can cover the range @f/Z=5—200 GeV. Midrapid-
matter, should be seen to be valid on more general groundRy is reached for M/Z~p/9Z [13] corresponding to
We emphasize again that a long-lived strangelet is trappef/Z= 4.4 GeV for the lowest rigidity op/Z=40 GeV mea-
in a deep local, but not global, minimum where it can onlysured so far. Lower rigidities are therefore probing strange-
decay further via weak semileptonic and radiative decay. Weets with lower M/Z and NA52 would be sensitive to the

have checked the stability with respect to these two decaysegatively charged strangelet candidates proposed here.
In only two cases did a strangelet demonstrate to be stable

against these decays: this is the quarkor BY*=150 MeV
and B¥4=160 MeV, and the strangelet ¢6d3s) with
Ag=5,Z=+1 for B¥*=150 MeV. They would live onthe  We have studied the properties of both forms of finite
timescale of days as only weak decays wikl§==*=2 are  multiple strange systems, strangelets, and MEMO’s using the
allowed. Due to its nonzero charge only the latter would beMIT bag model and the relativistic mean-field model, respec-
visible in a heavy ion experiment. Nevertheless, the colortively. We demonstrate that short-lived strangelets
magnetic term is repulsive for these multiquark states. Fo{r~10 °—10"° s) and MEMO’s (r~10 1°s), which are
the quarke, the colormagnetic term is aboutl50 MeV/A  stable against strong decays, have unusual charge to mass
without symmetry-breaking effects, i.e., half the mass splitratios. Contrary to previous findings, strangelets are most
ting of the nucleon and. Therefore, the colormagnetic in- likely highly negatively charged not slightly positively
teraction would shift the mass above the mass/os6Then,  charged. We also found strangelets which are stable against
the quarke is simply a resonance. weak hadronic decay, i.e., they live on a timescale of
It is interesting to study now the detectability of these r~10%—10"° s. These long-lived candidates are lying in a
long-lived strangelets in heavy ion collisions especially forvalley of stability which is due to pronounced shell effects.
Ag>6. All recent experiments searching for strangelets aréhe valley of stability starts at the quark (6u6d6s) and
sensitive to composites with lifetimes ef>10—100 ns ex- continues by adding one unit of negative charge, i.e.,
cept for experiment NA52 withy7>106 s, (A,2)=(8,-2),(9,-3),(10,-4),(11-5), .. .. Thecandi-
Experiment E8148] was looking for positively charged dates for A=10—16 are found for a bag constant of
strangelets with 04 Z/A<0.3, Ag>10. Their limit on the BY4<180 MeV. We do not see any long-lived strangelet for
production of a strangelet in a single event wasxi19 * higher values of the bag constant. We did not take into ac-
for multiply charged strangelets. Experiment E886 was setount the colormagnetic interaction between the quarks but it
up to 0<A/Z<14 yielding a much higher sensitivity of might result in other interesting stable states with a nonzero
down to 10 "/event[11]. An open geometry is used by ex- spin.
periment E864 which reported new limits f@= +1,+2 The present investigation seems to indicate that the search

VI. SUMMARY
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for highly charged strange matter would be far more prom-MEMOQO'’s can decay to them via strong decay and serve as a
ising than hitherto recognized. Most search experiments argoorway state. On the contrary, if MEMOQO's are found they
however, designed to detect only particles with small chargewill set stringent limits on the existence of strangelets for the
to-mass ratio. But long-lived positively charged strangeletsame charge, strangeness, and mass and will give a new im-
seems to exist only fohz>12 and very low bag parameters. petus for our understanding of the strong interactions be-
The most interesting long-lived strangelets found have dween baryons in general.

mass of aboutA=10-16 and a charge oZ=-4 to
Z=—10. The production limits given so far do not probe
these candidates. Experiment E864 is sensitive to highly
negative charged strangelets with=10. Plans to reanalyze

the data and to extend the sensitivity in this domain in future We are indebted to Carl B. DovTefor a fruitful collabo-
runs are therefore most interestif&g]. ration. We thank H. Crawford, R. Klingenberg, J. Nagle, K.

On the other hand, experiments looking for short-livegPretzl, F. Rotondo, and J. Sandwesiss for useful discussions

strange matter will be able to see a much wider variety Opnd remarks. _‘]'S'B' thanks the Niels Bohr Institute for the
combinations of charge and mass. Recently, experime arm hospitality and the Alexander von Humboldt-Stiftung

EB96 started looking into this rich domain of short-lived or its support. This work was supported in part by the Gra-

composites for theH dibaryon[17] but other composites duiertenkolleg “Theoretische und Experimentelle Schweri-

with low mass-to-charge ratios might be also accessibleonenphySik” of the Deutsche Forschungsgemeinschaft

Short-lived strange matter, either in the form of metastabléDFG)’ the Gesellschaft mSChweripner)forschung Darms-
strangelets or MEMO's, demonstrate that they are alsé‘Jadt (GS), the Bundesmlnlstenum_fuBlIdung und Fors-
highly negatively charged which opens the possibility forChl‘.'ng(BMBF)’ and the Director, Office of Energy Researc_h,
measuring their formation with an extremely low back- O_ff'_c? of High Energy and Nuclear Physics, Nuclear Physics
ground from antinuclei. These metastable composites can IﬁMSII)OEn :éég%g; Olggggrtment of Energy under Contract
detected by a cascade of weak decays and by their unusudP: =" ; '

charge and mass. Measuring single and doublbypernu-

clei will set limits on the production possibility of MEMO's.

This limit can possibly also be applied for strangelets as "Deceased.
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