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Relativistic heavy ion collisions constitute a prolific source of hyperons: tens of hyperons per event

are predicted at energies E ~ 10 GeV/nucleon, providing a scenario for the formation of metastable ex-

otic multihypernuclear objects. They may exhibit exceptional properties: bound neutral (e.g., M2A,
'

M2A, pure A droplets, 'A) and even negatively charged composites objects with positive baryon number

(e.g., M ",I "
) could be formed in rare events. Such negatiue nuclei can easily be identified in a

2X ' 2A2:-

magnetic spectrometer. They could be considerably more abundant than antinuclei of the same A. We
use the relativistic meson-baryon field theory —which gives an excellent description of normal nuclear
and single-A hypernuclear properties —to calculate the rich spectrum of such exotic objects, their stabil-

ity, and their structure. We also find solutions for a large variety of bound short-lived nuclei (e.g.,
'M ~ " ), which may decay strongly via formation of cascade (:")particles. Multi-:" hypernuclei are

2A, 2X

also evaluated. A variety of potential candidates for such metastable exotic nuclei is presented. It turns
out that the properties of such exotic multihypernuclear objects reveal quite similar features as the
strangelet proposed as a unique signature for quark-gluon plasma formation in heavy ion collisions.

PACS number(s): 25.75.+ r, 21.80.+a

I. INTRODUCTION

Hypernuclei allow the study of the effects of strange-
ness in nuclei (for an excellent recent review, see [1]).
The experimental situation is as follows: The single-
particle energy of the lowest state of A hypernuclei was
measured from mass A = 3 to 5 in early emulsion experi-
ments [2]. There are also two older emulsion events of
double-A hypernuclei which are of interest for studying
the A-A interaction [3]. One of these emulsion events has
been reanalyzed in [4]. Recently, a sequential weak decay
of a double hypernucleus was found [5] and interpreted as
a weak decay of '

B~A [6]. Experiments at Brookhaven
Laboratory using the reaction (m+, K+) [7] make it pos-
sible to study even deep-lying A-hypernuclear levels over
a wide range of A. There are two well-established
features of A hypernuclei measured: The potential is
about 30+3 MeV, and the spin-orbit splitting is lower
than the experimental resolution [1]. On the contrary,
the experimenta1 situation on X hypernuclei seems to be
still controversial because of low statistics data [8]. One
of the looked after problems concerns the unexpected ex-
istence of narrow X-hypernuclear levels [9]. A shoulder
has been observed in the stopped (K,m. ) reaction on
He corresponding to bound X's [10]. Finally, we would

like to mention that there also exist seven emulsion
events of:- hypernuclei, which are examined in Ref. [11].

The production of (multi)hypernuclei [12) in heavy-ion
collisions has attracted much attention recently [13].

Cross sections for single- and double-A hypernuclei have
been estimated in [14] and have recently been measured
in [15]. The properties of multihypernuclei [13,16] are
still one of the least-explored, open questions in hypernu-
clear research.

A (meta)stable state of matter containing abundant
strangeness on the quark level (strangelets) would be a
fascinating alternative [16,17]. A mechanism for strange-
let formation in relativistic heavy-ion collisions based on
a strong first-order phase transition has been proposed
[18,19] and recently been confirmed theoretically, al-
though with mutually contradictory conclusions [20].

In this paper we want to investigate first the properties
of hypernuclei and multihypernuclei, and second we ex-
trapolate to the more exotic objects such as metastable A
droplets, neutron-hyperon droplets, and objects consist-
ing of A's and X's, the lightest hyperons, with nucleons.
This is done in a relativistic mean-field model (RMFM),
which has been proven to give a very good description of
normal nuclei [21—23] and A hypernuclei [13,24,25]. We
will compare both the metastable exotic multihypernu-
clear object (MEMO) and the strangelet pictures in the
last section.

II. SINGLE-A HYPKRNUCLEI IN THE RMFM

We start from the Lagrangian given in [23]:

X =ED;„,+%~+Xv +Xtt +X„,
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TABLE I. Values used for the nucleonic coupling constants (taken from [23]).

gsN

7.51141

guN

9.515 41

gpN

4.925 51

m (Me V)

454.871

b (fm ')

—9.575 68 + 1.970 56

with additional terms for hyperons A, X, and:-:

&rP:.=t('~(ir"~.™~)tt'A+4x(ir"~™xWx

+g (i y-"tl„m—)g—-,
gA —Nfj ttA g.x—04xttx g=-—P4=-0=-

&/ = g—.h v"4~r„4~ g—.x v"Wxr„px

g.—v~Ar„C=

Xa"~= ,'g px—R—"Pxry„Px ,'g p-—R"—/=ay„P=,hyp

'e—A "—px(1+ so)y„px ,' e—A —"p=(1+ro)yqQ

Variation of the fields yields within the mean-field ap-
proach and the no-sea approximation the sum of the den-
sities runs only over occupied states, four boson field and
three baryon field equations, which can be solved numeri-
cally for the nuclear ground states [13].

The parameters of the meson fields and nucleon cou-
pling are fitted to the properties of eight spherical nuclei.
Calculations done with lower effective masses show insta-
bilities for highly dense nuclear systems such as ' C [26]
and unphysical behavior in nuclear matter [27] for a neg-
ative coefficient c in the standard nonlinear self-
interaction of the effective scalar field [28,29]. Note that
for a smaller efFective mass one always gets a negative
coefficient c (for a discussion of the parameter space and
its shortcomings, see [30]). Recently, an extension of the
standard model for arbitrary scalar self-interactions has
been presented [31].

Here a fit with an effective mass of mz/mN=0. 75 at
po [32) (see Table I) is chosen for the sake of stability.
This is also consistent with the optical potential at low
energies. It was shown in previous publications [13] that
one can describe hypernuclear data also with lower

Light Stabl, e Nuclei

efFective-Inass parametrizations. The conclusion about
hypernuclei is not affected by this smaller value of m*
(see below).

This relativistic mean-field model has proven to give a
good description of nuclear matter and finite normal nu-
clei [21,23]. Even for very light systems, one obtains
surprisingly good results, as demonstrated in Fig. 1. The
two parameters for the A couplings are adjusted to the
recent (m+, E+) data from Brookhaven National Labora-
tory [7]. The coupling of the X's is assumed to be equal
to the A coupling, as suggested from the quark model
picture [32,33] (hyperuniversal coupling). We consider
two cases, varying either the two-hyperon coupling ratios
a=g a/g ~, P=g a/g„z independently (full fit) or with
the restriction that a=P (restricted fit). The two cases
yield quite different coupling constants, namely, a=0.25,
P=0. 18, and a=P=0.43, respectively, which was also
found for another parametrization with a lower effective
mass [13]. Both sets reproduce the single-particle states
well (Fig. 2 shows the restricted case). A small spin-orbit
splitting comes out naturally because of the small cou-
pling constants, which yield weak fields. This is an im-
portant advantage of the relativistic theory: The ob-
served small spin-orbit splitting is predicted without re-
quiring an additional fit parameter as, e.g., in the nonrela-
tivistic case [23]. The binding energies of light hypernu-
clei from A =5 to 12 [2] agree also surprisingly well in
our simple model (Fig. 3). The large difference in the
couplings observed for the restricted and full fits can be
understood when plotting the (g ) values in the plane of
the two coupling ratios a=g A/g N and P=g„~/g N.
Note that the lowest y values are located along a line in
this plane (Fig. 4), which was first observed in [13] and
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FIG. 1 ~ Binding energy of light stable normal nuclei in the
spherical relativistic mean-field model (SRMF) and in the de-
formed code (DRMF) compared with the experimental data.

FIG. 2. Single-particle energy of single-A hypernuclei in the
relativistic mean-field theory compared with recent data (re-
stricted fit).
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Light Hypernuclei (Restricted fit)
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FIG. 3. Binding energy of light hypernuclei in the model
compared with experiment.

has recently been confirmed by [34]. This linear depen-
dence is due to the fact that the potential depth of the A
stays constant along this line. The two coupling con-
stants of the A are connected to the A potential depth U„
in nuclear matter by the relation

m' g„—1 a+ &pP,
m~

N
UA =m~

mN

which causes a linear dependence of the constant poten-
tial depth on the two parameters a and P. The e8'ective
mass of the A in nuclear matter,

4.0
3.5
3.0
2.5
2.0
1.5
1.0 ~

0z~o.&

mA mN=1—a 1—
mN

in the two fit cases is m z /m „=0.94 and m ~ /m A =0.89,
respectively, which is higher than the value obtained
from phenomenological fits to the single-A particle ener-
gies of about mA/m&=0. 80 [35]. However, even this
value can be reproduced within the RMFM by employing
a coupling constant a=0.8, well within one standard de-
viation of our best-fit values. Neutron star calculations
also indicate a stronger coupling constant for hyperons
[36].

Let us now extend the discussion to multi-A hypernu-
clei [13].

III. MULTI-A HYPERNUCLEI

In the case of double-A hypernuclei, one distinguishes
between two observables, namely,

B«(."Az) =B.(.".z)+B.(," 'z) -.

The last observable can be used to determine the AA in-
teraction. The interaction between hyperons emerges in
the RMFM only via the scalar and vector fields; their
coupling constants are fixed by the single-A-hypernuclear
properties. The model used for the restricted fit repro-
duces the Bz~ energies (Table II), but the AA interaction
is evidently too small because of the small coupling. Cal-
culations done for higher coupling constants cannot im-
prove this result. AA and aa correlations might be quite
important for this very light nuclear systems by increas-
ing b,BA~ (see [37] for calculations including correla-
tions). However, for our discussion of multiple-A sys-
tems, correlations may well be less important. Another
hypothetical explanation would be that the double-A hy-
pernuclei are in fact H-dibaryon nuclei [4,38]. Here we
examine the properties of the spherical double hypernu-
clei He&~ self-consistently and give a lower limit for the
binding of the A s. The density distribution (Fig. 5) re-
veals an interesting feature of multi-A hypernuclei: The
density distribution of the hyperons is shifted outward
relative to the nucleons according to the smaller binding.
This yields an extended neutral A halo around the nu-
cleus [13], which results in an enhanced interaction ra-
dius. The measured mean lifetime of hypernuclei is ap-
proximately 10 ' s. These two features are surprisingly
similar to the anomaly discussed in [39]. Note that the
surface thickness of the A density is considerably
enhanced as compared with that of the nucleons. There-
fore the rms radii of the multihypernuclei do not increase
drastically; only the tail of the density distribution is
enhanced. Cluster model calculations [37] show that
correlations push the A's farther out (relative to our re-
sult). This would also decrease the central density. The
strongest relative enhancement of this increase in the in-
teraction radius is found in light hypernuclei [40]. This is
due to their shallow binding and the relative higher A-
to-nucleon ratio (e.g., for the case He~~, the number of
A's and neutrons or protons are equal). Experiments

TABLE II. Two observables EB«and B«of the two mea-

sured double-A hypernuclei HeAA and '
BeAA as defined in Eq.

(2). The theoretical values are compared with the experimental
ones [3].

FIG. 4. Squared deviation from the experimental data is
plotted vs the scalar and vector coupling constant of the A. The
best fit is achieved along a line so that the coupling constants
cannot be fixed unambiguously.
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FIG. 5. Density distribution times r of the double-A hyper-
nucleus Hehh. The A distribution creates a halo around the
nucleons and enhances therefore the interaction radius.

searching for anomalous projectile fragments have ex-
cluded almost every charge except for Z =2 [39]. Hence
the A corona in light multihypernuclei such as He could
be a possible explanation for this hitherto unexplained
phenomenon.

Multihypernuclei with more than two hyperons were
first discussed in Ref. [12]. The binding energy of
different spherical multi-A hypernuclei is shown in Fig. 6.
They are bound particularly strongly, depending on the

IV. EXOTIC MULTIHYPERNUCLEI

N+X~N+A,
A+X —+N+:- .

(3)

The first process is suppressed, as one learns from the
narrow width of X-hypernuclei spectra (I (5—10 MeV)

Now we discuss the structure of even more exotic mul-
tihypernuclei. They can be formed by adding two X to
the double hypernuclei +AHe. Note that every constitu-
ent of this object is in the 1s&&2 ground state and that the
whole "nucleus" has zero charge. Hyperuniversal cou-
pling, i.e., gx =gh, is suggested from quark models [33].
We adopt this assumption as a first approximation.
Bound zero-charge multihypernuclei are indeed found
(see Fig. 7)—the central density of these nuclei is by
more than 50% increased as compared with the nucleon
density in the He.

Additional electrically neutral nuclei are found by add-
ing equal numbers of neutrons, protons, A' s, and X's.
Figure 7 shows the energy per baryon of such nuclei
versus the atomic mass. For atomic masses of 12, 36, 40,
and 44, we observe continuum single-particle states; i.e.,
these objects rapidly evaporate hyperons. All other mul-
tistrange nuclei turn out to be stable. Fourfold magic nu-
clei with closed shells are found for atomic masses of 8
and 32. Even negatively charged nuclei are feasible if
more X 's than protons happen to be present. The mean
lifetime of these multistrange objects is short, about
10 s, because of the strong decay processes

Multihypernuclei 1P1Nlh1X ... 12P12N12hl2X
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FIG. 6. Binding energy of different multihypernuclei that are
dependent on the number of A's in the nucleus. Multihypernu-
clei are more stable than normal nuclei.

FIG. 7. Binding energy of exotic multihypernuclei consisting
of equal numbers of neutrons, protons, A' s, and X's. Note the
strong shell effects.
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TABLE III. Configuration of metastable duplets of the nucleons and the hyperons sorted according
to strangeness s and charge q. The numbers given stand for the sum of the masses (in MeV).

X X
2395

X
2519

2643
0

2994
0 0
3345

X n

2137
:-'n
2261

A
2437
~Q~—

leg

2636
~Qg—

2987

nn

1879
An

2055
AA

2231

2431
~Q~Q

2630

np
1878
Ap

2054

p
2253
~Qy +

2504

pp
1877
X+n
2128

y+y+
2379

[8,9]. The lower mass difference of the second process
could yield even stronger suppression. Still they might
not live long enough to be experimentally detectable.
Are there other metastable configurations of hyperons
and nucleons?

V. METASTABLE EXOTIC
MULTIHYPERNUCLEAR OBJECTS: MEMO's

X +X —+a++:" +n (b,E = —6 MeV),
X+ +X+ ~m+ +:- +p (b,E = —14 MeV),

(4)

A11 possible pairs of nucleons and hyperons can be
sorted according to their strangeness number and their
charge (both are not changed by strong interactions).
The pair with the lowest mass (the most stable) is shown
in Table III. Three diff'erent baryons can be combined
into six possible metastable combinations (e.g., A:- neu-
tron) (see Table IV). It is not possible to have more than
three different baryon species in a metastable combina-
tion: They will react immediately to form a configuration
with two or three different baryons if the mass diff'erence
cannot be overcome by binding energy differences inside
the bound system.

It is important to note that the combination found
(Tables III and IV) cannot decay via meson (pion or
kaon) emission into another state. The channels with the
smallest Q value are given by the reactions

where b,E denotes the mass difference of the reaction.
Binding energy differences in a strange composite can
cancel the mass difference, and these strong reactions
would be energetically feasible. Therefore metastable
combinations which include X's might not be bound.
Mesonic reaction channels can only occur for the two re-
actions considered, because all other mesonic channels
need a more than 50 MeV binding energy difference in
nuclei to overcome the mass difference (i.e., to be exo-
thermic). In view of the maximum binding energy (the
potential depth in nuclear matter is =30 MeV for hype-
rons, = 50 MeV for nucleons), this seems rather unlikely.

Potential metastable configurations, which might be
formed in relativistic heavy-ion collisions, are states con-
sisting of (i) several A' s, (ii) several A's (or X 's) with
neutrons, or (iii) several:- 's with A's and neutrons. We
have calculated the total binding energy for a large
variety of MEMO s. The critical line for zero binding en-
ergy can be compared in the two-dimensional parameter
plane to the region of parameter values compatible with
hypernuclear data. We find that droplets of lambdas
with or without neutrons are less likely to be bound
within our model for parameters consistent with hyper-
nuclear data [7]. As mentioned before, the introduction
of correlations for the lambdas may change this con-
clusion because of the magnification of the AA interac-
tion.

The double strange hyperon = gives rise to the most in-

TABLE IV. Configuration of metastable triplets of the nucleons and hyperons sorted according to
strangeness s and charge q.

Anp

X n An - Ap Qy+

~ —~QA
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triguing speculations: This new degree of freedom can
lead to potential effects analogous to those discussed in
the context of strangelet stability [16,17] and multihyper-
nuclei (see Fig. 6). As a matter of fact, we cannot fix the
coupling of the hyperon = from data. The only data
known indicate a potential depth for ='s in nuclear
matter of about 20—25 MeV [11]. Therefore we calculate
the binding energy of some combinations of neutrons,
lambdas, and:- 's depending on the two coupling con-
stants of the hyperons (we are choosing, for simplicity,
hyperuniversal coupling) and compare these results with
the potential depth of the ='s in nuclear matter (Fig. 8).
We find certain regions of parameters sets where these
objects are bound by several MeV per baryon and have
reasonable potential depths in nuclear matter. Spherical
MEMO's, containing two or eight neutrons, A's and:- 's
of each, cannot be ruled out. Note that they have a
strangeness-to-baryon number fraction of 1

(f, =S/A =1), which is in the same range of values as
calculated for strange quark matter in its ground state.

The multistrange nuclear systems predicted here [e.g.,
2(nA:- ), 8(nA:- )] are negatively charged, while they
have a positive baryon number. Recent calculations have
shown that a strangelet can also be negatively charged if
it is distilled in a ultrarelativistic heavy-ion collision out
of a thermally equilibrated quark-gluon plasma [19].
Hence MEMO's seem to have in this respect properties
that are quite similar to those of strangelets. Observation
of negatively charged nuclei therefore may not be unam-
biguously related to antinucleus production [41].

The situation changes when, in addition, protons and
:" 's are considered. Of all the possible strong reactions
between nucleons and all hyperons, only the following
two have a mass difference of less than 50 MeV:

+p~2A (DE=28 MeV),

:- +n —+2A (b,E=23 MeV) .

Therefore, if Pauli blocking inhibits these two reactions,
we can construct potential MEMO candidates consisting

I
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FIG. 8. Binding energy of spherical MEMO's consisting of
neutrons, A' s, and:- 's is compared with the potential depth of
the hyperons in nuclear matter. These negatively charged ob-
jects cannot be ruled out at the present stage of knowledge of
hypernuclear properties.
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FIG. 9. Single-particle energy of a MEMO consisting of two
of each baryon of the baryon octet except the X's. The binding
energy difference cancels the mass difference of the strong reac-
tion channels so that the whole "nucleus" is metastable.

of p, n, A, :-,:- . The binding energies of the = s and nu-
cleons must exceed the mass difference of the above two
reactions, and all the A states must be occupied inside the
nucleus, in order for Pauli blocking to cause stability.
We have indeed been able to construct such a metastable
object, namely, a MEMO with two neutrons, protons,
A' s, = 's, and:- 's each (Fig. 9). The sum of the binding
energies of the nucleons and:-'s cancel the mass
difference of the two reaction channels shown above, as
can be seen in Fig. 9. Hence these reactions are forbid-
den energetically, and this exotic object turns out to be
metastable. This strange "nucleus" possesses zero charge
and a central density p/pp=4, because all baryons reside
in their respective 1s state. This is analogous to the
enhanced central density p/pp= 2 in He. However, the
inclusion of correlations, which will be important for a-
like objects, shifts the hyperons farther out [37] and gives
smaller central densities than obtained with the relativis-
tic mean-field model. Furthermore, the strangeness con-
tent of this strange nucleus is f, =S/A =1. The forma-
tion of such novel, exotic states of nuclear matter in
heavy-ion collisions [42] is an intriguing possibility; the
production cross section, however, will be very small.
We are presently investigating this problem quantitative-
ly based on a covariant coalescence model, using the mi-
croscopic baryon distribution from the relativistic quan-
tum molecular-dynamics model as input [43].

VI. SUMMARY AND OUTLOOK

We have demonstrated that A hypernuclei can be de-
scribed rather well in the relativistic mean-field model.
Multi-A hypernuclei are more strongly bound than nor-
mal nuclei, which is of great interest for the formation of
multihypernuclei in heavy-ion reactions. Exotic multihy-
pernuclei consisting of A's and X 's may be very stable
for certain magic numbers. However, their constituents
react strongly and these objects are not stable. Metasta-
ble exotic multihypernuclear objects (MEMO's) cannot
be excluded within the mean-field theory if the coupling
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constants extracted from hypernuclear data are em-
ployed. They are negatively charged, but have positive
baryon number. Their strangeness number can be equal
to their baryon number (f, = 1), similar to the strange-
lets. If formed, they could be observed easily in relativis-
tic heavy-ion collisions because of their unusual Z/A ra-
tio.

These hadronic objects compete with the strangelets,
their quark counterpart. It is, of course, viable that
MEMO's form a doorway state to strangelet production
in heavy-ion collisions or vice versa. MEMO's may first
coalesce in the high multiplicity region of the reaction. If

strangelets are more bound than our "conventional" mul-
tihypernuclear clusters, the MEMO may then be
transformed to a strangelet.
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