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Light LL hypernuclei and the onset of stability for LJ hypernuclei
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New Faddeev-Yakubovsky calculations for lightLL hypernuclei are presented in order to assess the self-
consistency of theLL-hypernuclear binding-energy world data and the implied strength of theLL interaction,
in the wake of recent experimental reports onLL

4H and LL
6He. Using Gaussian soft-core simulations of

Nijmegen one-boson-exchange model interactions, the Nijmegen soft-core model NSC97 simulations are
found close to reproducing the recently reported binding energy ofLL

6He, but not those of other species. For
stranger systems, Faddeev calculations of lightLJ hypernuclei, using a simulation of the strongly attractive
LJ interactions due to the same model, suggest thatLJ

6 He marks the onset of nuclear stability forJ
hyperons.
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Very little is known experimentally on doubly strange h
pernuclear systems, and virtually nothing about systems w
higher strangeness content. Multistrange hadronic matte
finite systems and in bulk is predicted on general ground
be stable, up to strangeness violating weak decays~Ref. @1#,
and references therein!. Hyperons~Y! must contribute mac-
roscopically to the composition of neutron-star matter~Ref.
@2#, and references therein!. Over the years the Nijmege
group has constructed a number of one-boson-excha
~OBE! models for the baryon-baryon interaction, fitting th
abundant scattering and bound-stateNN data plus the scarc
and poorly determined low-energyYN data using SU~3!-
flavor symmetry to relate baryon-baryon-meson coupl
constants and phenomenological short-distance hard or
cores~Ref. @3#, and references therein!. Data on multistrange
systems could help distinguish between these models.
recently reported events from AGS experiment E906 sug
production of light LL hypernuclei @4#, perhaps as light
even asLL

4H, in the (K2,K1) reaction on9Be. If LL
4H is

confirmed in a future extension of this experiment, this fo
body systempnLL would play as fundamental a role fo
studying theoretically theYY forces as L

3 H (pnL) has
played for studying theoretically theYN forces@5#.

Until recently only threeLL hypernuclear candidates fi
ted events seen in emulsion experiments@6–8#. The LL
binding energies deduced from these ‘‘old’’ events sugge
strongly attractiveLL interaction in the1S0 channel@9#.
This outlook might be changing substantially following th
very recent report from the hybrid-emulsion KEK expe
ment E373 on a new event@10# uniquely interpreted as

LL
6He, with binding energy considerably smaller than th

reported for the older event@7#.
In this Rapid Communication we report on new Fadde

Yakubovsky calculations for lightLL hypernuclei, using ge-
neric s-wave LL interaction potentials which simulate th
low-energy s-wave scattering parameters produced by
Nijmegen OBE models. The purpose of these calculation
twofold: to check the self-consistency of the data, parti
larly for LL

6He and LL
10Be which are treated here as cluste

of a ’s andL ’s, and to find out which of the Nijmegen OBE
models is the most appropriate one for describing theseLL
hypernuclei.
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A novel piece of work concluding this report concer
multistrange hypernuclei consisting, in addition toL ’s, also
of a ~doubly strangeS522) J hyperon. Schaffneret al.
@11# observed thatJ hyperons would become particle stab
against the strong decayJN→LL if a sufficient number of
bound L ’s Pauli blocked this decay mode, highlightin

LLJ
7 He (S524) as the lightest system of its kind. Here w

study the possibility of stabilizing aJ hyperon in the iso-
doublet LJ

6 H2LJ
6 He (S523) hypernuclei due to the par

ticularly strong LJ attraction in the Nijmegen soft-cor
NSC97 model@12#. This three-bodyaLJ system may pro-
vide the onset ofJ nuclear stability.

In our calculations, the bound states of three- and fo
body systems are obtained by solving the differentials-wave
Faddeev-Yakubovsky equations@13#, using the cluster reduc
tion method@14# in which the various channel wave func
tions are decomposed in terms of eigenfunctions of
Hamiltonians of the two- or three-particle subsystems.
fairly small number of terms, generally less than 10, is s
ficient to generate a stable and precise numerical solut
This method has been recently applied toL

9 Be andLL
6He in

terms of three-clusteraaL andaLL systems, respectively
@15#.

The hyperon-hyperon interaction potentials in the1S0
channel which are used as input to the above equations a
a three-range Gaussian form,

VYY85(
i

3

vYY8
( i )

~r !exp~2r 2/b i
2!, ~1!

following the work of Hiyamaet al. @16# where aLL po-
tential of this form was fitted to the Nijmegen model D~ND!
hard-core interaction@17# assuming the same hard core f
the NN and LL potentials in the1S0 channel. For other
models we have renormalized the medium-range attrac
component (i 52) of this potential such that it yields value
for thes-wave scattering length and for the effective range
close to the values produced by Nijmegen model interac
potentials for these low-energy parameters. SeveralYY po-
tentials fitted to the low-energy parameters of the soft-c
NSC97 model@12# are shown in Fig. 1. We note that theLJ
©2002 The American Physical Society01-1
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interaction is rather strong, considerably stronger within
same version of the model~here,e) than theLL interaction.
The LL interaction is fairly weak for all of the six version
(a–f ) of model NSC97.

The aa short-range interaction, and theLa andJa in-
teractions, are given in terms of a two-range Gaussian~Isle!
potential

VYa5Vrep
(Y)exp~2r 2/b rep

2 !2Vatt
(Y)exp~2r 2/batt

2 !. ~2!

Here the superscriptY extends also fora. For theaa short-
range potential we used thes-wave component of the Ali-
Bodmer potential@18#. A finite-size Coulomb potential wa
added. TheLa potential, fitted to the binding energ
BL(L

5 He)53.1260.02 MeV@19#, was taken from Ref.@20#.
For theJa potential we assumedVrep

(J)5Vrep
(L) while reducing

the depthVatt
(L) to get theJ0a binding energy 2.09 MeV.

This BJ value was obtained using a Woods-Saxon~WS! po-
tential for 4He with a depth parameter scaled by the ratio
central densities with respect to a depth of;15 MeV in
11B, as suggested by studying the excitation spectrum in
(K2,K1) reaction on12C @21#.

We first applied, for a test, theseaa and La potentials
~2! in a three-bodys-wave Faddeev calculation for theaaL
system. We will comment below on the restriction tos
waves. The calculated ground-state binding ene
BL(L

9 Be)56.67 MeV, is in excellent agreement with th
measured value 6.7160.04 MeV @19# without need for
renormalization@16# or for introducing three-body interac
tions @22#. We then applied these potentials in Fadde
Yakubovsky calculations for severalLL hypernuclei, using
LL interactions generically of the form~1! which simulate
some of the Nijmegen OBE interaction potentials. The
sults are stable against reasonable variations in theLL po-
tential shape, provided the underlying low-energy parame
are kept fixed. The ground-stateLL binding energiesBLL

obtained by solving thes-wave three-body (aLL) Faddeev
equations for LL

6He and thes-wave four-body (aaLL)
Yakubovsky equations forLL

10Be are given in Table I. Using
the ND-simulatedLL interaction our results may be com
pared with those of Ref.@16# which were not limited to the
dominants-wave channels. ForLL

6He, and with similarLa

FIG. 1. Selected hyperon-hyperon potentials, simulating v
sionsb ande of the NSC97 model interactions~Ref. @12#!.
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potentials, the inclusion of higher~d! partial waves amounts
to additional 0.2 MeV binding. ForLL

10Be the effect of the
higher partial waves is largely compensated by keep
BL(L

9 Be) at its experimental value, whether or not includi
d waves. This was also the practice in Ref.@16#; the com-
parison in Table I suggests an effect of order 0.5 MeV, wh
is similar to the effect of model dependence due to us
different underlyingLN interaction potentials in that work
Focusing on our own calculations, Table I shows that
strongestLL binding is provided by the simulation of th
very recent extended soft-core~ESC00! model@3# which was
in fact motivated by the relatively largeBLL value for the

LL
6He ‘‘old’’ event @7#. A significantly smallerBLL value is

obtained for our simulation of model ND which, howeve
reproduces well theBLL value reported forLL

10Be @6#. Down
the list, the simulation of the NSC97 model gives yet sma
BLL values, which forLL

6He are close to the very recen
experimental report@10# almost independently of which ver
sion of the model is used.

Early cluster calculations@22,23# noted that the calculated
BLL values for LL

6He and for LL
10Be are correlated nearly

linearly with each other, such that the two events reported
the 1960s could not be reproduced simultaneously. Our
culations also produce such a correlation, as demonstrate
Fig. 2 by the solid circles along the dotted line. This lin
precludes any joint theoretical framework in terms of tw
body interactions alone for theLL

6He andLL
10Be experimen-

tal candidates listed in Table I. ForVLL50, the lower-left
point on the dotted line corresponds to approximately z
incremental binding energyDBLL for LL

6He, where

DBLL~LL
AZ!5BLL~LL

AZ!22BL~ L
(A21)Z!. ~3!

This is easy to understand owing to the rigidity of thea core.
However, the correspondingDBLL value for LL

10Be is fairly
substantial, about 1.5 MeV, reflecting a basic difference
tween the four-bodyaaLL calculation and any three-bod
approximation in terms of a nuclear core and twoL ’s as in

LL
6He. To demonstrate this point we show by the op

r-

TABLE I. Calculated ground-state binding energies (BLL in
MeV with respect to the nuclear core!.

Model LL
6He LL

10Be

ESC00 10.7 19.5
ND 9.10 17.8
NSC97e 6.82 15.5
NSC97b 6.60 15.3
VLL50 6.27 14.9
NDa 9.34 17.24
Experiment 10.960.6b 17.760.4c

7.2560.1920.11
10.18 d (14.660.4)e

aReference@16#.
bReference@7#.
cReference@6#.
dReference@10#.
eAssumingLL

10Be→p21p1L
9 Be* .
1-2
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circles along the dot-dashed line in Fig. 2 the results o
three-body calculation forLL

10Be in which the8Be core is not
assigned anaa structure. In this calculation, the geomet
and depth of theL-8Be WS potential were fitted to repro
duce~i! the measuredBL(L

9Be) value and~ii ! the rms dis-
tance between theL and the c.m. of the twoa’s as obtained
in the aaL model calculation for L

9 Be. This three-body
8BeLL calculation gives about 1.5 MeV less binding f

LL
10Be than the four-body calculation does. The difference

due to theaa correlations which are absent in the three-bo
calculation, and which are built in within the Yakubovsk
equations of the four-body calculation. The other calcu
tions mentioned above@22,23# found smaller values, not ex
ceeding 0.5 MeV, for the binding-energy gain due to hav
a four-body calculation forLL

10Be. An obvious merit of our
four-body Faddeev-Yakubovsky calculation is that it au
matically accounts forall possible rearrangement channels
the aaLL system. In particular, by breaking up8Be into
two a ’s in the four-body calculation, substantial attraction
gained due to several additional bound subsystems suc
the LL

6He-a and L
5 He-L

5 He clusters which almost saturate th
corresponding rearrangement channels (aLL)-a and
(aL)-(aL), respectively.

Our calculations confirm, if not aggravate, the incomp
ibility of the ‘‘old’’ experimental determination of the bind
ing energy ofLL

6He @7# with that of LL
10Be @6#. The ‘‘new’’

experimental determination of the binding energy ofLL
6He

@10# is found to be still incompatible with that ofLL
10Be, even

if an unobservedg deexcitation involving eitherLL
10Be* or

L
9 Be* is allowed; one of these possibilities, involvingL

9 Be*
at 3.1 MeV @24#, is recorded in Table I. Since no particle
stable excited states are possible forLL

6He or for itsL hy-
pernuclear coreL

5 He, and sinceLL
6He is also ideally suited

for three-body cluster calculations such as thes-wave Fad-
deev equations here solved for theaLL system, we con-
tinue by discussing the implications of accepting the E3
KEK experiment@10# determination ofDBLL;1 MeV for

LL
6He. We have shown that model NSC97 is the only o

FIG. 2. Calculated binding energies (BLL in MeV! for LL
6He in

a three-bodyaLL model, and forLL
10Be in a four-bodyaaLL

model and in a three-body8BeLL model. The origin of the dashe
axes corresponds toDBLL50.
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capable of getting close to this ‘‘new’’ binding-energy valu
short by about 0.5 MeV. In fact, we estimate the theoreti
uncertainty of our Faddeev calculation forLL

6He as bounded
by 0.5 MeV, such that a more precisely calculated bind
energy would belarger by a fraction of this bound, at mos
than theBLL values shown in Table I. Taking into accou
such possible corrections would bring our calculatedBLL

values to within the error bars of the reportedBLL value.
There are two possible origins for this theoretical unc
tainty. One, which was already mentioned above, is the
striction tos waves in the partial-wave expansion of the Fa
deev equations; the other one is ignoring the off-diago
LL-JN interaction which admixesJ components into the

LL
6He wave function. A recent work@25# using twoYN and

YY models finds an increase of 0.1 to 0.4 MeV in the calc
latedBLL(LL

6He) value due to a 0.1% to 0.3%~probability!
J component, respectively.

If model NSC97 indeed provides for a valid extrapolati
from fits to NN and YN data, and recalling the strongl
attractive1S0 LJ potentials in Fig. 1 simulating the NSC9
model, it is tempting to check for stability ofA56, S
523 systems obtained fromLL

6He by replacing aL by aJ
hyperon. The results of a Faddeev calculation for the i
doublet hypernucleiLJ

6 H and LJ
6 He, considered asaLJ2

and aLJ0 three-body systems, respectively, are shown
Fig. 3, including the location of the lowest particle-stabili
thresholds, due toL emission intoLL

5H and LL
5He, respec-

tively. TheseA55 isodoubletLL hypernuclei, considered
as three-cluster systems3HLL and 3HeLL, respectively,
are found to be particle stable forall the LL attractive po-
tentials used in the present calculation. Figure 3 dem
strates thatLJ

6 He is particle stable for potentials simulatin
the NSC97 model. The mirror hypernucleusLJ

6 H is unstable
because theJ2 hyperon is heavier by 6.5 MeV thanJ0. Our
prediction for the stability ofLJ

6 He would hold valid, par-
ticularly for potentials simulating model NSC97e ~and also
f ), even if the binding energy ofLL

5He is increased by a
fraction of an MeV to scale it with the recently reporte

LL
6He binding energy@10#. However, if theJa WS potential

depth is set equal to that forJ in 11B @21#, LJ
6 He would

become unstable by a fraction of an MeV in versione. Lack

FIG. 3. Calculated level scheme ofLJ
6 H and LJ

6 He hypernuclei.
1-3
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of direct experimental evidence onJ interactions in or
around4He prevents us from reaching a more definitive co
clusion on this issue.

In summary, we have shown thats-wave simulations of
the OBE Nijmegen model NSC97, versionse andf of which
have been shown recently to agree quantitatively with li
single L hypernuclei@26#, are capable of reproducing th
recently reported binding energy ofLL

6He, but are incapable
of reproducing previously reportedLL binding energies.
This inconsistency, for a wide class ofLL potentials, was
demonstrated on firm grounds by doing the first e
Faddeev-Yakubovsky calculation ofLL

10Be as aaaLL four-
cluster system. Accepting the predictive power of mo
ys

.

v.
,

H.

n

C

04100
-

t
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NSC97, our calculations suggest thatLJ
6 He may be the light-

est particle-stableS523 hypernucleus, and the lightest an
least strange particle-stable hypernucleus in which aJ hy-
peron is bound. Unfortunately, the direct production ofLJ
hypernuclei is beyond present experimental capabilities,
quiring the use ofV2 initiated reactions.
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