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Dibaryon candidates with strangenessS=−2,−3,−4,−5,−6 are studied in terms of the extended quark
delocalization and color screening model. The results show that there are only a few promising low lying
dibaryon states: TheH and di-V may be marginally strong interaction stable but model uncertainties are too
large to allow any definitive statement. TheSIJ=−3,1/2,2NV state is 62 MeV lower than theNV threshold
and 24 MeV lower than theLJp threshold. It might appear as a narrow dibaryon resonance and be detectable
in the RHIC detector through the reconstruction of the vertex mass of theLJ two-body decay. The effects of
explicit K andh meson exchange have been studied and found to be negligible in this model. The mechanisms
of effective intermediate range attraction,s meson exchange, and kinetic energy reduction due to quark
delocalization are discussed.
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I. INTRODUCTION

One of the most remarkable achievements of theoretical
physics in the past 30 years is the establishment and devel-
opment of the fundamental theory of the strong
interaction: quantum chromodynamics(QCD). Perturba-
tive QCD has been verified by high energy experiments.
However, the low energy physics of QCD, such as hadron
structure, hadron interactions, and the structure of exotic
quark-gluon systems, is much harder to calculate directly
from QCD. One needs effective theories and phenomeno-
logical models in these cases.

Borrowing the idea of quasiparticles from condensed mat-
ter and nuclear physics, one can approximately transform the
complicated interactions between current quarks into dy-
namic properties of quasiparticles and what is left to be stud-
ied are the residual interactions between quasiparticles. One
of the quasiparticles in QCD is the constituent quark. How to
dress the current quark to be a constituent quark still poses a
theoretical challenge; various effective theories[1–3] have
been developed to derive constituent quarks from QCD. The
common point of view is that the dynamical generation of
the constituent quark mass is closely related to spontaneous
chiral symmetry breaking initiated by the formation of aqq̄
condensate in the QCD vacuum.

The constituent quark model has been quite successful in
understanding hadron spectroscopy and hadron interactions

even though we have not yet derived the constituent quark
model directly from QCD. There are also various versions of
the constituent quark model based on different effective de-
grees of freedom. De Rújula, Georgi, and Glashow[4] first
put forward a quark-gluon coupling model based on constitu-
ent quark and gluon effective degrees of freedom. Isgur and
Karl obtained a good description of hadron spectroscopy
based on this model[5]. However, extension of the model to
baryon interactions does not reproduce the nucleon-nucleon
intermediate and long-range interaction.

One modification studied is the addition of Goldstone bo-
son exchange on the quark level[6–9], in which the short-
range part of the interaction is described by the quark-gluon
degrees of freedom and the medium- and long-range parts
are attributed to meson exchange. This quark gluon-meson
exchange hybrid model achieves a quantitative fit of the
nucleon-nucleonsNNd and nucleon-hyperonsNYd scattering
data.

A different modification of the De Rújula–Georgi–
Glashow–Isgur(RGGI) model, the quark delocalization and
color screening model(QDCSM) [10], has also been sug-
gested. It maintains the Isgur Hamiltonian for single hadrons
but modifies it for baryon-baryonsBBd interactions with two
new ingredients.

First, the two-center single-quark orbital wave function
(WF) used in the quark cluster model is replaced by a delo-
calized quark orbital WF. The introduction of quark delocal-
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ization can be viewed either as taking into account the con-
tribution of excited configurations or the distortion of each
individual baryon due to their mutual interaction. This
straightforward method enlarges the variational Hilbert
space. Its advantage is that it permits the six-quark system to
choose a more favorable configuration through its own dy-
namics, while maintaining a tolerable level of computational
complexity.

Second, a different parametrization of the confinement in-
teraction is assumed, in which the usual quadratic confine-
ment and a color-screened quadratic confinement are used to
parametrize the two-body matrix elements of different quark
orbits. The introduction of this parametrization is aimed at
taking into account some of the nonlinear, nonperturbative
properties of QCD which cannot be described by two-body
quark-quark interactions in multiquark systems, such as the
formation of color flux tubes connecting many quarks, the
three-gluon interaction, and the three-body instanton interac-
tion.

The QDCSM not only justifies the view of a nucleus as,
approximately, a collection of nucleons rather than a single
big bag with 3A quarks, but it also explains the long-standing
fact that the nuclear force and molecular forces are similar
except for the obvious energy and length scale differences. It
is also the model which requires the fewest adjustable pa-
rameters to fit the existingBB interaction data[10–16].

There have been debates on which constituent quark
model and which effective degrees of freedom are best to use
for hadron structure and interaction studies[17–21]. In our
phenomenological study ofBB interactions with three differ-
ent constituent quark models, we found that even though the
QDCSM and the other two models appear to be quite differ-
ent, they give similarBB interactions in 44 of the 64 lowest
BB channels consisting of octet and decuplet baryons[14]. A
preliminary analysis of the origin of this surprising similarity
has been produced[22]. This result also implies that quark
delocalization and color screening, working together, do pro-
vide the intermediate-range attraction described by meson
exchange in other models. On the other hand, the different
models do give characteristically different results in some
channels. For example, the QDCSM predicts a strong attrac-
tion in the I =0, J=3 channel, producing a dibaryon reso-
nanced* in this channel, while the quark gluon-meson ex-
change hybrid model predicts a strong attraction in theI =0,
J=0 VV channel, implying the existence of a strong inter-
action stable di-V. One cannot expect scattering data to be-
come available in these channels to test these model predic-
tions, but the dibaryon states should be detectable to provide
a check on whether these model predictions are realistic.

The study of dibaryon states not only checks constituent
quark models but also searches for new hadronic matter. The

H particle has been assumed to be a six-quark system from
the very beginning[23] and has been both a theoretical and
experimental topic for a long time. TheS=0, Jp=0− d8
dibaryon was assumed to be anNNp system and was a hot
topic in the 1990s[13,24]. We showed that theS=0, I =0,
J=3 d* [10,14,15,25–28] is a tightly bound six-quark system
rather than a loosely bound nuclearlike system of twoD’s.
An S=−3, I =1/2, J=2 NV state was proposed as a high
strangeness dibaryon candidate[29]. Kopeliovich predicted
high strangeness dibaryons, such as the di-V with S=−6,
using the flavor SU(3) Skyrmion model[30], and Zhanget
al. suggested searching for the di-V in ultrarelativistic heavy
ion collisions[31]. La France and Lomon predicted a deuter-
onlike dibaryon resonance usingR-matrix theory [32] and
measurements at Saclay seem to offer experimental support
[33] for its existence.

In this paper, we calculate promising dibaryons with
strangenessS=−2,−3,−4,−5 using the extended quark-
delocalization color-screening model to provide another ref-
erence spectrum for strange dibaryons and a possible further
check of constituent quark models. TheSIJ=003d* and
−600 di-V dibaryons, which we considered previously, are
included in the discussion to demonstrate the differences be-
tween the predictions of the extended QDCSM and other
quark models.

The extended QDCSM is briefly introduced in Sec. II. In
Sec. III, we present our results. We discuss these results fur-
ther in Secs. IV and V, and conclude in Sec. VI.

II. BRIEF DESCRIPTION OF THE EXTENDED QDCSM

The QDCSM was put forward in the early 1990’s. Details
can be found in Refs.[10,26,28]. Although the intermediate-
range attraction of theNN interaction is reproduced by the
combination of quark delocalization and color screening, the
effect of the long-range pion tail is missing in the QDCSM.
Recently, the extended QDCSM was developed[15], which
incorporates this long-range tail by addingp exchange with
a short-range cutoff. The extended QDCSM not only repro-
duces the properties of the deuteron well, but also improves
agreement withNN scattering data as compared to previous
work [16].

The Hamiltonian of the extended QDCSM, wave func-
tions, and the necessary equations used in the current calcu-
lation are given below. Here we do not take into account the
effect of any tensor forces. The details of the resonating-
group method(RGM) have been presented in Refs.[28,34].

The Hamiltonian for the three-quark system is the same as
the well-known quark potential model, the Isgur model. For
the six-quark system, we assume

H6 = o
i=1

6 Smi +
pi

2

2mi
D − Tc.m.+ o

i, j=1

6

fVconfsr ijd + VGsr ijd + Vpsr ijdg,
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VGsr ijd = as
lW i · lW j

4
F 1

r ij
−

p

2
dsrWi jdS 1

mi
2 +

1

mj
2 +

4sW i · sW j

3mimj
DG ,

Vpsr ijd = usr − r0d
g8

2

4p

mp
2

12mq
2

1

r ij
e−mpri jsW i · sW jtW i · tW j ,

Vconfsr ijd = − acl
W

i · lW j5r ij
2 if i, j occur in the same baryon orbit,

1 − e−mri j
2

m
if i, j occur in different baryon orbits,

usr ij − r0d = H0 r ij , r0,

1 otherwise,
s1d

wherer0 is the short-range cutoff for pion exchange between
quarks. All the symbols have their usual meanings, and the
confinement potentialVconfsr ijd has been discussed in Refs.
[15,28].

The pion potentialVpsr ijd affects only theu andd quarks.
We take these to have a common massmq=md=mu, ignoring
isospin breaking effects as they are small on the scale of
interest here.

The quark wave function in a given nucleon(orbit) rela-

tive to a reference center(defined bySW) is taken to have a
Gaussian form characterized by a size parameterb:

fsrW − SWd = S 1

pb2D3/4

e−s1/2b2dsrW − SWd2. s2d

The values ofmq, ms, b, as, and ac are determined by
reproducing theD−N mass difference, the nucleon mass, a
hyperon mass, and by requiring a stability condition. The
quark-pion coupling constantgqqp is obtained from the
nucleon-pion coupling constant by a slights,10%d correc-
tion to the classic symmetry relation—viz.,

gNNp
2

4p
= sMN/mqd2S5

3
D2 g8

2

4p
emp

2b2/2, s3d

whereMN is the nucleon mass and the last factor provides
the correction due to the extent of the quark wave function in
the nucleon. The color-screening parameterm has been de-
termined by matching our calculation to the mass of the deu-
teron. All of the parameters are listed in Table I.

The model masses of all octet and decuplet baryons are
listed in Table II. We use the resonating group method to
carry out a dynamical calculation. Introducing Gaussian

functions with different reference centersSi, i =1, . . . ,n,
which play the role of generating coordinates in this formal-
ism, to expand the relative motion wave function of the two
quark clusters, we have

xsRW d = S 3

2pb2D3/4

o
i

Cie
−s3/4dsRW − SW id

2/b2
.

In principle, any set of base wave functions can be used to
expand the relative motion wave function. The choice of a
Gaussian with the same size parameterb as the single-quark
wave function given in Eq.(2), however, allows us to rewrite
the resonating-group wave function as a product of single-
quark wave functions[see Eq.(4) below]. This cluster wave
function (physical basis) can be expressed in terms of the
symmetry basis, classified by the symmetry properties, in a
group chain which in turn allows the use of group theory
methods to simplify the calculation of the matrix elements of
the six-quark Hamiltonian[35]. In our calculations, we typi-
cally use 12 Gaussian functions to expand the relative mo-
tion wave function over the range 0–8 fm. For a few chan-
nels, such as the deuteron andH particle, 20 Gaussian
functions are used to extend the range to 12 fm.

After including the wave function for the center-of-mass
motion, the ansatz for the two-cluster wave function used in
the RGM can be written as

C6q = Ao
k

o
i=1

n

Ck,i E dVSip
a=1

3

cRsrWa,SW i,edp
b=4

6

cLsrWb,SW i,ed

3fhI1kS1k
sB1kdhI2kS2k

sB2kdgI,J=SfxcsB1dxcsB2dgfsg, s4d

wherek is the channel index. For example, forSIJ=−2, 0, 0,
we havek=1, 2, and 3 corresponding to the channelsLL,
NJ, andSS.

The delocalized orbital wave functionscRsrW ,SW i ,ed and

cLsrW ,SW i ,ed are given by

cRsrW,SW i,ed =
1

Nsed
FfSrW −

SW i

2
D + efSrW +

SW i

2
DG ,

TABLE I. Model parameters.

mq,ms

(MeV) b (fm)
ac

(MeV fm−2) as g8
2/4p r0 (fm) m sfm−2d

313,634 0.6015 25.14 1.5585 0.5926 0.8 0.85
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cLsrW,SW i,ed =
1

Nsed
FfSrW +

SW i

2
D + efSrW −

SW i

2
DG ,

Nsed = Î1 + e2 + 2ee−Si
2/4b2

, s5d

where fsrW−SW i /2d and fsrW+SW i /2d are the single-particle
Gaussian quark wave functions referred to above in Eq.(2),
with different reference centersSi /2 and −Si /2, respectively.
The delocalization parametere is determined by the dynam-
ics of the quark system rather than being treated as an ad-
justable parameter.

The initial RGM equation is

E HsRW ,RW 8dxsRW 8ddRW 8 = EE NsRW ,RW 8dxsRW 8ddRW 8. s6d

With the above ansatz, the RGM equation(6) is converted
into an algebraic eigenvalue equation

o
j ,k8

Cj ,k8Hi,j
k,k8 = Eo

j

Cj ,kNi,j
k , s7d

where Ni,j
k and Hi,j

k,k8 are the wave function overlaps and
Hamiltonian matrix elements, respectively, obtained for the
wave functions of Eq.(4).

III. RESULTS AND DISCUSSION

Previously, we chose the di-V as an example to study
whether or not our model results were sensitive to the
meson-exchange cutoff parameterr0, and the result demon-
strates that they are not[36]. Hence, we consider it is suffi-
cient to calculate six-quark systems of different strangeness
S=−2,−3,−4,−5 with a representative cutoff value ofr0
=0.8 fm. Table III displays the masses(in MeV) calculated
for the strange dibaryon states of interest here. The lowest
(without taking tensor coupling into account) channel for

eachSIJ is identified by bold lettering;sc and cc denote
single channel(the lowest one) and coupled channels, re-
spectively. An asterisk denotes those states without coupled
channels. Additionally, it should be noted that in our calcu-
lation we assume the wave function to be zero at the bound-
ary point, which is the usual boundary condition for bound
states. If the state is unbound, we will not obtain a stable
minimum eigenenergy in the course of extending the bound-
ary point. The unbound states are denoted by “–” in Table III.

In 1977, Jaffe[23] studied the color-magnetic interaction
of the one-gluon-exchange potential in the multiquark sys-
tem and found that the most attractive channel is the flavor
singlet with quark contentu2d2s2. Moreover, the same sym-
metry analysis of the chiral boson exchange potential also
leads to the very same conclusion[22].

However, dibaryon physics can be very delicate. The deu-
teron channel is not a channel with strong attraction in any
baryon interaction model. If the deuteron had not been found
experimentally, it seems highly unlikely that any model
would have been able to predict it to be a stable dibaryon.
The H particle sSIJ=−200d is a six-quark state consisting
mainly of octet baryons, similar to the deuteron, and we find
only a weak attraction there in our model also. Hence, a
qualitative analysis is insufficient to judge whether or not the
H particle is strong interaction stable. Systematically, we find
that a strong attraction develops only in decuplet-decuplet
channels and a mild attraction in octet-decuplet channels.

Moreover, in theH-particle case, the channel coupling
effect may even be more important than the deuteron case. In
fact, it is not bound without taking coupled channels into
account. In our calculation, three channels have been taken
into account. These areSS, NJ and LL. The relative mo-
tion wave functions of each channel contribution to theH
particle are shown in Fig. 1. We find that theLL channel
provides the largest contribution(67%), followed by theNJ
channel (23%); the SS channel contributes only(10%).
However, according to the analysis by Jaffe, the biggest con-

TABLE II. Single-baryon masses in units of MeV.

N S L J D S* J* V

Theor. 939.0 1210.6 1113.6 1350.0 1232.0 1358.1 1497.5 1650.1

Expt. 939 1193 1116 1318 1232 1385 1533 1672

TABLE III. Masses of six-quark systems with strangeness.

S,I ,J Coupling channels Masssc Masscc

−2,0,0 LL-NJ−SS - 2225.5

−3,1/2,2 NV−SJ*−JS*−J* L−J* S* 2566.4 2549.1

−3,1/2,1 LJ−NV−LJ*−JS*−S* J*−SJ*−SJ - -

−4,1,0 JJ−S* V−J* J* - -

−4,0,1 JJ−LV−JJ*−J* J* - -

−5,1/2,0 J* V 3145.0 *

−5,1/2,1 JV−J* V - -

−6,0,0 VV 3298.2 *
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tribution is theNJ channel, and theLL channel provides the
smallest contribution.

The lowest mass we find for theu2d2s2 system is
2225.5 MeV, which is 6 MeV lower than the experimental
threshold ofLL and 1.7 MeV lower than our model thresh-
old. These values are smaller than the rms uncertainty that
may be inferred from our fit to the baryon octet and decuplet
in Table II. Furthermore, these values are on the order of
corrections one would expect from isospin violations which
we have not included. Hence, we can draw no definite con-
clusion as to whether or not theH particle is strong interac-
tion stable in our model and we consider this to be consistent
with recent experimental findings[37].

Besides the binding energy of theH, an interesting ques-
tion regarding theH is its compactness—i.e., whether theH
is a compact six-quark object or a loosely boundLL state.
Figure 1 indicates that the maxima of the relative motion
wave function of the dominantLL channel occur around
1.8 fm and the delocalization parametere of the dominant
channel at the maximum is,0.1; hence, theH is a loosely
bound system similar to the deuteron in our model. Such a
similarity may well be more physically sensible than a com-
pact six-quark structure.

For systems with strangenessS=−3, we have calculated
the stateNV sSIJ=−3,1/2,2d, which was shown to be
mildly attractive, with energy below theLJp threshold[29].
That conclusion was challenged by Oka[38] and supported
by Silvestre-Brac and Leandri[39].

We have carried out a dynamical channel coupling calcu-
lation to examine this state further. TheNV, LJ*, JS*,
SJ*, J* S* channels are all included. We find the eigenen-
ergy to be 2549.1 MeV, 24s54d MeV lower than theLJp
experimental (model) threshold. Relative motion cluster
wave functions for the individual channels are shown in Fig.
2. TheNV channel is by far the dominant one(77%) and the
maximum for its relative motion wave function occurs at
around 0.8 fm. The value ofe at this separation is 0.46.
Mixing into the other channels is small. Hence, we find this
is to be a compact six-quark state.

Note that theD-waveLJ andSJ channels have not been
included since no tensor interaction has been included in this
calculation. This coupling should be weak because there is

no p exchange in these channels andK andh exchanges are
not important in our model(see next section). Its effect on
the eigenenergy of theNV sSIJ=−3,1/2,2d state should be
small and theD-wave decay widths toLJ and SJ final
states should be small also. Therefore we expect theSIJ
=−3,1/2,2NV should be a narrow dibaryon resonance. The
tensor coupling calculation is currently in progress.

We have also calculated the stateSIJ=−3,1/2,1. In the
course of extending the boundary point, the lowest eigenen-
ergy closely approaches the model threshold but fails to
come to a stable value within our limits of computation for
the extension. This result is unchanged by taking into ac-
count all possible coupling channels. As a result of the fact
that there are only weak attractions in our model for the
octet-octet channels and the size of the model uncertainty, it
is difficult to conclude whether or not there are strong inter-
action stable states in these channels. We can only conclude
that we have not found evidence for a strong interaction
stable state withSIJ=−3,1/2,1.

For systems withS=−4, we take the quantum numbers
SIJ=−4,1,0 as anexample, because this case bears a num-
ber of similarities to the deuteron. For example, in both
cases, the lowest mass channel is composed of two octet
baryons from the same isodoublet. Also, the matrix element
P36

sfc characterizing the symmetry property of the system is
−1/81 for both cases.(P36

sfc is the permutation operator of the
quarks between two clusters acting in spin, flavor, and color
space.) The result shows that the system withS=−4, I =1,
J=0 is unbound, even when theJ* J* and S* V channel
couplings are taken into account. Because the calculated en-
ergy is again very close to theJJ threshold, this conclusion
should be viewed as tentative.

For comparison, we have also calculated theSIJ=
−4,0,1state as shown in Table III. TheJJ, JJ*, LV, and
J* J* coupling channels are included. Our model result is
very similar to theSIJ=−4,1,0;i.e., we do not find a bound
state in this channel. The3S1-

3D1 tensor coupling should be
small in theJJ channel, so taking into account the tensor
coupling will not change the unbound character.

For the system withS=−5, we take theSIJ=−5,1/2,0
state as an example. This state is interesting due to itskP36

sfcl
value, ,−1/9, which makes it a Pauli-principle-favored

FIG. 1. Relative motion wave functions of the coupled channels
for the SIJ=−2,0,0state with eigenenergy 2225.5 MeV.

FIG. 2. Relative motion wave functions of the coupled channels
for the SIJ=−3,1/2,2state with eigenenergy 2549.1 MeV.
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state. If only two-baryonS-wave channels are taken into ac-
count, there is only one channel for this state. Our calcula-
tion shows that the contribution of the kinetic energy term,
due to quark exchange and delocalization effects, contributes
strongly towards the formation of a bound state. However,
the one-gluon-exchange interaction largely compensates for
this attraction and produces a mass of 3145.0 MeV, which is
59 MeV lower than the experimental value of theJ* V
threshold but only about 2 MeV lower than the model
threshold.(The one-gluon-exchange effect here is quite dif-
ferent from that in thed* case, where large delocalization is
favored for a wide range of cluster separations as well as
there being a strong effective attraction due to the large re-
duction in the kinetic energy that accompanies significant
delocalization.) We conclude that this state is not a good
candidate for a dibaryon resonance search due to its small
binding and itsJ* V content.

Inclusion of the tensor interaction will mix the spin-2
D-waveJV channel with the spin-0S-waveJ* V channel.
The tensor coupling should be weak also and we expect that
its effect on theSIJ=−5,1/2,0state is small.

In the same strangeness sector, we also calculated the
SIJ=−5,1/2,1 state, since it includes the lowest channel
JV. The calculated energy is very close to theJV threshold
but a little higher, so again there is no bound state, with
SIJ=−5,1/2,1, in ourmodel.

To sum up, there are only a few high strangeness states
worthy of experimental searches in our model. These are the
H particle, theNV and the di-V. The di-V was previously
reported in Ref.[36] and the result is included in Table III.

The H particle and the di-V may be strong interaction
stable. However, in our model, the binding energies of both
are small relative to the model uncertainty. The di-V mass is
about 47 MeV lower than the experimentalVV threshold.
However, our model mass for theV is 1650 MeV. If this
model mass ofV were used to calculate the threshold, then
the di-V mass is no more than 2 MeV below that threshold.
Since our model mass for the singleV baryon deviates from
the experimental value about 22 MeV, a reasonable estimate
of the model uncertainty for the dibaryon would be at least
that large. Therefore the di-V should not be claimed as a
strong interaction stable dibaryon within the model. Simi-
larly, we cannot claim that theH particle is strong interaction
stable either. TheSIJ=−3,1/2,2NV case is certainly not
strong interaction stable. However, the state is also certainly
lower in mass than theNV threshold and quite possibly
lower than theLJp threshold, as well. The tensor coupling
to theLJ andSJ channels should be weak and the decay
width should be small. This strongly suggests that it is a
promising candidate for a narrow dibaryon resonance. This
prediction can be tested by relativistic heavy ion reactions

using RHIC detectors through the reconstruction of the ver-
tex mass of the two-body decay productsL andJ.

IV. K, h-MESON-EXCHANGE EFFECT IN
THE EXTENDED QDCSM

The effects ofK andh meson exchange have been studied
in the di-V channel and found to be negligible in our model
[36]. In this section, we carry out a further systematic study
of the effect of sK ,hd meson exchange on the masses of
strange dibaryon candidates. A flavor-symmetric octet
meson-quark coupling is assumed for all of the octet mesons
sp ,K ,hd. The quark-meson exchange potential has the usual
pseudoscalar meson-exchange form except for a short-range
cutoff:

VKsr ijd = o
a=4

7

usr − r0d
g8

2

4p

mK
2

12mimj

1

r ij
e−mKrijsW i · sW jl

W
i
f,a · lW j

f,a,

Vhsr ijd = usr − r0d
g8

2

4p

mh
2

12mimj

1

r ij
e−mhri jsW i · sW jl

W
i
f,8 · lW j

f,8.

A unified cutoff ofr0=0.8 fm is used. This is aimed at avoid-
ing double counting since, in our model approach[14], short-
and intermediate-range interactions have been accounted for
by the combination of quark delocalization and color screen-
ing. The model parameterssb,ac,asd are refitted as before
and are listed in Table IV. The recalculated masses of octet
and decuplet baryons are listed in Table V.

Comparing Tables I, II, IV, and V, it is apparent that the
addition of K and h exchanges has modified the model pa-
rameters and single-baryon masses only slightly. We also
find that the properties of the deuteron are reproduced as well
as before by a minor readjustment of the color-screening
parameterm [36].

With the full octet meson exchange, we recalculated every
single-channel case with different quantum numbers. For the
H particle, we calculated both the single channel and coupled
channels, because it is very sensitive to channel coupling.
The results are presented in Tables VI and VII. For compari-
son, the results withp exchange only are also listed.

Tables VI and VII show that those systems which are
unbound in the extended QDCSM withp exchange only—

TABLE IV. Model parameters.

mq,ms

(MeV) b (fm)
ac

(MeV fm−2) as g8
2/4p r0 (fm) m sfm−2d

313, 634 0.6022 25.03 1.5547 0.5926 0.8 0.90

TABLE V. Single-baryon masses in units of MeV.

N S L J D S* J* V

Theor. 939.0 1217.47 1116.90 1357.56 1232.0 1359.61 1499.70 1652.27

Expt. 939 1193 1116 1318 1232 1385 1533 1672
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such as SIJ=−3,1/2,1; −4,1,0, −4,0,1; and
−5,1/2,1—remain unbound after addingK and h ex-
changes, while those systems, which are bound in Table III,
remain bound. Moreover, their masses are almost unaffected
by the addition ofK andh exchange. The largest difference
is not more than 10 MeV. Especially for theH particle, the
LL channel would be unbound without taking into account
the NJ and SS channel coupling; this character is not af-
fected either by addingK and h exchange. Even theLL,
NJ, andSS channel mixing fractions 56%, 23%, and 21%,
respectively, are very similar to the case withp exchange
only. All of these results confirm our expectation that heavier
mesonsK ,hd exchange has already been mostly accounted
for by the quark-delocalization and color-screening effects in
our model approach. Hence, explicit inclusion ofK and h
exchanges beyond the cutoff scale is not important in our
approach.

V. FURTHER DISCUSSION ABOUT THE MECHANISM OF
INTERMEDIATE-RANGE ATTRACTION

We have reported that the QDCSM gives very similar
effective BB interactions to other models[14], in general.

However, a careful comparison found that our model results
for the binding energy of high strangeness dibaryons are sys-
tematically smaller than those of the chiral quark model[40].
The difference is mainly due to the different mechanism for
the effectiveBB intermediate range attraction.

In the chiral quark model[8,9,40] the intermediate-range
attraction is attributed tos-meson exchange. Because of its
scalar-isoscalar character,s-meson exchange provides a uni-
versal attraction independent of the flavor.

In the Bonn meson-exchange model[41] the s meson is
an effective description of correlated two-p exchange. This
point has been confirmed by a chiral perturbation calculation
of the NN interaction[42]. Such an effectives-N coupling
cannot be extended from theNN channel to other channels
with strangeness by a universals-baryon coupling, because
in the NN channel, there areNN, ND, andDD intermediate
states for two-p exchange, while for theLL channel, there is
only theSS intermediate state, and for theVV channel, no
such intermediate state is possible. Therefore it is not justi-
fied to fix the parameters ofs exchange in theNN channel
and then directly extend that exchange to channels with
strangeness.

There are arguments based on spontaneous chiral symme-
try breaking for introduction ofs-meson–quark coupling. In
the SU(2) case, the nonlinear realization of chiral symmetry
can be linearized and in turn thes- and p-meson coupling

TABLE VI. Masses of six-quark systems withp exchange only
and full octet pseudoscalar meson exchange. The masses are given
in MeV.

S,I ,J Single channel Onlyp exchange p ,K ,h exchange

−3,1/2,2 NV 2566.37 2556.95

−3,1/2,1 LJ - -

−4,1,0 JJ - -

−4,0,1 JJ - -

−5,1/2,1 JV - -

−5,1/2,0 J* V 3145.01 3146.15

−6,0,0 VV 3298.20 3300.00

TABLE VII. Mass of the H particle (SIJ=−2,0,0 with p ex-
change only and full octet pseudoscalar meson exchange. The
masses are given in MeV.

Only p
exchange

p ,K ,h
exchange

SS 2280.40 2282.67

Single channels NJ 2263.95 2268.12

LL - -

Coupled channels SS-NJ-LL 2225.48 2230.28

FIG. 3. Contributions of kinetic energy, confinement, color Coulomb, and color magnetic terms[(a)–(d), respectively] to the effective
potential and the total(e) for theSIJ=0,0,3DD channel withP36

sfc=−1/9. In each subfigure, the dotted curve is for delocalization parameter
e=0.0, dashed curve fore=0.5, dash-dotted curve fore=1.0; the solid curve is for the self-consistent value ofe determined by the system
dynamics.
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constants can be unified[7,8]. However, one should note this
universal coupling is restricted to theu andd quarks and the
effective s is still due to an even-number multiple-p ex-
change. In the SU(3) case, one can introduce SU(3) chiral
symmetry by neglecting the difference between thes and
light quark masses, followed by spontaneous chiral symme-
try breaking. However, the nonlinear realization of SU(3)
cannot be linearized in the same way as in the SU(2) case to
obtain a universalu-, d-, ands-quarks coupling. The inter-
nal quark structure of thes meson is a controversial issue,

but an equal mix ofuū+dd̄+ss̄ is quite unexpected and so
also is a universalu-, d-, ands-quarks coupling. Hence, a
strong attraction in high strangeness channels arising from
such a universals-quark coupling is quite questionable also.

In the QDCSM, quark delocalization and color screening
work together to provide appropriate short-range repulsion
and intermediate-range attraction for different channels. We
illustrate this mechanism by showing contributions of the
kinetic energy, confinement, color Coulomb, and color mag-
netic terms to the effectiveBB potentialVBBsSd, as well as
the total sum, in curves(a)–(e), respectively, in Figs. 3–6 for
a few typical channels. The value ofe varies with the sepa-
rationSand is also listed in Figs. 3–6. The contribution ofp,
K, h exchange with a cutoffr0=0.8 fm is small, so we do not
show it. These figures are ordered in terms of increasing

values ofkP36
sfcl, from Pauli favored to Pauli forbidden.

The effective baryon-baryon interactions shown in these
figures are obtained in the Born-Oppenheimer approximation

VBBsSid =
kCBBsSiduHuCBBsSidl
kCBBsSiduCBBsSidl

−U kCBBsSiduHuCBBsSidl
kCBBsSiduCBBsSidl

U
Si→`,e=0

,

where theCBBsSid is the antisymmetric six-quark cluster
state at a specified separation,Si, as given in Eq.(4) without
summation overk and i; H is the six-quark Hamiltonian(1).
The contribution of each term in Eq.(1) is defined
similarly—for example,

VBB
confsSid =

kCBBsSiduVconfuCBBsSidl
kCBBsSiduCBBsSidl

−U kCBBsSiduVconfuCBBl
kCBBsSiduCBBsSidl

U
Si→`,e=0

.

Quark exchange alone induces a weak reduction in kinetic
energy. Quark delocalization enhances this kinetic energy re-
duction. The kinetic energy reduction is also dependent on
the strangeness of the channels due to the inverse quark mass

FIG. 4. The same as Fig. 3 for the stateSIJ=−6,0,0VV with kP36
sfcl=−1/9.

FIG. 5. The same as Fig. 3 for the stateSIJ=0,0,1NN with kP36
sfcl=−1/81.
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dependence of the quark kinetic energy. The higher the
strangeness, the smaller the contribution of quark kinetic en-
ergy and hence the smaller the reduction of the kinetic en-
ergy due to delocalization[see Figs. 3(a), 4(a), 5(a), and
6(a)]. This makes the intermediate-range attraction weaker
for the higher strangeness channels and is the main reason
that our model gives less binding for theS=−4,−5,−6 states
than does the chiral quark model[40].

If the usual quadratic color confinement is used, it does
not contribute to the effectiveBB interaction. With the intro-
duction of quark delocalization, the usual color confinement
contributes an effective repulsion, as shown in Fig. 7. The
color Coulomb term has a similar behavior, as shown in Figs.
3(c), 4(c), 5(c), and 6(c); it produces almost no contribution
to the effectiveBB interaction without quark delocalization
and contributes an effective repulsion with quark delocaliza-
tion. These two terms working together almost totally forbid
quark delocalization. This implies that the internal structure
of the baryon is unaffected by the mutual interaction. How-
ever, that is inconsistent with the observed difference be-
tween the nucleon structure function in a nucleus and in iso-
lation as seen in deep inelastic lepton scattering(EMC
effect).

On the other hand, there is no compelling reason to as-
sume that the two-body confinement potential is a good ap-

proximation for a multiquark system. At the very least, the
three-gluon and three-body instanton interactions, which do
not contribute to theqq̄ meson andq3 baryon but do contrib-
ute to the multiquark system, have been omitted in every
two-body confinement model. The color flux scenario re-
vealed in the lattice QCD calculation of two- and three-quark
systems raises questions regarding an additive two-body con-
finement approximation. To take these facts into account, the
QDCSM reparametrizes the confinement by introducing
color screening[10–12,15,26,28]. Figures 3(b), 4(b), 5(b),
and 6(b) show that after the introduction of color screening,
the confinement term contributes an additional attraction,
which mainly reduces the repulsive core of the effectiveBB
interactions(see Fig. 7). There is a systematic uncertainty in
our model related to this term which is not yet quantified.

The color magnetic term generally contributes to a repul-
sive core except for a few Pauli favored channels where it
contributes an additional intermediate-range attraction so
that these channels develop a strong effective attraction. It is
also dependent on the strangeness of the channels: The
higher the channel strangeness, the weaker the color mag-
netic contribution, due to the inverse strange quark mass in
the color magnetic term. Figures 3(d), 4(d), 5(d), and 6(d)
display these results.

Altogether, these figures show that in the QDCSM the
intermediate-range attraction is mainly due to reduction of
the quark kinetic energy, and the degree of reduction of the
quark kinetic energy is connected with the degree of quark
delocalization; the latter is determined by the competition
between these four terms and that competition is different in
different channels. We have mentioned before that in thed*
channel this competition produces a large quark delocaliza-
tion for a wide range of separations between twoD-like
quark clusters so that the kinetic energy acquires a corre-
spondingly large reduction, which in turn gives rise to a very
strong attraction in this channel(see Fig. 3). The SIJ
=−6,0,0 has thesamekP36

sfcl as that of theSIJ=0,0,3chan-
nel and has a similar opportunity to develop large quark
delocalizations and strong attraction. However, there the
competition does not allow as large a quark delocalization
to develop and so the resulting attraction is not as strong
as in thed* channelssee Fig. 4d.

FIG. 6. The same as Fig. 3 for the stateSIJ=−2,0,0LL with kP36
sfcl=0.

FIG. 7. The contribution of the usual quadratic color confine-
ment to the effectiveBB interaction with and without quark delo-
calization and color screening.
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VI. CONCLUSION

To sum up, we have carried out a dynamical calculation
for the most promising dibaryon candidates with high
strangeness by using the extended QDCSM. Only a few high
strangeness states recommend themselves for experimental
searches. These are theH particle, theNV, and the di-V. We
recommend searching for thesSIJ=−3,1/2,2d using NV
→LJ D-wave decay vertex mass reconstruction with the
RHIC detectors as the case with the best likelihood.

In the QDCSM, it is the quark dynamics that controls the
competition among the four terms in the Hamiltonian(1)—
the kinetic energy, the confinement, the color Coulomb, and
the color magnetic terms—and which determines the overall
effectiveBB interactions. These are quite similar, though not
identical, to those of the quark-gluon-meson hybrid model
[14] for the majority ofBB channels. The exchange of ex-
plicit K andh mesons is not important in our model for mass
estimates of strange dibaryons because of our short-range
cutoff.

This model, which has the fewest parameters, describes
the properties of the deuteron and the existingNN, NL, and
NS scattering data. Up to now it is the only model which

gives an explanation of the long-standing fact that the
nuclear and molecular forces are similar in character despite
the obvious length and energy scale differences and that nu-
clei are well described as a collection ofA nucleons rather
than 3A quarks. In view of the fact that theH particle has not
been observed experimentally, theBB interaction in theLL
channel[37] predicted by this model may be a good approxi-
mation of the real world. Further refinement is possible by
including more channel couplings and spin-orbit and tensor
interactions.

Of course, the QDCSM is only a model of QCD. The high
strangeness dibaryon resonances may be a good venue for
determining whether the QDCSM mechanism for the
intermediate-range attraction is more realistic than that of a
universalu-, d-, s-quark–s meson coupling.
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