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d8 dibaryon in a colored cluster model
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The mass and wave function of a six-quark system with quantum numbersJP502, T50, calledd8, are
calculated. We use a colored diquark-tetraquark cluster model for the six-quark wave function. A constituent
quark model Hamiltonian with a two-body confinement potential, and residual one-gluon, one-pion, and one-
s exchange interactions is used. The complications due to the quark exchange interactions between tetraquark
and diquark clusters~Pauli principle! are taken into account within the framework of the resonating group
method. The calculatedd8 mass is some 350 MeV above the empirical value if the same two-body confinement
strength as in the nucleon andD is used. This paper also examines the validity of the usual assumption of a
universal two-quark confinement strength. We propose that the effective two-body confinement strength in an
exotic six-quark system, such as thed8, could be weaker than in a single baryon. The weaker confinement
hypothesis leads to ad8 mass ofMd852092 MeV and ad8 radius ofr d851.53 fm.@S0556-2813~98!06905-2#

PACS number~s!: 14.20.Pt, 12.39.Pn, 12.39.Jh, 12.40.Yx
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I. INTRODUCTION

First indications for the existence of thed8 dibaryon came
from the narrow peak observed in the pionic (p1,p2)
double charge exchange~DCX! reaction on nuclei. At an
incident pion energy ofTp;50 MeV and forward pion scat
tering anglesQ55o, the DCX cross section, for example fo
p1112C→12O1p2, displays a narrow peak@1–3#. Be-
cause of charge conservation, the DCX reaction involve
least two nucleons within the nucleus, and it has been sh
that the DCX reaction is therefore very sensitive to sho
rangeNN correlations@4#. The possible importance of ex
plicit quark degrees of freedom in DCX at 50 MeV an
forward angles was pointed out some time ago@5#. In the
meantime, dedicated DCX experiments@3,6,7# on a large
number of light and medium heavy nuclei ranging from7Li
to 56Fe have unambiguously confirmed the existence o
narrow resonancelike structure at this pion energy and an

While conventional DCX calculations@8,9# have so far
been unable to explain these experimental results, the
sumption of a single narrow baryon numberB52 resonance
with total spin, parityJP502, isospinT5even, a resonanc
energy of Md852065 MeV, and a free decay width o
GpNN'0.5 MeV works extremely well in describing a
available DCX data@3,10#. To exclude a possible nuclea
structure explanation@11#, experimentalists have searche
for the d8 in proton-proton collisions, e.g., inpp
→ppp1p2. A 4s enhancement over the background e
actly at thed8 position has been observed in thep2pp in-
variant mass spectrum@12#.

Two alternative models for the structure of thed8 have
been discussed in the literature. If thed8 is predominantly
composed of twocolorlessthree-quark clusters, it could be
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resonance in theNN* channel, whereN* is the first negative
parity excitation of the nucleon at 1535 MeV. Because
empirical mass of thed8 is far below theN* N threshold, this
requires an enormous binding energy for the boundNN*
system. This interpretation is reminiscent of the deep-ly
bound states in the MoscowNN potential @13#. The d8
dibaryon has also been interpreted as an isospinT52ND
resonance@14#, a pNN state withT52 @15#, and most re-
cently as apNN state in the isospinT50 channel@16#,
located at 2018 MeV.

It is important to note that due to its quantum numbe
(L51, S51, T50), the d8 cannot be composed of tw
ground-state nucleons because such a state is Pauli fo
den. The Pauli principle demands that the quantum numb
of a two-nucleon system satisfy (21)L1S1T521. There-
fore, thed8 cannot simply decay into two nucleons. A dec
into two nucleons is possible only if a pion or a photon
emitted simultaneously. The correspondingly small ph
space naturally explains the small width of thed8.

On the other hand, quantum chromodynamics~QCD!
does not preclude the possibility that the quarks in the ini
pNN system rearrange themselves into energetically fav
able but unobservablecoloredclusters@17#. This idea is not
new. Several scenarios for the arrangement of quarks
antiquarks into colored clusters combining to an over
color neutralB52 system have been proposed@18–21#. An
early suggestion is the ‘‘demon’’ deuteron, which is aJP

502, T50 dibaryon consisting of three pairs of diquar
@22#. Other partitionings have been studied in the stringl
bag model@23,24#. This model predicts that a rotating (L
51) dumbbell-like configuration with a colored diquar
(q2) and tetraquark (q4) cluster connected by a flux tube o
color-electric-field lines is the state with lowest energy fo
six-quark system withd8 quantum numbers. Figure 1 show
how such aq22q4 cluster system could be formed from th
initial pNN state.

A shortcoming of the stringlike bag model@23,24# is that
it employs rigid impenetrable tetraquark and diquark clust
3340 © 1998 The American Physical Society
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57 3341d8 DIBARYON IN A COLORED CLUSTER MODEL
at the ends of a rotating color string. This model neith
allows that the clusters merge into a single compound
quark bag nor that they exchange quarks. Only the qua
within the individual clusters are antisymmetrized but not
quarks belonging to different clusters. Therefore, the stri
like bag model does not fully respect the Pauli principle. T
stringlike bag model is a good approximation only for hi
angular momentum states (L.5) @25#. In this case, the sys
tem is fairly elongated because of centrifugal forces, and
probability of cluster overlap is small. However, for a low
lying L51 excitation, such as thed8, one expects consider
able overlap between the clusters and a substantial amou
quark exchange between them. We are sceptical that aL
51 state is sufficiently stretched for the stringlike bag mo
treatment to be valid. The condition of validity isl .2R0
@23#, wherel is the length andR0 is the radius of the color
flux tube connecting the colored quark clusters. For thed8,
this condition is barely satisfied, and one anticipates cor
tions to the bag model predictionMd8'2100 MeV @23,24#.

The purpose of this work is to study the dynamics
diquark-tetraquark relative motion using a microscopic qu
model Hamiltonian and the resonating group meth
~RGM!. The model used here accurately reproduces the m
of the deuteron, which is the only established dibaryon.
comparing the RGM solutions with our previous results@26–
28#, employing a singles5p1 six-quark ‘‘bag,’’ we can test
the validity of the assumption underlying the stringlike b
model, namely that thed8 is a stretchedq22q4 system. In
the present work, all complications arising from the qua
exchange interactions~Pauli principle! are rigorously taken
into account, and their effect on thed8 mass and wave func
tion is investigated in some detail. In addition, the pres
paper critically examines the validity of the assumption o
universal two-body confinement strength and explores ho
possible reduction of the effective confinement strength i
compound six-quark system affects the mass and the siz
the d8.

The paper is organized as follows. Section II provide
short description of the chiral quark model used. Section
presents the six-quark resonating group method appro
Section IV discusses the numerical results for the mass
size of thed8 for several confinement models and compa
the present predictions to those of the single-bag shell m

FIG. 1. The formation of a compound six-quark system from

initial p1nn system. Thed̄ quark in thep1 annihilates with ad
quark in one of the neutrons leading to aq2–q4 clusterized six-
quark state. In the stringlike bag model, colored diquark and
raquark clusters are bound together by a color-electric flux-t
~string!, which is rotating with angular momentumL51. In the
present model, the relativeq22q4 wave function is calculated from
the Hamiltonian of Eq.~1!.
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and the stringlike bag model. Our summary and conclusi
are given in Sec. V. The Appendix contains explicit expre
sions of the norm and Hamiltonian kernels needed for
solution of the RGM equation of motion.

II. THE CHIRAL CONSTITUENT QUARK MODEL

In the chiral constituent quark model a system ofn quarks
with equal massesmq5313 MeV5mN/3 @SUF(2)# is de-
scribed by the Hamiltonian

H5(
i 51

n S mq1
pi

2

2mq
D 2

P2

n~2mq!
1(

i , j

n

Vconf~r i ,r j !

1(
i , j

n

Vres~r i ,r j !, ~1!

wherer i ,pi are the spatial and momentum coordinates of
i th quark andP is the total momentum of then-quark sys-
tem. The exact removal of the center-of-mass kinetic ene
by the third term represents an important advantage of
present approach.

The residual interactionsVres5VOGEP1VOPEP1VOSEPbe-
tween quarks shown in Fig. 2 model the most relevant pr
erties of QCD, such as asymptotic freedom at high, a
spontaneous chiral symmetry breaking at low energies.
one-gluon exchange potential@29#

VOGEP~r i ,r j !5
as

4
li•lj H 1

r
2

p

mq
2S 11

2

3
si•sj D d~r !J

~2!

provides an effective quark-quark interaction that has
spin-color structure of QCD at short distances. Here,r5r i
2r j , andsi is the usual Pauli spin matrix. Theli represent
the Gell-Mann matrices of SU(3)color. We neglect tensor and
spin-orbit forces, which have been shown to be of min
importance for thed8 @27#. Only central potentials are con
sidered in this work.

The spontaneous breaking of chiral symmetry of lo
energy QCD by the physical vacuum is responsible for
constituent quark mass generation@30#, as well as for the
appearence of pseudoscalar and scalar collective excita
of the vacuum (p ands fields!. These collective degrees o
freedom couple directly to the constituent quarks. In t
present quark model with two quark flavors, this mechani
is modeled by regularized one-pion and one-s exchange po-
tentials between constituent quarks@31–33#:

e

t-
e

FIG. 2. The residual~a! one-gluon,~b! one-pion, and~c! one-s
exchange interactions. The finite size of the quark-meson ve
described by the cutoffL is indicated by a small black dot.
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3342 57A. J. BUCHMANN, GEORG WAGNER, AND AMAND FAESSLER
VOPEP~r i ,r j !5
gpq

2

4p

1

12mq
2

Lp
2

Lp
2 2mp

2 ti•tjsi•sj¹r
2

3S e2mpr

r
2

e2Lpr

r D , ~3!

VOSEP~r i ,r j !52
gsq

2

4p

Ls
2

Ls
22ms

2 S e2msr

r
2

e2Lsr

r D , ~4!

with

gsq
2

4p
5

gpq
2

4p
, ms

2'~2mq!21mp
2 , Lp5Ls[L. ~5!

The pq coupling constantgpq
2 /4p is related to thepN cou-

pling constant gpN
2 /4p by gpq5(3/5)(mq /mN)gpN with

gpN513.19@34#. Thepq cutoff massL describes the finite
size of the constituent quark due to its pion cloud

r q
25

3

L2 . ~6!

Here, we chooseL54.2 fm21 which givesr q50.41 fm, and
leads to a softpN form factor @35#. The s parameters are
fixed by Eq.~5!. In particular we usems5626 MeV.

The usefulness and phenomenological success of
model has previously been demonstrated. For example
chiral constituent quark model has recently been used to
culate the positive parity spectrum of the nucleon and v
ous electromagnetic observables of the ground-state o
and decuplet baryons and their excited states@35#. It has also
been applied to calculate the properties of the deuteron@33#,
NN phase shifts@32,33#, hyperon-hyperon interactions, a
well as theH particle @36#.

A. Confinement models

There are mainly two types of confinement potentials d
cussed in the literature, namely the two-body confinem
potential introduced by Lipkin@37#, and the color flux tube
~string! model of confinement. In the color flux tube mode
the color string describes the hidden gluon degrees of f
dom that are necessary to preserve color gauge invarian
the underlying field theory. In a many-quark system, or
the interaction region of hadron-hadron collisions, the strin
can change their positions and oscillate between diffe
configurations. This continuous flipping of color strings c
be effectively described in the flip-flop model@38#, which
has been introduced to avoid the long-range color van
Waals forces in hadron-hadron interactions. In the flip-fl
model, the confinement interaction between any pair
quarks depends on the position of the remaining quark
thus contains many-body operators.

Here, for reasons of simplicity, we consider severaltwo-
body confinement potential models of Lipkin-type, whic
differ in their radial dependence~see Fig. 3! but not in their
color structure. We should keep in mind that these potent
may not be adequate for describing the complicated dyn
ics of changing color strings in a many-quark system.

In the constituent quark model one often takes a sim
quadratic confinement potential:
he
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Vq
conf~r i ,r j !52ac

~q!li•lj~r i2r j !
2. ~7!

Later we use this model to argue that the usual assumptio
a universal two-body confinement strengthac

(q) is too restric-
tive and may not be adequate for compact six-quark syste

Lattice-QCD calculations find that the quark-antiqua
potential of QCD is linear:

Vl
conf~r i ,r j !52ac

~ l !li•lj u~r i2r j !u. ~8!

The linear form has also been used in our previous calc
tion @26,27# using the translationally invariant shell mod
~TISM!.

Another interesting parametrization is ther 2/3 confine-
ment potential:

Vr
conf~r i ,r j !52ac

~r!li•lj u~r i2r j !u2/3. ~9!

In Ref. @39# it is shown that ar 2/3 confinement potential and
a color-Coulomb potential leads in the framework of t
nonrelativistic Schro¨dinger equation to the observed line
Regge trajectories of hadron masses.

Finally, we consider the color-screened error-functi
confinement@40#:

Ve
conf~r i ,r j !52ac

~e!li•ljerf~mr !, erf~x!5
2

Ap
E

0

x

e2z2
dz.

~10!

This potential rises linearly for smallr , but as a result of
quark-antiquark pair creation~color screening! grows only
weakly for intermediater and finally goes to a constant valu
at larger ~see Fig. 3!. Lattice calculations show@40# that
such a behavior of the effective quark-quark potential ari
if quark-antiquark loops are taken into account. The inve
of m is called color-screening length for which we tak
1/m50.8 fm. This potential has recently been used by Zha
et al. @41#. Alternatively, an exponential formVexp

conf5@1
2exp(2mr2)# that matches ther 2 behavior for smallr has
been suggested and used by Wanget al. @42#.

FIG. 3. The radial dependence of typical confinement model
the nucleon.
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57 3343d8 DIBARYON IN A COLORED CLUSTER MODEL
B. Determination of the parameters

For the nucleon andD wave functions, we uses3

harmonic-oscillator ground-state wave functionsFN(D)

uFN~D!&5S 1

A3pb3
2D 3/2

exp„2@r2/~4b3
2!

1l2/~3b3
2!#…uST&N~D!3u@111#&color

N~D! , ~11!

where the Jacobi coordinatesr and l are defined asr5r1
2r2 andl5r32(r11r2)/2. The harmonic-oscillator param
eterb3 describes the mean-square~ms! matter radius of the
nucleon. The matter radius is defined with respect to
center-of-mass coordinateRN of the nucleon and is given a

r N
2 5K FNU 1

3(i 51

3

~r i2RN!2UFNL 5b3
2 .

As usual, the parameters of the Hamiltonian of Eq.~1! are
fitted to the nucleon andD ground-state masses. The mass
of the N and D are calculated as expectation values of
Hamiltonian of Eq.~1! between baryon ground-state wa
functions FN(D) . Imposing mq5313 MeV and L54.2
fm21, the parametersac

(3) , as , andb3 are determined by the
requirement that theN(939) andD(1232) masses are repro
duced, and that the nucleon mass is stable with respe
variations inb3:

MN~b3!53mq5939 MeV,

MD2MN5293 MeV,
]MN~b3!

]b3
50. ~12!

Although the three coupled equations~12! for the param-
etersac

(3) , as , andb3 are nonlinear,ac
(3) is predominantly

determined by the requirement that the nucleon has its ph
cal massMN5939 MeV, as by the mass differenceMD

2MN , andb3 by the stability condition]MN(b3)/]b350.
The parameters for the different confinement models as
termined by Eq.~12! are shown in Table I. Parameter se
I–III are obtained with the quadratic confinement of Eq.~7!
and sets IV,V,VI are obtained with the linear,r 2/3, and error-
function confinement of Eqs.~8!–~10!, respectively.

One can qualitatively understand the trend in the value
the parametersac

(3) , as , andb3 for the different confinemen
models by considering the sequence quadratic~set II!, linear
~set IV!, r 2/3 ~set V!, and error-function~set VI! confinement
for the case of the nucleon~see Fig. 3!. One observes that th
stronger the confinement potential grows at small distan
the further out the nucleon wave function~larger b3) ex-
tends, in order to minimize the nucleon mass. With incre
ing b3, the importance of the one-pion-exchange interact
decreases, and the contribution of the one-gluon-exchang
the ND mass splitting—henceas—must increase corre
spondingly. Finally, because the kinetic energy contribut
to the nucleon mass is lower for larger nucleon sizes (b3), a
bigger confinement strengthac

(3) is needed to fit the experi
mental nucleon massMN5939 MeV.
e
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III. A COLORED DIQUARK-TETRAQUARK CLUSTER
MODEL OF THE d8 DIBARYON

In the DCX reaction, the incident pion and the two corr
lated nucleons may come sufficiently close for the quarks
make use of the additional possibilities provided by th
color degree of freedom. In the interaction region, there
several possibilities to make an overall color singlet. T
quarks could clusterize into two color singlets, two col
triplets, two color sextets, and two color octets:

~1^ 1!1; ~ 3̄^ 3!1; ~6^ 6̄!1; ~8^ 8!1.

We recall that aq32q3 clusterization of thed8 with col-
orlessthree-quark clusters is either not allowed by quant
numbers~Pauli principle! or by energy considerations. Fo
example, aN(939)N(939) clusterization with relative angu
lar momentumL51 is not allowed by the Pauli principle
Similarly, an ND system withL51 can only have isospin
T52, while present experimental results seem to favor
T50 assignment@43#. Furthermore, the energy of anL50
N(939)N* (1535) system, where the negative parity resid
inside one cluster, is far above the experimentald8 mass. A
recent quark cluster model calculation has found no evide
for a deeply bound state in this system@44#. Therefore, a
N(939)N* (1535) dibaryon decays strongly intoNNp. It has
a large width and thus cannot be a viable candidate for
d8. Thus, thed8 is presumably not a state which is predom
nantly composed of two colorless three-quark clusters.

In the stringlike bag model, the color-triplet (3) tet-
raquark, color-antitriplet (3̄) diquark clusterization is the en
ergetically most favorable configuration for a system withd8
quantum numbers. For such a system, a relatively small m
of Md8'2100 MeV has been obtained@23#.

The six-quark wave function for thed8 dibaryon is ex-
panded into the3^ 3̄ tetraquark-diquark cluster basis

TABLE I. Quark model parameters. Sets I–III are obtained
the quadratic confinement potential (Q) of Eq. ~7!. Set I: without
p- and s-exchange potentials. Set II: with regularizedp- and
s-meson exchange potentials. Set III: same as set II but with
duced confinement strength in the six-quark sector. Set IV: w
linear confinement~L! of Eq. ~8! instead of quadratic confinemen
Set V: with r 2/3 confinement interaction~R! of Eq. ~9!. Set VI: with
the color-screened error-function confinement~E! of Eq. ~10! using
an inverse screening length of 1/m5 0.8 fm. In columns 5 and 6 we
list the confinement strengthac

(3) as determined from the nucleo
mass and the confinement strengthac

(6) employed for the calcula-
tion of the dibaryon mass and wave function as discussed in
IV.

Conf. Set b3 ~fm! as ac
(3) ac

(6)

Q I 0.603 1.540 24.94 MeV/fm2 5ac
(3)

Q II 0.595 0.958 13.66 MeV/fm2 5ac
(3)

Q III 0.595 0.958 13.66 MeV/fm2 5.00 MeV/fm2

L IV 0.609 1.060 22.03 MeV/fm 5ac
(3)

R V 0.617 1.122 26.12 MeV/fm2/3 5ac
(3)

E VI 0.648 1.374 46.70 MeV 5ac
(3)
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3344 57A. J. BUCHMANN, GEORG WAGNER, AND AMAND FAESSLER
uCd8
J50,T50&5Au$@FT

ST51,TT50
~rT ,lT ,hT!3@211#3

CT51

^ FD
SD50,TD50

~rD!3@11#
3̄

CD51̄
#S51,T50

^ xL51~R!%J50,T50@222#1
C50&, ~13!

whereFT
ST51,TT50(rT ,lT ,hT) andFD

SD50,TD50(rD) are the
internal wave functions of the tetraquark (T) and diquark
(D) clusters, respectively, andxL51(R) is the yet unknown
relative wave function of the two colored clusters, projec
onto good angular momentumL51. The Jacobi coordinate
introduced in Eq.~13! are depicted in Fig. 4. As usual i
resonating group method~RGM! @45# calculations, ground-
states2 ands4 harmonic oscillator wave functions are us
for the diquark and tetraquark clusters, respectively.

Equation~13! shows that the color triplet (3) tetraquark
with mixed permutational symmetry@211#, and the color an-
titriplet (3̄) diquark with permutational symmetry@11# is
coupled to an overall color-singlet (1) six-quark state with
mixed permutational symmetry@222# in color space. In con-
trast to mesons and baryons, the color state of a genuinq6

system is by itself not fully antisymmetric. There are bo
antisymmetric and symmetric quark pairs. Thus, in a co
pact q6 system, there is no factorization of the color spa
and the flavor-spin-orbital space, i.e., the color dynamics
the orbital structure of the system are correlated in a m
complex manner@37#. This can be seen as an indication th
the transition betweenq3 and compactq6 systems is not as
trivial as usually assumed.

We recall that the stringlike bag model employs impe
etrable diquark and tetraquark clusters, and the clusters
not merge into a single bag. In contrast, an RGM calculat
allows for a continuous transition from the compoundq6

state, where all quarks are in a single potential well, to
q22q4 clusterized state, where one has two clearly separ
bags. There is no artificial boundary between these extr
configurations, and they are both described by one and
same resonating group method wave function. Furtherm
the q32q3 andq52q1 partitioning into colored clusters, a
well as theq32q3 split into color-singlet clusters is auto
matically included in the present theory. These import
properties are a consequence of the Pauli principle on
quark level which is ensured by the antisymmetrizerA

A5128P46
OSTC16P35

OSTCP46
OSTC, ~14!

wherePi j
OSTC is the permutation operator of thei th and j th

quark in orbital~O!, spin-isospin~ST!, and color space~C!.

FIG. 4. The Jacobi coordinates in theq2–q4 colored cluster
model of thed8.
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The direct, one-quark-, and two-quark-exchange contri
tions associated with the three terms in the antisymmetr
of Eq. ~14! are shown for the case of the one-gluon-exchan
potential of Eq.~2! in Fig. 5.

The solution for the unknown relative wave functio
xL(R) and the unknown eigenenergyE5Md8 is obtained
from the Ritz variational principle

dF ^Cd8uH2EuCd8&

^Cd8uCd8&
G50, ~15!

where the variation is performed with respect to the relat
wave functionxL(R). After expanding the relative motion
wave functionxL(R) in a finite sum of Gaussians centere
around the generator coordinatessi @generator coordinate
method~GCM!#

xL~R!5 P̂L(
i

CiS 4

3pb6
2D 3/4

expS 2
2

3
~R2si !

2/b6
2D⇒uCd8&

5:A(
i

Ci uGCMi~si !&, ~16!

and projecting onto good angular momentumL via P̂L

[1/A4p*dŝi•YL( ŝi) ~cf. the Appendix for more details!,
Eq. ~15! transforms into a generalized algebraic eigenva
problem

(
i
Hi j ~si ,sj !Ci5E(

i
Ni j ~si ,sj !Ci . ~17!

The analytic expressions for the Hamiltonian kern
Hi j (si ,sj )5^GCMi uAHuGCMj& and the norm kerne
Ni j (si ,sj )5^GCMi uAuGCMj& of Eq. ~17! can be found in
the Appendix. The norm matrixNi j (si ,sj ) on the right-hand
side of Eq.~17! reflects the nonorthogonality of the Gaussi
basis functions in Eq.~16!. For simplicity, and to avoid a
proliferation of parameters, the same variational param
b6 for the internal and relative motion wave functions of t
six-quark system is used. This greatly facilitates the calcu
tion of the norm and Hamiltonian integrals and restricts
variational space spanned by Eq.~16! only slightly.

Having solved the generalized eigenvalue problem,
determine the mass of thed8 and the optimal harmonic os
cillator parameterb6, which plays the role of a nonlinea
variational parameter, by minimization of thed8 mass:

]Ed8~b6!/]b650. ~18!

We emphasize that theb6 values obtained in this way ar
some 20–30 % larger than the corresponding valuesb3
which minimize the nucleon mass. This observation is
basis for our conjecture that the two-body confinem
strength in a compound six-quark system such as thed8 is
weaker than in a three-quark system~see Sec. IV C!.

IV. RESULTS AND DISCUSSION

In this section we present the results of an RGM calcu
tion for the mass and size of thed8 dibaryon and compare i
with the corresponding shell model and stretched-bag mo
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FIG. 5. The direct, one-quarkVi j P46
OSTC and two-quarkVi j P46

OSTCP35
OSTC exchange diagrams for the one-gluon exchange potential. Co

sponding diagrams are calculated for the confinement, one-pion, and one-s exchange potentials. The stringlike bag model includes only
diagrams in the first row. The quark exchange diagrams neccessary to satisfy the Pauli principle for the whole six-quark system are
in the stringlike bag model but included in the present theory. The quark exchange kernelsincreasethe d8 mass by about 100 MeV.
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results@46#. Because a corresponding RGM calculation
the deuteron, based on the same Hamiltonian and colo
nucleon cluster wave functions accurately reproduces
deuteron energy and wave function@14#, we are confident
that the absolute mass scale of our predictions is correct,
the calculatedd8 masses are reliable.

A. Mass of thed8

The mass of thed8 is obtained as the lowest eigenvalueE
of the bound-state GCM equation~17!, and by subsequen
r
ss
e

nd

optimization with respect tob6 according to Eq.~18!. It is
interesting to isolate the effect of the Pauli principle on t
mass of thed8 by performing a calculation where the qua
exchange kernels have been turned off, i.e., only the
term in the antisymmetrizer of Eq.~14! is taken into account,
before solving Eq.~17!. We use the sameb6 as in the full
calculation including all exchange kernels. Results forMd8
andb6 are shown in Table II for the parameter sets of Ta
I. A comparison of the results for thed8 mass with and
without quark exchange show that the quark exchange in
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actions contribute an additional energy of 50–120 MeV
pending on the model of confinement~see sets I–VI in Table
II !.

We note that thed8 mass calculated with model I~qua-
dratic confinement and one-gluon exchange! is some 550
MeV above the experimental mass of thed8. An RGM cal-
culation without p- and s-meson exchange forces in th
Hamiltonian, but with aq3-q3 clusterization of the quarks
has already been performed many years ago@47#. The quark-
quark interaction of Ref.@47# is very similar to model I, and
the method of fitting the quark model parameters to sing
baryon properties is the same as in the present work.
though the authors of Ref.@47# use two color-octet three
quark clusters, i.e., (8^ 8)1 whereas we use color
~anti!triplet diquark and tetraquark clusters, i.e., (3̄^ 3)1, it is
nevertheless meaningful to compare their results and ou
sults.

Due to the quark antisymmetrizerA of Eq. ~14! acting on
all six quarks, the three different arrangements of the s
quarks intocoloredclusters, namelyq3-q3, q2-q4, andq1-q5

are approximately equivalent for the relevant intercluster d
tances involved. In fact, in the region of complete clus
overlap, that is, in the limit forsi5sj→0 all three partitions
have the same six-quark shell-model limit, i.e., the uniq
s5p1 TISM state. Thus, by virtue of the antisymmetrizer, t
RGM wave function not only contains the (3̄^ 3)1 compo-
nent, but also the (8^ 8)1 component. It is reassuring that th
results of Ref.@47# Md852540 MeV, and of the presen
work Md852610 MeV ~see set I in Table II! are in very
good agreement. However, both are;500 MeV above the
experimental resonance position. Before drawing any c
clusions concerning the existence of thed8, we first study
how these results depend on the choice of the quark-q
interaction.

In model II, we use the full Hamiltonian including one
gluon exchange,p- and s-exchange@50#, and a quadratic
confinement potential between the constituent quarks.
inclusion of the chiralp- and s-exchange interactions re
duces thed8 mass by 160 MeV compared to model I. It i
however, with 2440 MeV still about 380 MeV higher tha
the experimental value.

TABLE II. The massMd’ and characteristic sizeb6 of thed8 as
obtained according to Eq.~18! for the six parameter sets of Table
The diquark and tetraquark masses are also shown. The mass
the last column are obtained in a calculation without quark
change between the diquark and the tetraquark clusters. As in T
I, the abbreviationsQ, L, R, andE identify the four different con-
finement models used in this work. The experimental mass of thd8
is Md85206565 MeV @3#.

Conf. Set

M2q M4q Md8 b6 Mno QEX

~MeV! ~MeV! ~MeV! ~fm! ~MeV!

Q I 636 1501 2610 0.70 2490
Q II 643 1456 2440 0.75 2316
Q III 621 1309 2092 0.95 2013
L IV 650 1431 2354 0.86 2261
R V 653 1419 2313 0.93 2234
E VI 661 1422 2288 1.08 2235
-

-
l-

e-

-

-
r

e

n-

rk

e

Model III is very different from all other confinemen
models. It uses a different confinement strength for the thr
quark~nucleon! and the six-quark system (d8) and leads to a
d8 mass close to the experimental result. Before we try
justify this apparentlyad hocstep, we study the dependenc
of the d8 mass on the radial form of the confinement pote
tials given by Eqs.~8!–~10! and shown in Fig. 3.

The slope of models~IV–V ! is for r>1 fm considerably
flatter than that of the quadratic confinement of Eq.~7!. For
these potentials, the stability condition Eq.~18! leads to
larger oscillator parametersb6 ~larger dibaryons!, which in
turn results in a reduction of the kinetic energy and thed8
mass. For example, the linear confinement potential~model
IV ! reduces thed8 mass by about 90 MeV in comparison
the quadratic confinement~model II!. For the r 2/3 confine-
ment ~model V!, the corresponding reduction is 130 MeV.

Model VI, the color-screened error-function confineme
displays a qualitatively different behavior at small and lar
interquark distances. At short distances, it is approxima
linear and at larger distances it goes to a constant. W
baryons feel mainly the linear rising part, dibaryons are d
to their larger size also very sensitive to the long-range tai
the confinement potential. The screening of color charge
larger interquark distances leads to a reduction of thed8
mass by 150 MeV compared to the quadratic confinem
~model II! and also to a larger value for the oscillator para
eterb6.1 However, thed8 mass is with 2288 MeV still some
220 MeV above the experimental value ofMd8

exp
52065 MeV.

If we use the 12exp(2mr2) color-screening model of Ref
@42# with m51 fm22 for all quark pairs in the system, w
obtainMd852468 MeV atb650.82 fm. In this context, we
mention that at interquark distances corresponding to 3
times the screening length 1/m50.8 fm, the effective con-
finement force2]Verf

conf(r )/]r between the colored cluster
tends quickly to zero. The stability of the system is nev
theless preserved due to Eq.~18! and our use of Gaussia
trial wave functions. Model VI represents a limiting confin
ment model especially for dibaryons, and we expect that
d8 mass cannot be further reduced by an significant amo
by considering another radial form of the confinement pot
tial.

In Table III we list the individual contributions of the
kinetic, confinement, one-gluon-, one-pion-, and on
s-exchange potentials to thed8 mass for the different con
finement models. The results in parentheses give the co
sponding contributions without the quark exchange d
grams. One observes a drastic reduction of the kinetic ene
for the larger dibaryon systems. We also see that the do
nant attraction is due to the color-Coulomb part of the int
action.

Thus, we observe a clear trend when going from a q
dratic ~model II! to a color-screened confinement mod
~VI !: The slower the increase of the confinement potentia
larger r , the larger the sizeb6, and the smaller the mass o
the d8. However, even for the limiting case of the colo

1In the suggested range for the color-screening length 0.8 fm,1/
m,1.2 fm @41#, our results are not very sensitive to the actual va
of 1/m.
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57 3347d8 DIBARYON IN A COLORED CLUSTER MODEL
screened confinement potential, the results for thed8 mass
are 220 MeV above the empiricald8 mass. We conclude tha
in the present constituent quark model framework, a cha
in the radial form of the confinement potential is insuffice
to generate ad8 dibaryon with a mass of 2065 MeV.

B. Wave function and size of thed8

We turn now to the discussion of the relative wave fun
tion as obtained from eigenvalue equation~17! and the radius
of thed8. Figure 6 shows the wave functionxL51(R) for the
two extreme confinement models II and VI, using the sa
Hamiltonian as in the three-quark sector. The RGM wa
function is calculated both with~Pauli-on! and without
~Pauli-off! the quark exchange diagrams. For the quadr
confinement model II, one observes that the relative w
function has already died out at intercluster distances
about 2.5 fm, while for confinement model VI it still has a
appreciable amplitude even at 4 fm. The quark excha
diagrams lead for model II to an additional attraction b
tween the two colored clusters, as reflected by the sma
radial extension of the relative wave function, while they a
rather unimportant for model VI.

A quantitative measure of the extension of the relat
cluster wave function is the root-mean-square~rms! distance,
Rd8

RGM, which measures the mean distance between theq2

andq4 clusters

~Rd8
RGM

!25
^xL51~R!uR2uxL51~R!&

^xL51~R!uxL51~R!&
. ~19!

Here,R is the relative coordinate connecting the centers
the two clusters. This distance corresponds to the lengthl of
the color flux tube in the stringlike bag model.

The rms distance of Eq.~19! does not yet take into ac
count the finite size of the clusters. In the present mo
these are given as

TABLE III. The kinetic ~without rest masses! and potential en-
ergy contributions to the massMd8 of the d8 for the six parameter
sets of Table I. The numbers in parentheses are obtained in a
culation without quark exchange between the diquark and the
raquark clusters.

Conf. Set

Ekin Vconf Vgluon Vp Vs Md8

~MeV! ~MeV! ~MeV! ~MeV! ~MeV! ~MeV!

Q I 1048 725 21041 2610
~997! ~678! (21063! ~2490!

Q II 906 460 2617 244 2143 2440
~866! ~429! (2634! (286! (2137! ~2316!

Q III 566 270 2517 223 282 2092
~545! ~249! (2537! (242! (279! ~2013!

L IV 677 547 2615 232 2101 2354
~651! ~524! (2636! (257! (298! ~2261!

R V 574 580 2610 227 282 2313
~554! ~562! (2634! (245! (281! ~2234!

E VI 396 722 2639 221 249 2288
~402! ~719! (2682! (228! (254! ~2235!
e
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r D
2 5K FDU 1

2(i 51

2

~r i2RD!2UFDL 5
3

4
b2;

r T
25K FTU 1

4(i 51

4

~r i2RT!2UFTL 5
9

8
b2. ~20!

Here,RD and RT are the center-of-mass coordinates of t
diquark and tetraquark, respectively. One then finds for
total d8 radius in the RGM formalism

r d8
2

5r D
2 1r T

21S 1

2
Rd8

RGMD 2

1r q
2 , ~21!

where the last term is due to the finite size of the constitu
quark. In Table IV, the radii of the diquark, tetraquark, a
the relative cluster wave function,Rd8

RGM, are shown for dif-

al-
t-

FIG. 6. The relative wave RGM function between the tetraqu
and diquark clusters with~Pauli-on! and without~Pauli-off! inclu-
sion of the quark exchange diagrams for the smallest~model II! and
largest~model VI! d8 dibaryon. The RGM wave functions are com
pared to the pure harmonic-oscillator wave function of Eq.~23!.
The upper graph shows the results for the quadratic confinem
~model II!, while the lower graph is obtained for the color-screen
confinement~model VI!. For model II ~upper graph! the clusters
overlap, while they are just touching in model VI. The correspon
ing rms radii are given in Table IV. The wave functions of the oth
models are in between these two extremes.
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3348 57A. J. BUCHMANN, GEORG WAGNER, AND AMAND FAESSLER
ferent confinement potentials. Neglecting quark excha
between clusters increasesRd8

RGM typically by about 10%
~numbers in parantheses!. This shows that the quark ex
change matrix elements provide additional color attracti
Depending on the confinement model, the rms distan
Rd8

RGM lie between 1.0 and 2.0 fm, while the correspondi
tetraquark radiir T vary between 0.74 and 1.15 fm.

In order to have another measure of the size of thed8, we
calculate the rms distance between an arbitrary pair of qu
in the dibaryon2

~r qq
RGM!25K Cd8U 1

Npairs
(
i , j

6

~r i2r j !
2UCd8L , ~22!

whereNpairs515 is the number of quark pairs in a six-qua
system. The spatial extension of the quark distribution in
d8 is close to the value given by Eq.~22!. The radius defined
in Eq. ~22! facilitates the comparison with the shell-mod
description of thed8 @26,27,46#. The numerical results fo
r qq

RGM are given in the second to last column of Table IV.

1. Comparison with the six-quark shell model

In Fig. 6 we also compare theq22q4 relative RGM wave
function with an unperturbed six-quark 1\v (s5p1)
harmonic-oscillator wave function

xL51
s5p1

~R!5
16

3A3A3pb6
5

R expS 2
2

3

R2

b6
2 D , ~23!

2Note that in the case of the nucleon the mean distance betw
any pair of quarks isb3•A3.1 fm.

TABLE IV. The rms radii of the diquark (r D), tetraquark (r T),
and the intercluster wave function (Rd8

RGM) with and without ~in
parentheses! the quark exchange diagrams. The totald8 matter ra-
dius r d8 @see Eq.~21!# is also given. In the RGM formalism the
same value for the oscillator parameter (b6) is used for the diquark,
tetraquark, and relative motion wave functions. The mean dista
between the colored clusters,Rd8

RGM , is compared to the correspond
ing shell-model radiusRd8

HO
5(15/8)b6

2. The mean distance betwee
two quarks in the RGM (r qq

RGM) and TISM (r qq
TISM) approach are

also shown for comparison. The same notation as in Table I is u

r D r T Rd8
RGM r d8 Rd8

HO r qq
RGM r qq

TISM

Conf. Set ~fm! ~fm! ~fm! ~fm! ~fm! ~fm! ~fm!

Q I 0.61 0.74 1.01 1.16 0.96 1.32 1.38
~1.11!

Q II 0.65 0.80 1.10 1.24 1.03 1.42 1.47
~1.21!

Q III 0.82 1.01 1.39 1.53 1.30 1.80 1.82
~1.50!

L IV 0.74 0.91 1.32 1.41 1.18 1.67 1.73
~1.43!

R V 0.81 0.99 1.46 1.53 1.27 1.84 1.86
~1.56!

E VI 0.93 1.15 2.08 1.85 1.48 2.52 2.25
~1.94!
e

.
es

ks

e

with the same oscillator parameterb6. Our previous results
@27# using the translationally invariant shell model~TISM!
have shown that admixtures of excited shell-model state
the unique lowest-lyings5p1, 1\v shell-model state of Eq
~23! are small.

For the quadratic confinement model II, thed8 wave func-
tion does not display a pronounced clusterization but
sembles rather closely the six-quark harmonic oscilla
wave function of Eq.~23!. The agreement between the pu
harmonic oscillator wave function and the RGM wave fun
tion is more complete when the quark exchange diagrams
included. On the other hand, the RGM wave function
model VI extends to larger intercluster distancesR than the
unperturbed shell-model state of Eq.~23!. This is a conse-
quence of the color-screened confinement potential, wh
provides only weak confinement forces at large interqu
distances. In order to describe the long-range RGM w
function in the shell model, one would need substantial
mixtures of excited harmonic-oscillator states. As one mi
expect, the effect of the quark exchange diagrams on
wave function is here much smaller than for the quadra
confinement case, which can also be seen from Table II

For the wave function of Eq.~23!, the mean-square~ms!
distance between the clusters is given by

~Rd8
HO

!25^xL51
s5p1

uR2uxL51
s5p1

&5
15

8
b6

2 . ~24!

For all but one model, the rms distance between theq2 and
q4 clusters as calculated in RGM is slightly larger than t
corresponding quantity in the harmonic-oscillator mod
Only in the case of the color-screened confinement poten
~model VI!, we find a pronounced increase ofRd8

RGM by 40%
compared toRd8

HO, indicating that the system is partially clus
terized.

In the case of the TISM wave function including she
model configurations up to 3\v @27#, the rms distance be
tween any two quarks in thed8 is given by

~r qq
TISM!25b6

2S 17

5
1~12a2!

4

5D , ~25!

wherea2 denotes the probability of finding the~unique! en-
ergetically lowest-lyingN51 shell-model configuration in
the total TISM wave function of thed8. The values given in
Table IV are obtained for a harmonic-oscillator parame
b6, which minimizes thed8 mass in the RGM~see Table II!,
or TISM approach~last column!.

For models I–V, the rms distance between an arbitray p
of quarksr qq

RGM follows closely the corresponding TISM re
sult r qq

TISM . Only for the color-screened confinement~set VI!,
the average distance between quarks in the cluster m
r qq

RGM is increased by about 10% with respect to the cor
sponding shell-model resultr qq

TISM . This is mainly due to the
interclusterquark pairs, which due to the screening are pr
erably at larger relative distances.

Thus, a comparison of the cluster model and shell-mo
results@27# reveals an overall agreement for the orbital stru
ture and size of thed8. In addition, the two calculations
agree also for the individual kinetic and different potent

en

ce

d.
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57 3349d8 DIBARYON IN A COLORED CLUSTER MODEL
energy contributions to thed8 mass~as given for the cluste
model in Table III!, and thus also for thed8 mass itself. The
agreement is quantitative for models I–V. However, t
longer tail of the RGM wave function of model VI shown i
Fig. 6 and the larger rms radius listed in Table IV show th
certain confinement models lead to deviations from a p
s5p1 shell-model structure and favor a clusterization of t
quarks into colored quark clusters.

Let us briefly discuss the reasons for the quantitat
agreement between the two structurally quite different ca
lations. The outer product of the@4#O ~tetraquark! and@2#O
~diquark! orbital symmetries (s4 ands2) gives according to
Littlewood’s theorem the followingS6 permutational sym-
metries in orbital space

@4#O^ @2#O5@42#O% @51#O% @6#O . ~26!

For d8 quantum numbers, the fully symmetric@6#O orbital
symmetry, corresponds to a spurious center of mass ex
tion of the six-quark state, and is automatically excluded
both approaches. The orbital symmetries@51#O and@42#O in
Eq. ~26! are also included in the enlargedN53\v shell-
model basis@27#. Analogously, the outer product of the tw
clusters in spin-isospin space leads to

@31#ST^ @2#ST5@51#ST% @42#ST% @33#ST% @411#ST

% @321#ST. ~27!

Comparison with Eq.~10! in our previous TISM calculation
@26# shows that theq22q4 cluster model wave function
comprises the sameS6 symmetries in spin-isospin spac
~with the exception of the@2211#ST symmetry which does
not appear in the cluster model! as the enlarged shell-mode
basis. Thus the trial function space spanned by both se
basis functions is nearly equivalent.

2. Comparison with the stringlike bag model

It is interesting to compare the description of thed8 in the
cluster model with the one in the stringlike bag model. W
respect to the sizes, the cluster model valuesRd8

RGM and r T

have to be compared to the lengthl and radiusR0 of the
color flux tube in the stringlike bag model. In the stretche
bag model@23#, the radiusR0 and lengthl of the flux tube
are given as

R05A a

24pB
, l 5

Md8

4pBR0
2

,

respectively, wherea51.1 GeV2 is the ‘‘universal’’ string
tension, B559 MeV fm23 the bag constant, andMd8
52100 MeV is the mass of the resonance. One then obt
for the ‘‘universal’’ radius of the color flux tubeR051.1 fm
and l 52.3 fm @23#.

According to Ref.@23#, the stretched-bag model is on
valid if l .2R0, and for a low-lying resonance ofMd8
52100 MeV this condition is barely satisfied. If we no
identify the bag model quantitiesl and R0 with the cluster
model quantitiesRd8

RGM andr T , respectively, we see that th
condition is generally not satisfied in the present calculati
In fact, from Table IV it is evident, that the sum of th
t
e

e
-

ta-
n

of

-

ns

.

cluster radii exceeds the intercluster radius by about half
diquark radius. This means that there is considerable ove
between the clusters. Only for the color-screened confi
ment potential, we observe a modest clusterization tha
however, insufficient to justify a stringlike bag model trea
ment.

At this point, we comment on the universality of th
string tensiona in the stringlike bag model@23#, which pre-
dicts a series of orbitally excited meson, baryon, a
dibaryon states with orbital angular momentumL, and with
masses given by

M25aL1M0
2 . ~28!

The mass of the clusters at the ends of the string,M0, is
calculated in thesphericalbag model, anda is the common
string tension for mesons (q2q̄), baryons (q12q2), and
dibaryons (q42q2) which is given by

a5A8pBasf C
2 , ~29!

whereB is the bag constant determining the constant co
electric-field strengthE in the string,as is the quark-gluon
coupling, andf C

2 is the eigenvalue of the quadratic Casim
operator of SU(3)color in a given color representation. It i
important to recall that the string tensiona and the related
transverse radius of the stringR0 are defined only for well
separated clusters with sufficiently high relative angular m
mentumL @23#.

A universal string tensiona results because it isassumed
that the individual clusters are so far apart that they are
ways in the color-triplet3 or color-antitriplet3̄ representa-
tion, for which the Casimir operator has the common eig
value f C

2 54/3. In this case, there is only one type of col
string with a unique string tension given by Eq.~29!. Obvi-
ously, this assumption is justified as long as the clusters
not overlap. However, we have seen that for most confi
ment models there is considerable overlap between the
ored diquark and tetraquark clusters. Consequently, the
neling of quarks from one cluster to the other can change
color-representation~e.g., into8^ 8̄, or 6^ 6̄) of the clusters
and therefore also the string tension. For the octet and se
color representations, which are not present in mesons
baryons, one hasf C

2 53 and f C
2 510/3, respectively. Thus

one obtains a stronger string tension in both cases. The
thors of Ref.@23# only include the energetically most favo
able case of a3^ 3̄ string. If the Pauli principle is to be
rigorously satisfied in Ref.@23# also the6^ 6̄ and the8^ 8
color configurations would have to be admixed and the c
respondingd8 mass would come out higher. This qualit
tively agrees with our results for thed8 mass~see Tables II
and III! which are increased by the quark exchange inter
tions.

There is another difference between the present RGM
culation and the stringlike bag model. For the mesonq

2q̄), baryon (q2q2), and dibaryon (q42q2) resonances,
the sizes of the color sources~clusters! and therefore the
transverse radii of the flux tubes are in reality rather diff
ent. A tetraquark in a dibaryon has a larger radius tha
single quark in a baryon. Although a tetraquark and a sin
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3350 57A. J. BUCHMANN, GEORG WAGNER, AND AMAND FAESSLER
quark carry the same color charge, the energy density of
color electric field,E2/2, in the neighborhood of an extende
tetraquark is smaller than in the neighborhood of a sin
quark. This difference is rather important for low angu
momentum states. In the stretched-bag model, the en
density of the string is given by the bag constantB. A de-
crease of the energy density of the string forq42q2 dibary-
ons compared toq2q2 baryons is related to a decrease
the effective bag constantB.3 According to Eq.~29! this
leads to a reduced effective string tension for dibaryons. T
reduction of the string tension clearly outweighs its incre
due to quark exchange.

In conclusion, the assumption of a universal string tens
is not justified for ground states, such as the pion, nucleon
or thed8 dibaryon. We emphasize once again that the stri
like bag model is valid only forhigher angular momentum
states, where the clusters are well separated due to the
trifugal barrier, and where the tunneling of quarks, as wel
the size difference of the color sources can be neglected

C. The d8 as an indication for a weaker confinement strength
in a compound six-quark system?

So far we have studied how different confinement mod
affect the mass and characteristic size of the dibaryon. In
cases, we obtained dibaryon masses some 200–400
above the experimental value. We point out that up to t
point, we have used the same parameters as previously
termined from the properties of color-singlet baryons@see
Eq. ~12!#. Although it is reasonable to expect such a univ
sality of parameters for the microscopically better found
gluon-, pion- ands-exchange interactions, the assumpti
that the confinement strength remains unmodified when
ing from a three-quark to a six-quark system is most lik
too restrictive.

At present, there is no commonly accepted theory of co
confinement. Different models of confinement have a limi
range of validity. From the experimental information on t
excited nucleon spectrum, combined with certain assu
tions concerning the Lorentz structure, radial form, and co
dependence, phenomenologically successful confinem
models for baryons have been constructed. However, it is
at all obvious that one can extrapolate the experience g
ered in the color-singlet three-quark sector to compound
quark systems. We recall that the confinement strengthac is
usually determined from the experimental level spacingv
between excited single-baryon states. Unfortunately, ther
hardly any three-star data on excited six-quark resonan
that would shed light on the confinement dynamics in a s
quark system.

We have seen that in thed8, the average distance betwee
any two quarks is somewhat larger than in the nucleon. C
sequently, thed8 tests the confinement interaction at larg
quark-quark distances where new physical phenomena c
into play. For example, at large interquark distances, qua
antiquark pair creation@41,42# leads to a screening of th
original color charges. This color-screening effect can

3The universality of the bag constant for baryons and dibary
has been questioned before@48#.
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simulated by a reduced effective confinement strength in
six-quark system as compared to the three-quark system

Although we do not know how to calculate the effectiv
confinement strength for three- and compound six-qua
systems from first principles, we can gain some qualitat
understanding of the changing confinement dynamics us
the harmonic-oscillator model. If the effective quark-qua
interaction were a pure harmonic-oscillator confinem
force, there would be an inverse proportionality between
confinement strengthac

(N)

ac
~N!5

1

2mqb~N!
4 N

~30!

and the fourth power of the harmonic-oscillator parame
b(N) .

In model II, we have used one and the same two-bo
confinement strength for three-quark and six-quark syste
in the numerical calculation,even though the variationa
principle of Eqs. (12) and (18) tells us that the characteris
sizes of the d8 (b6) are about30% larger than those of the
nucleon (b3). Thus, in a model where the two-bod
harmonic-oscillator confinement is the only quark-quark
teraction, there is a unique relation between the two-bo
harmonic confinement strength and the size of the syst
We take this observation as the basis for our conjecture
theeffectivetwo-body confinement strength could be weak
than in a three-quark system@46#. Although the actual de-
pendence of the effective confinement strength on the siz
the system may be somewhat different for more realistic c
finement models, we expect that an inverse proportiona
between the confinement strength and the size of the sys
remains.

Model III differs from model II only in the strength o
the parameterac

(6) , for which we have taken the valu
ac

(6)55.0 MeV/fm2'ac
(3)/3 @53#. All other parameters in the

Hamiltonian are identical to the ones of model II. The pr
posed weaker two-body confinement in a six-quark sys
leads to a largerd8 and a mass that is close to the expe
mentald8 mass. Conversely, one could take the empiricald8
mass as evidence for a weakereffectivetwo-body confine-
ment strength in a compound six-quark system becaus
the present model this is the only way to obtain thed8 reso-
nance mass, which is needed to fit the DCX data.

D. Two-baryon vs six-quark description of dibaryons

The use of a reduced confinement strength in a compo
six-quark system, where all quarks are basically in a sin
bag, is presumably not in conflict with our previous resu
for the deuteron. The deuteron is well decribed by an RG
wave function that is built from two colorless three-qua
clusters. The contribution of compound six-quark states
the deuteron wave function is rather small.

Here, we would like to contrast the description of thed8
dibaryon as a compound six-quark state with the succes
picture ~in terms of quarks! of the deuteron as a bound sy
tem of two color-singlet objects. This comparison clea
shows that the orbital structure of these systems is de
mined by an interplay of the Pauli principle and differe
parts of the effective quark-quark interaction.
s
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It has been known for more than a decade that qu
exchange between nucleons~Pauli principle! together with
the spin-dependent quark-quark interactions provide an
fective short-range repulsion in theNN system@54#. The
latter prevents appreciable cluster overlap and is there
mainly responsible for the successful description of the d
teron as a system of two colorless nucleons with an ave
distance of about 4 fm between the nucleons. To explain
in terms of a six-quark shell model we form the outer pro
uct of two s3 nucleons. One then obtains the following sp
tial permutational symmetries of a six-quark system:

@3#O^ @3#O5@6#O% @42#O% @51#O% @33#O .

In a six-quark system with even orbital angular momentu
only the @6#O and @42#O symmetries occur. The importan
role of the orbital@42#O symmetry for the short-range repu
sion in theNN system has been elucidated in Ref.@54#. In
the shell model, which is appropriate for shortNN distances,
the short-range repulsion is achieved through a destruc
interference of the exciteds4p2 six-quark state and thes6

six-quark state. The spin-dependent quark-quark interact
lower the energy of the exciteds4p2 state and raise the en
ergy of thes6 state. As a consequence, the exciteds4p2 state
is admixed with equal weight but with opposite sign to thes6

ground state so that it interferes destructively. This in tu
leads to an almost complete cancellation of the wave fu
tion in the region of cluster overlap and consequently to
suppression of the deuteron wave function at short distan
@55#. Furthermore, explicit calculation shows that the de
teron wave function is insensitive to the details of the co
finement mechanism.

On the other hand, in the case of theNN-decoupledd8
dibaryon, the radial form of the confinement potential c
cially affects the mass and wave function of the system as
have demonstrated. The spin-dependent interactions ar
minor importance. The latter point is reflected by the sm
admixtures of excited states to the lowest-lyings5p1 shell-
model state. Because the Pauli principle prevents a clus
ization of the six quarks into two colorless nucleons, t
energetically lowest configuration is a compound six-qu
state. Thus, for both, the deuteron and thed8, the Pauli prin-
ciple determines whether the residual spin-dependent or
confining interactions prevail, and hence determines the
bital structure of the system.

V. SUMMARY

In the present work, we have calculated the mass
wave function of aJP502, T50 six-quark system, called
d8, in a colored diquark-tetraquark cluster model using
resonating group method~RGM!. This method determine
the orbital configuration of the six-quark system dynam
cally, i.e., according to the given Hamiltonian. Thus we m
test the validity of the assumption that thed8 is a stretched
diquark-tetraquark system. In contrast to the stringlike b
model, which employs a single nonantisymmetrizedq22q4

dumbbell-like configuration, the present RGM calculati
also includes other clusterizations, such as theq12q5, q3

2q3 and the singleq6 state. This remarkable property is
consequence of the proper antisymmetrization of the t
rk
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six-quark RGM wave function.
A major purpose of this work has been to study the eff

of quark exchange interactions between the colored clus
on the mass and wave function of thed8. The quark ex-
change interactions between the colored diquark and
raquark clustersincreasethed8 mass by some 100 MeV an
slightly decrease the size of thed8 compared to a calculation
without quark exchange. Our results for thed8 mass and
wave function are rather similar to a previous six-qua
shell-model calculation@26,27,46#. This means that for con
finement models I–V, thed8 is in reality not a clusterized
q42q2 state, but better described as a single six-quarks5p1

shell-model state, where all quarks move in a common
tential well. For this conclusion, it is crucial that the qua
exchange diagrams are included in the cluster model.

In order to investigate how our results depend on
model of confinement, we have studied various, commo
used confinement potentials. All models yieldd8 masses
substantially larger than the empirical value. Depending
the confinement model we obtaind8 masses that lie roughly
200–400 MeV above the experimentally required resona
energy ofMd852065 MeV. Thus, we conclude that irrespe
tive of the radial form of the confinement potential, we ca
not describe aJP502 T50 dibaryon with a mass of 2065
MeV if we use the same confinement strength as in a th
quark system. Can one conclude that thed8 does not exist?

In a six-quark system, such as thed8, the confinement
interaction is tested in a heretofore unexplored regime wh
new physical phenomena, such as color-screening du
quark pair creation and many-body confinement forces,
expected to play an important role. These long-range effe
are difficult to accomodate within the standardtwo-body
confinement force model of Lipkin-type with a univers
confinement strength for baryons and compact six-qu
states. In order tomodel the complex color dynamics in a
compound six-quark system, we have proposed that the
fective two-body confining strength in thed8 is weaker than
in a single nucleon~model III!. We then obtain ad8 mass,
Md852092 MeV, which is compatible with the experimen
tally suggested resonance mass. In the absence of a sol
theory of confinement, our harmonic-oscillator model
should be viewedas an attempt to model the more comp
cated color dynamics in a genuine six-quark system. Our
conjecture of a weaker confinement strength is based on
observation that the average distance between any pa
quarks in thed8 is significantly larger than in the nucleon. I
this long-range regime the confinement interaction is poo
understood. A harmonic-oscillator confinement mod
clearly shows the inverse relation between the size of
system and the confinement strength. If thed8 is experimen-
tally confirmed, it would be an indication that theeffective
two-bodyconfinement strength is weaker in a genuine s
quark system with the size of thed8.

It remains to be seen whether our hypothesis of a wea
confinement strength in a compound six-quark system aff
other results in theB52 sector such asNN scattering phase
shifts or the deuteron electromagnetic form factors@49#. Ac-
cording to our experience, these observables are rather in
sitive to the details of confinement, and we do not expect
qualitative changes of previous results. Nevertheless,
calculations, e.g., of deuteron observables should be ca
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out to explicitly check the consequences of our conjectu
An important test of thed8 hypothesis is the simultaneou

description of the mass and the free pionic decay wi
Gd8.0.5 MeV of thed8 with the same set of parameter
Model III gives a free d8 decay width ofGd8'0.3 MeV,
which is in agreement with the experimental result@28#. In
the future, a detailed analysis of theNd8 andd8d8 interac-
tions similar to the calculation of theNH @56# andHH @57#
interactions, as well as a calculation of the cross section
d8N→NNN should be done. This will provide a stringe
test of whether the theoreticald8 radiusr d851.53 fm is con-
sistent with the empirical ‘‘in medium’’d8 decay width
Gmedium'5 MeV.

On the experimental side, the search for a cleard8 signa-
ture in elementary reactions, such aspp→ppp1p2 @12#
andgd→pnp0 @58#, has begun. The experimental search
dibaryons provides a unique chance for probing the larg
unexplored and little understood phenomenon of color c
finement at larger interquark distances. In this regime
traditional confinement models are likely to break down.
the existence of narrow dibaryons is confirmed, it will al
have important implications for deep-inelastic electro
scattering off nuclei@59#, for the equation of state of nuclea
matter at higher densities, and the inner structure of neu
stars@60#.
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APPENDIX

In this appendix, we present all norm and Hamiltoni
kernel matrix elements neccessary to diagonalize the a
braic generalized eigenvalue problem of Eq.~17!. We calcu-
late the Hamiltonian and norm kernels

Hi j ~si ,sj !5^GCMi uAHuGCMj&;

Ni j ~si ,sj !5^GCMi uAuGCMj&, ~A1!

where the abbreviationuGCMi& introduced in Eq.~16! de-
notes

uGCMi&[
1

A4p
@~1/pb6

2!3/4#6E dŝi•@ZS51,T50,C50

3YL51~ ŝi !#
J50,T50,C50

3H )
a51

4

expS 2
1

2b6
2S ra2

2

3

si

2D 2D J
3H )

b55

6

expS 2
1

2b6
2S rb1

4

3

si

2D 2D J ,
.

h

or

r
ly
-
r

f

-

n

t
e

.

-

e-

ZS51,T50,C505@FT
ST51,TT50

3@211#3
CT51

^ FD
SD50,TD50

3@11#
3̄

CD51
#S51,T50@222#1

C50 ~A2!

In Eq. ~A2! ZS51,T50,C50 is the spin~S!-isospin~T!-color~C!
wave function of thed8, where the diquark (SD50, TD50,
CD51̄) and the tetraquark (ST51, TT50, CT51) STC-
wave functions are coupled to the total STC wave funct
of thed8, with S51, T50, and total colorC50 of the color
singlet state@222#1 . The projection onto good angular mo
mentumL51 of the orbital part of the matrix elements o
Eq. ~A1! is done after the integration over all quark coord
nates shown in Fig. 4:) i 51

6 *dr i . Introducing the notation
A51/(2b6

2), we obtain for the orbital integrals before proje
tion, first for the norm matrix kernelsNi j :

Ni j
D5expS 2

2A

3
~si2sj !

2D ,

Ni j
X5expS 2

2A

3
~si

22sj
2! DexpS 1

A

3
si•sj D , ~A3!

Ni j
XX5expS 2

2A

3
~si

22sj
2! DexpS 2

2A

3
si•sj D .

Here and in the following,D refers to the direct kernel,X
represents the one-quark-exchange diagrams for quark 4
6, andXX refers to the two-quark-exchange diagrams of
pairs (34)↔(56) in orbital space. The subscripts in the k
netic energy and the two-body interaction kernels denote
quark coordinate.

The nonprojected kernels of the kinetic energy opera
Ti5pi

2/2mq52(1/2mq)¹i
2 read

T1
D~si ,sj !52

1

2mq
F23A1

A2

9
~si2sj !

2GNi j
D ,

T6
D~si ,sj !52

1

2mq
F23A1

4A2

9
~si2sj !

2GNi j
D ,

T1
X~si ,sj !52

1

2mq
F23A1

A2

9
~si2sj !

2GNi j
X ,

T5
X~si ,sj !52

1

2mq
F23A1

4A2

9
~si2sj !

2GNi j
X ,

T4
X~si ,sj !52

1

2mq
F23A1

A2

9
~si12sj !

2GNi j
X , ~A4!

T6
X~si ,sj !52

1

2mq
F23A1

A2

9
~2si1sj !

2GNi j
X ,

T1
XX~si ,sj !52

1

2mq
F23A1

A2

9
~si2sj !

2GNi j
XX ,

T4
XX~si ,sj !52

1

2mq
F23A1

A2

9
~si12sj !

2GNi j
XX ,
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T6
XX~si ,sj !52

1

2mq
F23A1

A2

9
~2si1sj !

2GNi j
XX ,

where the norm kernelsNi j of Eq. ~A3! have been factored
out. For the two-body potential kernels depicted in Fig
~for the case of the one-gluon-exchange potential!, we arrive
after some straightforward algebra at

V12
D ~si ,sj !5V56

D ~si ,sj !5Ni j
DS A

p D 3/2

~4p!E
0

`

drr 2

3exp~2Ar2!V~r !,

V46
D ~si ,sj !5Ni j

DS A

p D 3/2

~4p!2expS 2
A

4
~si1sj !

2D
3(

l ,m
Ym

l * ~ ŝi !Ym
l ~ ŝj !E

0

`

drr 2

3exp~2Ar2!V~r !i l~Arsi !i l~Arsj !,

V12
X ~si ,sj !5Ni j

XS A

p D 3/2

~4p!E
0

`

drr 2exp~2Ar2!V~r !,

~A5!

V34
X ~si ,sj !5V56

X ~si ,sj !5Ni j
XS A

p D 3/2

~4p!expS 2
A

4
sj
2D

3E
0

`

drr 2 exp~2Ar2!V~r !i 0~Arsj !,

V36
X ~si ,sj !5V45

X ~si ,sj !5Ni j
XS A

p D 3/2

~4p!expS 2
A

4
si
2D

3E
0

`

drr 2exp~2Ar2!V~r !i 0~Arsi !.

V46
X ~si ,sj !5Ni j

XS A

p D 3/2

~4p!2expS 2
A

4
~si2sj !

2D
3(

l ,m
~2 ! l

•Ym
l * ~ ŝi !Ym

l ~ ŝj !E
0

`

drr 2

3exp~2Ar2!V~r !i l~Arsi !i l~Arsj !,

V35
X ~si ,sj !5~Ni j

X/Ni j
D!•V46

D ~si ,sj !,

V12
XX~si ,sj !5V34

XX~si ,sj !5V56
XX~si ,sj !

5Ni j
XXS A

p D 3/2

~4p!E
0

`

drr 2

3exp~2Ar2!V~r !,

~A6!

V23
XX~si ,sj !5Ni j

XXS A

p D 3/2

~4p!expS 2
A

4
sj
2D E

0

`

drr 2

3exp~2Ar2!V~r !i 0~Arsj !,
V25
XX~si ,sj !5Ni j

XXS A

p D 3/2

~4p!expS 2
A

4
si
2D E

0

`

drr 2

3exp~2Ar2!V~r !i 0~Arsi !,

V46
XX~si ,sj !5V45

XX~si ,sj !5~Ni j
XX/N i j

X !•V46
X~si ,sj !.

In order to project all kernels onto good angular mome
tum L51 in the relative coordinate, we first expand the sc
lar products of the generator coordinates (si•sj ) appearing in
the exponential functions in terms of spherical harmonics

exp~2aAsi•sj !54p(
l

~2 ! l l̂ i l~aAsisj !Y
l~ ŝi !•Yl~ ŝj !.

~A7!

The projection may then be performed by application of
integral operatorP̂GCM

L51 5*dŝidŝjY
L51(si)Y

L51(sj ).
In the present case (L51, S51, T50) we obtain the

following expressions for the projected norm kernels:

Ni j
D,proj5

1

A3
expS 2

2A

3
~si

21sj
2! D • i 1S 4A

3
sisj D •^STC&,

Ni j
X,proj5

1

A3
expS 2

2A

3
~si

21sj
2! D • i 1S A

3
sisj D •^STC&, ~A8!

Ni j
XX,proj52

1

A3
expS 2

2A

3
~si

21sj
2! D • i 1S 2A

3
sisj D •^STC&

where the short-hand notation^STC& has been introduced to
denote the reduced norm operator matrix eleme

^uu1uu&,^uuP̂46
STCuu&, and^uuP̂35

STC
• P̂46

STCuu& in spin-isospin-color
space. Explicit expressions are given below.

Some of the projected kinetic energy kernels are sim
obtained by the substitutionNi j→Ni j

proj . The components
proportional to;(si•sj )•Ni j are obtained after applicatio
of the trick

~si•sj !•exp~2Asi•sj !52
1

AU ]

]x
exp~2Axsi•sj !U

x51

,

U ]

]x
i 1~xy!U

x51

5yi2~y!1 i 1~y!.

~A9!

The replacementNi j→Ni j
proj applies also for most of the

projected two-body potential matrix elements, except for

V46
D,proj~si ,sj !5

~4p!

A3
S A

p D 3/2

expS 2
11A

12
~si

21sj
2! D •^STC&

3(
l

S ]

]x
i l~x! D • l̂ 2E

0

`

drr 2

3exp~2Ar2!V~r !i l~Arsi !i l~Arsj !;

x5
5

6
Asisj ,
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V46
X,proj~si ,sj !5

~4p!

A3
S A

p D 3/2

expS 2
11A

12
~si

21sj
2! D •^STC&

3(
l

S ]

]x
i l~x! D ~2 ! l

• l̂ 2E
0

`

drr 2

3exp~2Ar2!V~r !i l~Arsi !i l~Arsj !

x5
5

6
Asisj ,

~A10!

V35
X,proj~si ,sj !52

~4p!

A3
S A

p D 3/2

expS 2
11A

12
~si

21sj
2! D

•^STC&(
l

S ]

]x
i l~x! D ~2 ! l

• l̂ 2

3E
0

`

drr 2 exp~2Ar2!V~r !i l~Arsi !

3 i l~Arsj !; x5
1

6
Asisj ,

V46
XX,proj~si ,sj !5V35

X,proj~si ,sj !.

Finally, we explicitly give the spin-isospin-color̂STC&
factors for the different matrix elements, first for the nor
kernel

^~S51,L51!J50,T50i1i~S51,L51!J50,T50&5A3,

^~S51,L51!J50,T50i P̂46
STCi~S51,L51!J50,T50&50,

~A11!

^~S51,L51!J50,T50i P̂35
STCP̂46

STCi~S51,L51!J50,T50&

51
A3

4
.

The samêSTC& matrix elements apply to the kinetic energ
and for the one-s-exchange potential, because as the no
operator, these operators do not depend on isospin, spi
v

f-
or

color. Table V collects all necessary^STC& matrix elements
for the remaining interactions. In the calculation of the
matrix elements, we have made use of the well-known id
tities

l i
a
•l j

a52
2

3
12P̂i j

C , si•sj52112P̂i j
S ,

ti•tj52112P̂i j
T , ~A12!

and also of the fractional parentage decomposition of
tetraquark and diquark wave functions to evaluate the qu
exchange operator acting in the different spaces.

TABLE V. Spin~S!-isospin~T!-color~C! matrix elements of the
interaction kernels.

Diagram OperatorOi j l i
a
•l j

a l i
a
•l j

asi•sj si•sjti•tj

O12 24/A3 8/(3A3) 5/A3
Direct O56 28/A3 18A3 9A3

O46 22/A3 0 0

O12P̂46
STC 1/(2A3) 22/(3A3) 25/(4A3)

O34P̂46
STC 21/(2A3) 2/(3A3) 5/(4A3)

O56P̂46
STC 0 0 0

1q exchange O36P̂46
STC 21/(2A3) 2/(3A3) 5/(4A3)

O45P̂46
STC 0 0 0

O46P̂46
STC A3/2 3A3/2 0

O35P̂46
STC 0 4/(3A3) 5/(4A3)

O12P̂46
STCP̂35

STC 1/A3 1/A3 23A3/4

O34P̂46
STCP̂35

STC 22/A3 2A3 9A3/4

O56P̂46
STCP̂35

STC 22/A3 2A3 9A3/4

2q exchangeO23P̂46
STCP̂35

STC 25/(4A3) 0 0

O25P̂46
STCP̂35

STC 25/(4A3) 0 0

O46P̂46
STCP̂35

STC 1/(4A3) 0 2A3/4

O45P̂46
STCP̂35

STC 1/(4A3) 0 2A3/4
.
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