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d’ dibaryon in a colored cluster model

A. J. Buchmanrt* Georg Wagnef," and Amand Faesslet
nstitut fir Theoretische Physik, Universttaibingen, Auf der Morgenstelle 14, D-72076blgen, Germany
2Centre for the Subatomic Structure of Matter (CSSM), University of Adelaide, S.A. 5005 Adelaide, Australia
(Received 21 January 1997

The mass and wave function of a six-quark system with quantum nunBer§~, T=0, calledd’, are
calculated. We use a colored diquark-tetraquark cluster model for the six-quark wave function. A constituent
guark model Hamiltonian with a two-body confinement potential, and residual one-gluon, one-pion, and one-
o exchange interactions is used. The complications due to the quark exchange interactions between tetraquark
and diquark clustergPauli principle are taken into account within the framework of the resonating group
method. The calculatedl mass is some 350 MeV above the empirical value if the same two-body confinement
strength as in the nucleon ardis 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 tti& could be weaker than in a single baryon. The weaker confinement
hypothesis leads tod' mass ofM 4, =2092 MeV and a’ radius ofr 4 =1.53 fm.[S0556-28188)06905-2

PACS numbg(s): 14.20.Pt, 12.39.Pn, 12.39.Jh, 12.40.Yx

I. INTRODUCTION resonance in thBIN* channel, wher&l* is the first negative
parity excitation of the nucleon at 1535 MeV. Because the
First indications for the existence of tdé dibaryon came empirical mass of thd’ is far below theN* N threshold, this
from the narrow peak observed in the pionia*(,7") requires an enormous binding energy for the bodHd*
double charge exchang®CX) reaction on nuclei. At an system. This interpretation is reminiscent of the deep-lying
incident pion energy of .~50 MeV and forward pion scat- bound states in the MoscoWN potential [13]. The d’
tering angle® =5°, the DCX cross section, for example for dibaryon has also been interpreted as an iso3pH2NA
7t +2C—-%0+ 7, displays a narrow peakl—3]. Be- resonancél14], a NN state withT=2 [15], and most re-
cause of charge conservation, the DCX reaction involves atently as amNN state in the isospinf=0 channel[16],
least two nucleons within the nucleus, and it has been showiocated at 2018 MeV.
that the DCX reaction is therefore very sensitive to short- It is important to note that due to its quantum numbers
rangeNN correlations[4]. The possible importance of ex- (L=1, S=1, T=0), thed’ cannot be composed of two
plicit quark degrees of freedom in DCX at 50 MeV and ground-state nucleons because such a state is Pauli forbid-
forward angles was pointed out some time 4§ In the  den. The Pauli principle demands that the quantum numbers
meantime, dedicated DCX experimeri&,6,7] on a large of a two-nucleon system satisfy—(1)-*S*T=—1. There-
number of light and medium heavy nuclei ranging frdiri fore, thed’ cannot simply decay into two nucleons. A decay
to *°Fe have unambiguously confirmed the existence of dnto two nucleons is possible only if a pion or a photon is
narrow resonancelike structure at this pion energy and anglemitted simultaneously. The correspondingly small phase
While conventional DCX calculationg8,9] have so far space naturally explains the small width of tthe
been unable to explain these experimental results, the as- On the other hand, quantum chromodynami€CD)
sumption of a single narrow baryon numlig# 2 resonance does not preclude the possibility that the quarks in the initial
with total spin, parityJ®=0", isospinT=even, a resonance 7NN system rearrange themselves into energetically favor-
energy of My, =2065 MeV, and a free decay width of able but unobservableoloredclusters[17]. This idea is not
I' .n\n=0.5 MeV works extremely well in describing all new. Several scenarios for the arrangement of quarks and
available DCX datd3,10]. To exclude a possible nuclear antiquarks into colored clusters combining to an overall
structure explanatioill], experimentalists have searched color neutralB=2 system have been propogd@—21. An
for the d’ in proton-proton collisions, e.g., inpp early suggestion is the “demon” deuteron, which isJ&
—ppm 7. A 40 enhancement over the background ex-=0", T=0 dibaryon consisting of three pairs of diquarks
actly at thed’ position has been observed in th€ pp in-  [22]. Other partitionings have been studied in the stringlike
variant mass spectrufi2]. bag model[23,24]. This model predicts that a rotatingd. (
Two alternative models for the structure of tdé have =1) dumbbell-like configuration with a colored diquark
been discussed in the literature. If thé is predominantly (g?) and tetraquarkd®) cluster connected by a flux tube of
composed of twaolorlessthree-quark clusters, it could be a color-electric-field lines is the state with lowest energy for a
six-quark system witld’ quantum numbers. Figure 1 shows
how such ag?>—q* cluster system could be formed from the

*Electronic address: alfons.buchmann@uni-tuebingen.de initial #NN state.
TElectronic address: gwagner@physics.adelaide.edu.au A shortcoming of the stringlike bag mode23,24 is that
*Electronic address: amand.faessler@uni-tuebingen.de it employs rigid impenetrable tetraquark and diquark clusters
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FIG. 1. The formation of a compound six-quark system from theexchange interactions. The finite size of the quark-meson vertex
initial 7+ nn system. Thed quark in thew* annihilates with ad ~ described by the cutoff is indicated by a small black dot.
quark in one of the neutrons leading toga—q* clusterized six-
quark state. In the stringlike bag model, colored diquark and tetand the stringlike bag model. Our summary and conclusions
raquark clusters are bound together by a color-electric flux-tubare given in Sec. V. The Appendix contains explicit expres-
(string, which is rotating with angular momentuin=1. In the  sjons of the norm and Hamiltonian kernels needed for the

present model, the relativi? — g* wave function is calculated from  solution of the RGM equation of motion.
the Hamiltonian of Eq(1).

Il. THE CHIRAL CONSTITUENT QUARK MODEL
at the ends of a rotating color string. This model neither ) ]
allows that the clusters merge into a single compound six- N the chiral constituent quark model a systermafuarks
quark bag nor that they exchange quarks. Only the quark¥ith equal massesn,=313 MeV=my/3 [SU:(2)] is de-
within the individual clusters are antisymmetrized but not theScribed by the Hamiltonian
guarks belonging to different clusters. Therefore, the string-
like bag model does not fully respect the Pauli principle. The piz P2 n cont
stringlike bag model is a good approximation only for high H=2, | m, B n(2—mq)+.2<, VERr )
angular momentum statek ¥5) [25]. In this case, the sys-
tem is fairly elongated because of centrifugal forces, and the "
probability of cluster overlap is small. However, for a low- + 2 V1)), (1)
lying L=1 excitation, such as th&', one expects consider- )
able overlap between the clusters and a substantial amount ofh . :
guark exchange between them. We are sceptical thdt an wherer; ,p; are the spatial and momentum coordinates of the
=1 state is sufficiently stretched for the stringlike bag model th quark andP is the total momentum of tha-qgark_ Sys-
treatment to be valid. The condition of validity Is-2R, tem. The_exact removal of the ce_nter—of-mass kinetic energy
[23], wherel is the length andR, is the radius of the color by the third term represents an important advantage of the

flux tube connecting the colored quark clusters. Fordhe present approach.

; ; ; res_ \/OGEP,_\/OPEP, \/OSEP
this condition is barely satisfied, and one anticipates correc,[—W Jehne resL(Ij(ualr:nt\;:]aicntlc;?‘s 2_mv del J1Vm thrVI v rt:te_r
tions to the bag model predictidvi 4, ~2100 MeV[23,24]. quarks sho 9- odel the most relevant prop-

The purpose of this work is to study the dynamics Oferties of QCD, such as asymptotic freedom at high, and

diquark-tetraquark relative motion using a microscopic quarRspontaneous chiral symmetry breaking at low energies. The
model Hamiltonian and the resonating group methoof)ne'gluon exchange potentjglo]
(RGM). The model used here accurately reproduces the mass
of the d_euteron, which is_the oqu established dibaryon. By VOSER . )= %M-)\' l_ 1+ EO’i"") S(r)
comparing the RGM solutions with our previous res{®8— 774 lr mg 3 !
28], employing a singles®p? six-quark “bag,” we can test 2
the validity of the assumption underlying the stringlike bag
model, namely that thd’ is a stretchedj?—q* system. In  provides an effective quark-quark interaction that has the
the present work, all complications arising from the quarkspin-color structure of QCD at short distances. Herey;
exchange interaction@auli principle are rigorously taken —r;, ande; is the usual Pauli spin matrix. The represent
into account, and their effect on thié mass and wave func- the Gell-Mann matrices of SU(3).,- We neglect tensor and
tion is investigated in some detail. In addition, the presenspin-orbit forces, which have been shown to be of minor
paper critically examines the validity of the assumption of aimportance for thed’ [27]. Only central potentials are con-
universal two-body confinement strength and explores how aidered in this work.
possible reduction of the effective confinement strength in a The spontaneous breaking of chiral symmetry of low-
compound six-quark system affects the mass and the size ehergy QCD by the physical vacuum is responsible for the
thed’. constituent quark mass generati80], as well as for the
The paper is organized as follows. Section Il provides aappearence of pseudoscalar and scalar collective excitations
short description of the chiral quark model used. Section lllof the vacuum ¢ and o fields). These collective degrees of
presents the six-quark resonating group method approacfreedom couple directly to the constituent quarks. In the
Section IV discusses the numerical results for the mass anmgresent quark model with two quark flavors, this mechanism
size of thed’ for several confinement models and comparess modeled by regularized one-pion and anexchange po-
the present predictions to those of the single-bag shell modééntials between constituent quafldél—33;:
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The 7rg coupling constangiq/4rr is related to therN cou-
pling ConstantgiN/4ﬂ' by Org= (3/5) (mq/mN)ng with FIG. 3. The radial dependence of typical confinement models in
9.n=13.19[34]. The 7q cutoff massA describes the finite he nucleon.
size of the constituent quark due to its pion cloud
VE(rir) = —ag@ N Ny(ri— )2, (7)
2= (6) . .
A Later we use this model to argue that the usual assumption of
a universal two-body confinement strengff is too restric-
tive and may not be adequate for compact six-quark systems.
Lattice-QCD calculations find that the quark-antiquark
h%otential of QCD is linear:

Here, we choosd =4.2 fm™ ! which givesr,=0.41 fm, and
leads to a softrN form factor[35]. The o parameters are
fixed by Eq.(5). In particular we usen,=626 MeV.

The usefulness and phenomenological success of t
model has previously been demonstrated. For example, the
chiral constituent quark model has recently been used to cal-
culate the positive parity spectrum of the nucleon and vari-
ous electromagnetic observables of the ground-state octdhe linear form has also been used in our previous calcula-
and decuplet baryons and their excited stf3&s. It has also  tion [26,27] using the translationally invariant shell model
been applied to calculate the properties of the deutg88hy  (TISM).

NN phase shift32,33, hyperon-hyperon interactions, as  Another interesting parametrization is tmé&® confine-
well as theH particle[36]. ment potential:

Vfonf(ri,r,-)=—a(cl))\i"\j“ri_rj)" ®

A. Confinement models veony; )= al'\;- N (ri=r]?R 9)

There are mainly two types of confinement potentials dis-
cussed in the literature, namely the two-body confinementn Ref.[39] it is shown that a** confinement potential and
potential introduced by Lipkifi37], and the color flux tube @ color-Coulomb potential leads in the framework of the
(string model of confinement. In the color flux tube model, nonrelativistic Schrdinger equation to the observed linear
the color string describes the hidden gluon degrees of fredlegge trajectories of hadron masses.
dom that are necessary to preserve color gauge invariance of Finally, we consider the color-screened error-function
the underlying field theory. In a many-quark system, or inconfinemen{40]:
the interaction region of hadron-hadron collisions, the strings
can change their positions and oscillate between different 2 (x
configurations. This continuous flipping of color strings canVa™(r;,r;)=—a®x;- Njerf(ur),  erfix)= —f e “dz
be effectively described in the flip-flop modg28], which Vlo
has been introduced to avoid the long-range color van der (10
Waals forces in hadron-hadron interactions. In the flip-flop
model, the confinement interaction between any pair offhis potential rises linearly for smafl, but as a result of
quarks depends on the position of the remaining quarks; #uark-antiquark pair creatiofcolor screeninggrows only
thus contains many-body operators. weakly for intermediate and finally goes to a constant value

Here, for reasons of simplicity, we consider seveved-  at larger (see Fig. 3. Lattice calculations shoy40] that
body confinement potential models of Lipkin-type, which such a behavior of the effective quark-quark potential arises
differ in their radial dependendsee Fig. 3 but not in their  if quark-antiquark loops are taken into account. The inverse
color structure. We should keep in mind that these potential§f « is called color-screening length for which we take
may not be adequate for describing the complicated dynaml/u=0.8 fm. This potential has recently been used by Zhang
ics of changing color strings in a many-quark system. et al. [41]. Alternatively, an exponential form/gggf:[l

In the constituent quark model one often takes a simple- exp(—ur?)] that matches the? behavior for smalr has
guadratic confinement potential: been suggested and used by Wan@l. [42].
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B. Determination of the parameters TABLE I. Quark model parameters. Sets |-l are obtained for
the quadratic confinement potenti@) of Eq. (7). Set I: without
- and o-exchange potentials. Set II: with regularized and
o-meson exchange potentials. Set Ill: same as set Il but with re-
3/2 duced confinement strength in the six-quark sector. Set IV: with
1 . ) . ; .
exp(—[pz/(4b§) linear co_nfmemen(lT) of Eq. _(8) |nst¢_aad of quadratic conflnement.
\/§ﬂ-b§ Set V: withr?? confinement interactiofR) of Eq. (9). Set VI: with
the color-screened error-function confinemést of Eq. (10) using
+2A%(3b2)])|STHNA X |[111)HNA), (11)  an inverse screening length ofuk# 0.8 fm. In columns 5 and 6 we
list the confinement strength{® as determined from the nucleon
where the Jacobi coordinatgsand A are defined ap=r, mass and the confinement strengff employed for the calcula-
—r, andA=r3— (r,+r,)/2. The harmonic-oscillator param- tion of the dibaryon mass and wave function as discussed in Sec.
eterb; describes the mean-squdras) matter radius of the V.
nucleon. The matter radius is defined with respect to the 3 ©
center-of-mass coordinafy, of the nucleon and is given as O™ Set bs (M) as ac ac

For the nucleon andA wave functions, we uses®
harmonic-oscillator ground-state wave functichg,,

|CDN(A)>:

Q | 0.603 1.540 24.94 MeV/ff =al®
5 13 ) 5 Q Il 0595 0958 13.66 MeV/fh =al®
= n 521 (ri—Ry)%| Oy | =D3. Q Il 0595 00958 13.66MeV/ih 5.00 MeV/m’
L IV 0609 1.060 22.03MeV/fm =al®
As usual, the parameters of the Hamiltonian of EL. are R V. 0617 1122 26.12 MeV/A? ZaEZ)
fitted to the nucleon and ground-state masses. The masses E VI 0648 1374 46.70 MeV =af?
of the N and A are calculated as expectation values of the
Hamiltonian of Eq.(1) between baryon ground-state wave
functions ®ya,. Imposing my=313 MeV and A=4.2 lll. A COLORED DIQUARK-TETR’AQUARK CLUSTER
fm~2, the parametera® , a,, andb, are determined by the MODEL OF THE d' DIBARYON
requirement that th&l(939) andA(1232) masses are repro- | the DCX reaction, the incident pion and the two corre-
duced, and that the nucleon mass is stable with respect {gted nucleons may come sufficiently close for the quarks to
variations inbs: make use of the additional possibilities provided by their
color degree of freedom. In the interaction region, there are
Mn(b3)=3mg=939 MeV, several possibilities to make an overall color singlet. The
quarks could clusterize into two color singlets, two color
IM (bs) triplets, two color sextets, and two color octets:
MA_MN:293 MeV, (9—bg:O (12)

(1ot (33 (626)'; (828)%.
Although the three coupled equatiofi®?) for the param-
etersal®, ag, andb; are nonlinearal®) is predominantly s s o _
determined by the requirement that the nucleon has its physi- We recall that aj®—q° clusterization of thed” with col-
cal massMy=939 MeV, a, by the mass differencé/ orlessthree-quark clusters is either not allowed by quantum

—My, andb; by the stability conditiondM y(bs)/dbs=0. numbers(Pauli principle or by energy co_nsideraFions. For
The parameters for the different confinement models as déxample, aN(939)N(939) clusterization with relative angu-
termined by Eq(12) are shown in Table |. Parameter sets!ar momentumL =1 is not allowed by the Pauli principle.
|11l are obtained with the quadratic confinement of £g. ~ Similarly, anNA system withL=1 can only have isospin
and sets IV,V,VI are obtained with the linea?® and error- T =2, while present experimental results seem to favor the
function confinement of Eq€8)—(10), respectively. T=0 assignment43]. Furthermore, the energy of dn=0
One can qualitatively understand the trend in the values dN(939)N* (1535) system, where the negative parity resides
the parametera?), as, andb for the different confinement inside one cluster, is far above the_ experimedtamass. A
models by considering the sequence quadiatt 1), linear recent quark cluster model_caICL_JIatlon has found no evidence
(set IV), r23 (set ), and error-functiorset VI confinement for a deeply bounq state in this SyStG{I414].' Therefore, a
for the case of the nucledsee Fig. 3 One observes that the N(939)N* (1535) dibaryon decays strongly intoN. It has
stronger the confinement potential grows at small distance?/Iarge width ?r,‘d thus cannot be a viable candidate for the
the further out the nucleon wave functigtarger bs) ex- d’. Thus, thed’ is presumably not a state which is predomi-
tends, in order to minimize the nucleon mass. With increasP@ntly composed of two colorless three-quark clusters.
ing b, the importance of the one-pion-exchange interaction N the stringlike bag model, the color-tripleB)( tet-
decreases, and the contribution of the one-gluon-exchange taquark, color-antitriplety) diquark clusterization is the en-
the NA mass spliting—hencers—must increase corre- ergetically most favorable configuration for a system wdth
spondingly. Finally, because the kinetic energy contributionrguantum numbers. For such a system, a relatively small mass
to the nucleon mass is lower for larger nucleon sizeg,(a  0f My~2100 MeV has been obtain¢a3].
bigger confinement strengtf®) is needed to fit the experi- ~ The six-quark wave function for the’ dibaryon is ex-
mental nucleon madsl =939 MeV. panded into th8® 3 tetraquark-diquark cluster basis
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The direct, one-quark-, and two-quark-exchange contribu-
tions associated with the three terms in the antisymmetrizer
of Eq. (14) are shown for the case of the one-gluon-exchange
potential of Eq.(2) in Fig. 5.

The solution for the unknown relative wave function
xL(R) and the unknown eigenenerdy=My, is obtained
from the Ritz variational principle

(Vg |H-E[Vy)
(Vg [Pgr)

=0, (15

FIG. 4. The Jacobi coordinates in tlg—q* colored cluster

model of thed'. o ) )
where the variation is performed with respect to the relative

|q,J:0,T:O>:Al{[(b_?T:l,TT:O(pT’)\T,”T)X[le]c-r:l wave functiony (R). After expanding the relative motion

a’ B 3 wave functiony, (R) in a finitg sum of Gaussians centered
®¢§D:°’TD:0(pD)x[ll]gDzl]S:”:O zrag(e)tl;]r:)c:j(g(e;’\%?nerator coordinatgs[generator coordinate
® xL-1(R)}P=0T=01222]779), (13 ) PREL ) -

here 5T A ) and 30Ty e e iz o aeifiva)

internal wave functions of the tetraquarK)(and diquark
(D) clusters, respectively, ang -1(R) is the yet unknown =:A2 Ci|GCM(s)), (16)
relative wave function of the two colored clusters, projected :
onto good angular momentuln= 1. The Jacobi coordinates L A
introduced in Eq.(13) are depicted in Fig. 4. As usual in &nd Projecting onto good angular momentumvia P,
resonating group methoRGM) [45] calculations, ground- =1/\4mfds-Y (s) (cf. the Appendix for more details
states? ands* harmonic oscillator wave functions are used EQ. (15 transforms into a generalized algebraic eigenvalue
for the diquark and tetraquark clusters, respectively. problem

Equation(13) shows that the color triplet3d) tetraquark
with mixed permutational symmetf211], and the color an- 2 Hi (s ,SJ)Ci:EE Nij(s1,5))C; . (17)
titriplet (3) diquark with permutational symmetrjl1] is ' '
coupled to an overall color-singletl) six-quark state with
mixed permutational symmetf222] in color space. In con-

trast to mesons and baryons, the color state of a geru,?lneh/\[ij(si 's})=(GCM|A|GCM,) of Eq. (17) can be found in

system is by itself not fully antisymmetric. There are bot _ X .
antisymmetric and symmetric quark pairs. Thus, in a com{N€ Appendix. The norm matriN; (s; ,s;) on the right-hand
pactq® system, there is no factorization of the color spaces'de. of Eq.(_17) re_flects the nonort_hogpr_wallty of the Gagssmn
and the flavor-spin-orbital space, i.e., the color dynamics anBas!s fuqct|ons in Eq(16). For simplicity, ‘?‘”‘?' to avoid a
the orbital structure of the system are correlated in a mor roliferation of parameters, the same variational parameter

complex mannef37]. This can be seen as an indication that s for the internal and relative motion wave functions of the
the transition betweéq3 and compacti® systems is not as six-quark system is used. This greatly facilitates the calcula-
trivial as usually assumed tion of the norm and Hamiltonian integrals and restricts the

We recall that the stringlike bag model employs impen—V""T_"”mO.naI splac% si[ﬁanned byl.qu) o'nly SI'Q}htly' bl
etrable diquark and tetraguark clusters, and the clusters ca ot aving fr? ve € fgtigfra Iéeth elget_nvalu;z probiem, we
not merge into a single bag. In contrast, an RGM calculatio etermine the mass of e and the optimal harmonic os-
allows for a continuous transition from the compoug® cillator parameterbg, which plays the role of a nonlinear

state, where all quarks are in a single potential well, to the’arational parameter, by minimization of thé mass:

q?—q* clusterized state, where one has two clearly separated JE 4 (bg)/dbg=0 (18)
bags. There is no artificial boundary between these extreme darite e

configurations, and they are both described by one and th@/e emphasize that thie; values obtained in this way are
same resonating group method wave function. Furthermoreome 20-30 % larger than the corresponding valbgs
theq®-q® ar;d q53— q* partitioning into colored clusters, as which minimize the nucleon mass. This observation is the
well as theq®—g” split into color-singlet clusters is auto- pasis for our conjecture that the two-body confinement
matically included in the present theory. These importanktrength in a compound six-quark system such asdthés

properties are a consequence of the Pauli principle on th@geaker than in a three-quark systésee Sec. IV ¢
quark level which is ensured by the antisymmetrizer

The analytic expressions for the Hamiltonian kernel
H;j(si,s;)) =(GCM|AH|GCM;) and the norm kernel

A= 1—8P?6$TC+ GPSSST 40631-9 (14) IV. RESULTS AND DISCUSSION
In this section we present the results of an RGM calcula-

where PPSC s the permutation operator of théh andjth tion for the mass and size of th8 dibaryon and compare it

quark in orbital(O), spin-isospin(ST), and color spacéC). with the corresponding shell model and stretched-bag model
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FIG. 5. The direct, one-quai;; P95 '~ and two-quarkv;; P95 PS5 exchange diagrams for the one-gluon exchange potential. Corre-
sponding diagrams are calculated for the confinement, one-pion, and exehange potentials. The stringlike bag model includes only the
diagrams in the first row. The quark exchange diagrams neccessary to satisfy the Pauli principle for the whole six-quark system are neglected
in the stringlike bag model but included in the present theory. The quark exchange kecnedsethed’ mass by about 100 MeV.

results[46]. Because a corresponding RGM calculation foroptimization with respect tdg according to Eq(18). It is

the deuteron, based on the same Hamiltonian and colorlessteresting to isolate the effect of the Pauli principle on the
nucleon cluster wave functions accurately reproduces thgass of thed’ by performing a calculation where the quark
deuteron energy and wave functiph4], we are confident exchange kernels have been turned off, i.e., only the first
that the absolute mass scale of our predictions is correct, angrm in the antisymmetrizer of E¢L4) is taken into account,

the calculatedi” masses are reliable. before solving Eq(17). We use the sambg as in the full
calculation including all exchange kernels. Results Ny
A. Mass of thed’ andbg are shown in Table Il for the parameter sets of Table

The mass of the’ is obtained as the lowest eigenvalie | A comparison of the results for the’ mass with and
of the bound-state GCM equatidi7), and by subsequent Wwithout quark exchange show that the quark exchange inter-
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TABLE Il. The massM g and characteristic size, of thed’ as Model Il is very different from all other confinement
obtained according to E¢18) for the six parameter sets of Table I. models. It uses a different confinement strength for the three-
The diguark and tetraquark masses are also shown. The massescf[]ark(nucleor) and the six-quark systend () and leads to a
the last column are obtained in a calculation without quark ex-4« mass close to the experimental result. Before we try to
change between the diquark and the tetraquark clusters. As in Tab%stify this apparentlyad hocstep, we study the dependence

I, th iati L, R Ei ify the f iff - . .
: the abbreviation®, L, R, andE identify the four different con of thed’ mass on the radial form of the confinement poten-

finement models used in this work. The experimental mass af'the

is My =2065£5 MeV [3]. tials given by Eqs(8)—(10) and. shown in Fig. 3. .
The slope of model§lV-V) is for r=1 fm considerably
M2q Mg Mg bs  Mpnooex flatter than that of the quadratic confinement of Ef. For

these potentials, the stability condition E@.8) leads to

Conf. Set (MeV) (MeV) (MeV) (fm)  (MeV) larger oscillator parametelsy (larger dibaryons which in

\V; 653 1419 2313 0.93 2234 ment(model V), the corresponding reduction is 130 MeV.
VI 661 1422 2288 1.08 2235 Model VI, the color-screened error-function confinement,
displays a qualitatively different behavior at small and large
interquark distances. At short distances, it is approximately
actions contribute an additional energy of 50-120 MeV deinear and at larger distances it goes to a constant. While
pending on the model of confinemesee sets I-VIin Table paryons feel mainly the linear rising part, dibaryons are due
). to their larger size also very sensitive to the long-range tail of
We note that thel’ mass calculated with model(fua-  the confinement potential. The screening of color charges at
dratic confinement and one-gluon exchange some 550 |arger interquark distances leads to a reduction of dhe
MeV above the experimental mass of ttile An RGM cal-  mass by 150 MeV compared to the quadratic confinement
culation without - and o-meson exchange forces in the (model Il) and also to a larger value for the oscillator param-
Hamiltonian, but with ag®-g® clusterization of the quarks eterb,.! However, thed’ mass is with 2288 MeV still some
has already been performed many years[dd The quark- 220 MeV above the experimental valueMf "= 2065 MeV.
quark interaction of Re{47] is very similar to model I, and ¢ e s the 1-exp(—ur?) color-screening model of Ref.
the method of flttlng the quark mod.el parameters to S|ngle[42] with u=1 fm~2 for all quark pairs in the system, we
baryon properties is the same as in the present work. AIbbtainMd/=2468 MeV athg=0.82 fm. In this context, we

though tTe tauthor_s of Reé.417] uie two color-octet thr?e- mention that at interquark distances corresponding to 3—-4
quar ) clus grs, le., 488)" whereas wg_usel CO O times the screening length d# 0.8 fm, the effective con-
(antitriplet diquark and tetraquark clusters, i.68(3)", itis  finement force— aV<"(r)/dr between the colored clusters

nevertheless meaningful to compare their results and our rgay4s quickly to zero. The stability of the system is never-

sults. ) ) ) theless preserved due to E{.8) and our use of Gaussian
Due to the quark antisymmetrizet of Eq. (14) acting on  ria] wave functions. Model VI represents a limiting confine-

all six quarks, the three different grrasnggmfnts oflthg SIXment model especially for dibaryons, and we expect that the

quarks intocoloredclusters, namely®-g°, 9°-q”, andg--q d’ mass cannot be further reduced by an significant amount

are approximately equivalgnt for the'relevant intercluster disby considering another radial form of the confinement poten-
tances involved. In fact, in the region of complete clustery.

overlap, that is, in the limit fos;=s;—0 all three partitions In Table Il we list the individual contributions of the
have the same six-quark shell-model limit, i.e., the uniqu&inetic, confinement, one-gluon-, one-pion-, and one-
s°p! TISM state. Thus, by virtue of the antisymmetrizer, the ;_exchange potentials to tr¥ mass for the different con-
RGM wave function not only contains th8%3)* compo-  finement models. The results in parentheses give the corre-
nent, but also the§® 8)* component. It is reassuring that the sponding contributions without the quark exchange dia-
results of Ref.[47] My, =2540 MeV, and of the present grams. One observes a drastic reduction of the kinetic energy
work M4, =2610 MeV (see set | in Table )Jlare in very for the larger dibaryon systems. We also see that the domi-
good agreement. However, both ar600 MeV above the nant attraction is due to the color-Coulomb part of the inter-
experimental resonance position. Before drawing any conaction.

Q I 636 1501 2610 0.70 2490 turn results in a reduction of the kinetic energy and dhe
Q I 643 1456 2440 0.75 2316 mass. For example, the linear confinement potefitreddel

Q I 621 1309 2092 0.95 2013 IV) reduces thel’ mass by about 90 MeV in comparison to
L \V; 650 1431 2354  0.86 2061  the quadratic confinemeritodel I)). For ther?® confine-

R

E

clusions concerning the existence of ttig we first study Thus, we observe a clear trend when going from a qua-
how these results depend on the choice of the quark-quartratic (model Il) to a color-screened confinement model
interaction. (VI): The slower the increase of the confinement potential at

In model Il, we use the full Hamiltonian including one- largerr, the larger the sizég, and the smaller the mass of
gluon exchanges- and o-exchangg50], and a quadratic the d’. However, even for the limiting case of the color-
confinement potential between the constituent quarks. The
inclusion of the chiral- and o-exchange interactions re-
duces thed’ mass by 160 MeV compared to model I. It is, lin the suggested range for the color-screening length 081fn
however, with 2440 MeV still about 380 MeV higher than u<1.2 fm[41], our results are not very sensitive to the actual value
the experimental value. of 1/p.
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TABLE lll. The kinetic (without rest masse¢snd potential en- Model Il
ergy contributions to the madd 4, of thed’ for the six parameter 1.5 .
sets of Table I. The numbers in parentheses are obtained in a cal- /’"\ )
culation without quark exchange between the diquark and the tet- iau:!—o?f
———- Pauli-o

raquark clusters.

1.0 |
Ekin Vconf Vgluon Vn- V(r M d’ _
Conf. Set (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) %E
=
Q | 1048 725 —1041 2610 05 |
(997 (679 (—1063 (2490
Q I 906 460 —617 —44 —143 2440
(866) (429 (—634 (—86) (—137) (2316
Q Il 566 270 —-517 —-23 —82 2092 0.0 0 ] 5 3 2
(545 (249 (-537) (—42 (-79 (2013 R [fm]
L IV 677 547 —-615 —32 —101 2354
(651) (5249 (-636 (—57 (-98 (226) Model VI
R V 574 58 -610 -—-27 —-82 2313 1.0 , .
(554 (562 (—634 (—45 (-81) (2234 _
E VI 396 722 -639 -21 -49 2288 . T oo
(402 (719 (—-682 (—28 (—54) (2239 4 \

screened confinement potential, the results fordhenass

are 220 MeV above the empiricdl mass. We conclude that

in the present constituent quark model framework, a change
in the radial form of the confinement potential is insufficent
to generate a’ dibaryon with a mass of 2065 MeV.

B. Wave function and size of thed’

We turn now to the discussion of the relative wave func-
tion as ?bt"?‘med from eigenvalue equat(Qﬁf) and the radius FIG. 6. The relative wave RGM function between the tetraquark
of thed’. Figure 6 shows the wave functign - 1(R) forthe ;4 giquark clusters wittPauli-on and without(Pauli-of) inclu-
two extreme confinement models Il and VI, using the samejop, of the quark exchange diagrams for the smaiteside! 1)) and
Hamiltonian as in the three-quark sector. The RGM wavegargest(model Vi) d’ dibaryon. The RGM wave functions are com-
function is calculated both with(Pauli-on and without pared to the pure harmonic-oscillator wave function of E2p).
(Pauli-offy the quark exchange diagrams. For the quadratiorhe upper graph shows the results for the quadratic confinement
confinement model I, one observes that the relative waveémodel Il), while the lower graph is obtained for the color-screened
function has already died out at intercluster distances o€onfinement(model VI). For model Il (upper graph the clusters
about 2.5 fm, while for confinement model VI it still has an overlap, while they are just touching in model VI. The correspond-
appreciable amplitude even at 4 fm. The quark exchang@g rms radii are given in Table IV. The wave functions of the other
diagrams lead for model Il to an additional attraction be-models are in between these two extremes.
tween the two colored clusters, as reflected by the smaller

radial extension of the relative wave function, while they are 12 3
rather unimportant for model VI. r3={ @p EE (r,—Rp)? ®p ) = sz;
A guantitative measure of the extension of the relative =1
cluster wave function is the root-mean-squaras) distance, 4
R¥M which measures the mean distance betweengthe 2 1 2 9.
o nq r2={ @ => (r,—Rp?dr)==b2 (20)
andq” clusters 4= 8
RGM 2_()(,_=1(R)|R2|)(|_=1(R)> Here,Rp and Ry are the center-of-mass coordinates of the
(Ry )™= 1R [xL—1(R)Y (19 diquark and tetraquark, respectively. One then finds for the
total d’ radius in the RGM formalism
2
Here,R is the relative coordinate connecting the centers of P2 =r24 24 ERRGM 4r2 21)
the two clusters. This distance corresponds to the lehgth 't a

the color flux tube in the stringlike bag model.
The rms distance of Eq19) does not yet take into ac- Where the last term is due to the finite size of the constituent
count the finite size of the clusters. In the present modefiuark. In Table 1V, the radii of the diquark, tetraquark, and

these are given as the relative cluster wave functioRy, ", are shown for dif-
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TABLE IV. The rms radii of the diquarkrp), tetraquark (1),  with the same oscillator parametieg. Our previous results
and the intercluster wave functiorR{"") with and without(in ~ [27] using the translationally invariant shell moddliSM)
parenthesgsthe quark exchange diagrams. The tatalmatter ra-  have shown that admixtures of excited shell-model states to
diusry, [see Eq.(2D)] is also given. In the RGM formalism the the unique lowest-lying°p?, 1% shell-model state of Eq.
same value for the oscillator parametbg) is used for the diquark, (23) are small.
tetraquark, and relative motion wave functions. The mean distance Eqr the quadratic confinement model II, tthewave func-
between the colored cluster%f;,GM, is compared to the correspond- tion does not display a pronounced clusterization but re-
ing shell-model radiu&;,’= (15/8)o. The mean distance between sembles rather closely the six-quark harmonic oscillator
two quarks in the RGMGg") and TISM (q¢ ) approach are wave function of Eq(23). The agreement between the pure
also shown for comparison. The same notation as in Table | is usegharmonic oscillator wave function and the RGM wave func-
tion is more complete when the quark exchange diagrams are

o - RRCGM o RHO (RGM | TisM h ‘
d’ d’ qq aq included. On the other hand, the RGM wave function of
Conf. Set (fm) (fm) (fm) (fm) (fm) (fm) (fm)  model VI extends to larger intercluster distané@shan the
Q | 061 074 101 116 096 132 138 unperturbed shell-model state of E3). This is a conse-
(111 quence of the color-scregned confinement poten_tial, which
Q I 065 080 110 124 103 142 147 provides only weak confinement forces at large interquark

distances. In order to describe the long-range RGM wave

Q 082 101 (11'22 153 130 180 182 fu_nction in the _shell model,_ one would need substantial_ad-
(150 mixtures of excited harmonic-oscillator states. As one might
‘ expect, the effect of the quark exchange diagrams on the
L IV 0v4 091 132 141 118 167 173 \iave function is here much smaller than for the guadratic
(143 confinement case, which can also be seen from Table II.
R v 081 099 146 153 127 184 186 For the wave function of Eq23), the mean-squaréns)
(1.56 distance between the clusters is given by
E VI 093 115 208 185 148 252 225
(1.99 15
(RUO?=(xE 21 Re 1) =5 b2 24

ferent confinement potentials. Neglecting quark exchange .
; GM . o, _For all but one model, the rms distance betweenghand
between clusters mcreaségf, typically by about 10%

. | 4 cluster Icul in RGM is slightly larger than th
(numbers in paranthesesThis shows that the quark ex- q” clusters as calculated GM is slightly larger than the

h trix el : ide additional col ttracti corresponding quantity in the harmonic-oscillator model.
change matrix eements provide additional color attrac IonOnly in the case of the color-screened confinement potential

Dggﬁndmg on the confinement model, the rms distance nodel V), we find a pronounced increasel@?,GM by 40%

Ry~ lie between 1.0 and 2.0 fm, while the corresponding HO . . .. . .
tetraquark radir 1 vary between 0.74 and 1.15 fm. Compgfed t&Ry,", indicating that the system is partially clus-
terized.

In order to have another measure of the size ofdtheve . .
In the case of the TISM wave function including shell-

calculate the rms distance between an arbitrary pair of quarks
in the dibaryoR yp g model configurations up to73w [27], the rms distance be-

tween any two quarks in thé' is given by
6

1
N (ri—rj>2‘~lfdr>, (22

pairg <j

RGM\y2 _
r ={ ¥y
e < i (rga)?=bg

17 , 4)
T H(1-adg), 25)

whereN ;=15 is the number of quark pairs in a six-quark ) N o )
system. The spatial extension of the quark distribution in thévherea” denotes the probability of finding tHenique en-
d’ is close to the value given by E(R2). The radius defined ergetically lowest-lyingN=1 shell-model configuration in
in Eq. (22) facilitates the comparison with the shell-model the total TISM wave function of thd'. The values given in
description of thed’ [26,27,46. The numerical results for Table v ar.e.optained for a haymonic—oscillator parameter
rRSM are given in the second to last column of Table IvV. Pe, Which minimizes thel” mass in the RGMsee Table )
or TISM approachlast column.

1. Comparison with the six-quark shell model For models -V, the rms distance between an arbitray pair
of quarksr®M follows closely the corresponding TISM re-
sultrg'qs'v'. Only for the color-screened confinemését VI),

the average distance between quarks in the cluster model

In Fig. 6 we also compare thg — q* relative RGM wave
function with an unperturbed six-quark b (s°p?)

harmonic-oscillator wave function rog" is increased by about 10% with respect to the corre-
- 16 2 R2 sponding shell-model resutf" . This is mainly due to the
Xﬁfl(R)z—sR e p( = —2) , (23 interclusterquark pairs, which due to the screening are pref-
33\3mbg 3 b erably at larger relative distances.

Thus, a comparison of the cluster model and shell-model
resultg27] reveals an overall agreement for the orbital struc-

Note that in the case of the nucleon the mean distance betwednre and size of thal’. In addition, the two calculations
any pair of quarks i$;- y3=1 fm. agree also for the individual kinetic and different potential
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energy contributions to thé’ mass(as given for the cluster cluster radii exceeds the intercluster radius by about half the
model in Table Il), and thus also for thd’ mass itself. The diguark radius. This means that there is considerable overlap
agreement is quantitative for models 1-V. However, thebetween the clusters. Only for the color-screened confine-
longer tail of the RGM wave function of model VI shown in ment potential, we observe a modest clusterization that is,
Fig. 6 and the larger rms radius listed in Table IV show thathowever, insufficient to justify a stringlike bag model treat-
certain confinement models lead to deviations from a purenent.

s°p? shell-model structure and favor a clusterization of the At this point, we comment on the universality of the
quarks into colored quark clusters. string tensionx in the stringlike bag modgR3], which pre-

Let us briefly discuss the reasons for the quantitativedicts a series of orbitally excited meson, baryon, and
agreement between the two structurally quite different calcudibaryon states with orbital angular momentiumand with
lations. The outer product of tHel ] (tetraquark and[2]q masses given by
(diquark orbital symmetries §* ands?) gives according to
Littlewood’s theorem the followingS; permutational sym- M2=al +M§3. (28)

metries in orbital space )
The mass of the clusters at the ends of the strig, is

[4]0®[2]0=[42]p®[51]o®[6]0 - (26) calculated in thesphericalbag model, andr is the common

_ string tension for mesonsq(-q), baryons ¢'—q?), and
Ford’ quantum numbers, the fully symmetii6]o orbital g ibaryons §*—g2) which is given by

symmetry, corresponds to a spurious center of mass excita-

tion of the six-quark state, and is automatically excluded in a=+/8mBa.f2 (29)
both approaches. The orbital symmetiiéd], and[42]5 in s
Eqg. (26) are also included in the enlarg@ti=37w shell-  \yhereB is the bag constant determining the constant color-

model basig27]. Analogously, the outer product of the two gjectric-field strengttE in the string,as is the quark-gluon
clusters in spin-isospin space leads to coupling, andfZ is the eigenvalue of the quadratic Casimir

_ operator of SU(3),.r in & given color representation. It is
31 2]s7=[51 42 33 411 ) or . .
[3lsre[2]s7=[51l510[42l53[33]sr@[ 41157 important to recall that the string tensienand the related
®[321]s7. (27)  transverse radius of the strirRy are defined only for well

separated clusters with sufficiently high relative angular mo-

Comparison with Eq(10) in our previous TISM calculation mentumL [23].
[26] shows that theg?—q* cluster model wave function A universal string tensiom results because it @ssumed
comprises the sam&; symmetries in spin-isospin space that the individual clusters are so far apart that they are al-
(with the exception of th¢2211]sy symmetry which does \yays in the color-tripleB or color-antitriplet3 representa-
not appear in the cluster models the enlarged shell-model tjon, for which the Casimir operator has the common eigen-
basis. Thus the trial function space spanned by both sets Q/faluef =4/3. In this case, there is only one type of color
basis functions is nearly equivalent. string with a unique string tension given by Hg9). Obvi-
ously, this assumption is justified as long as the clusters do
not overlap. However, we have seen that for most confine-

It is interesting to compare the description of thein the  ment models there is considerable overlap between the col-
cluster model with the one in the stringlike bag model. Withored diquark and tetraquark clusters. Consequently, the tun-
respect to the sizes, the cluster model vamggM andrq neling of quarks from one cluster to the other can change the
have to be compared to the lendttand radiusR, of the  color-representatiofe.g., into8® 8, or 6® 6) of the clusters
color flux tube in the stringlike bag model. In the stretched-and therefore also the string tension. For the octet and sextet
bag model 23], the radiusR, and lengthl of the flux tube color representations, which are not present in mesons and

2. Comparison with the stringlike bag model

are given as baryons, one ha$3=3 and f2=10/3, respectively. Thus,
one obtains a stronger string tension in both cases. The au-

R.— [ «a Mg thors of Ref[23] only include the energetically most favor-

" N24rB® 47BRZ’ able case of 8®3 string. If the Pauli principle is to be

rigorously satisfied in Ref.23] also the6® 6 and the8x 8
respectively, wherer=1.1 Ge\? is the “universal” string  color configurations would have to be admixed and the cor-
tension, B=59 MeV fm~2 the bag constant, and/; respondingd’ mass would come out higher. This qualita-
=2100 MeV is the mass of the resonance. One then obtairvely agrees with our results for thd¥ mass(see Tables |
for the “universal” radius of the color flux tubRy=1.1 fm  and Ill) which are increased by the quark exchange interac-
andl=2.3 fm[23]. tions.

According to Ref.[23], the stretched-bag model is only  There is another difference between the present RGM cal-
valid if I>2Ry, and for a low-lying resonance ofly culation and the stringlike bag model. For the mesagn (
=2100 MeV this condition is barely satisfied. If we now —q) paryon @—q?), and dibaryon ¢*—qg?) resonances,
identify the bag model quantitidsand Ry with the cluster  the sizes of the color sourcdslusters and therefore the
model quantitie:Rd, andrT, respectively, we see that this transverse radii of the flux tubes are in reality rather differ-
condition is generally not satisfied in the present calculationent. A tetraquark in a dibaryon has a larger radius than a
In fact, from Table IV it is evident, that the sum of the single quark in a baryon. Although a tetraquark and a single
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guark carry the same color charge, the energy density of theimulated by a reduced effective confinement strength in the
color electric field E?/2, in the neighborhood of an extended six-quark system as compared to the three-quark system.
tetraquark is smaller than in the neighborhood of a single Although we do not know how to calculate the effective
quark. This difference is rather important for low angularconfinement strength for three- and compound six-quarks
momentum states. In the stretched-bag model, the energystems from first principles, we can gain some qualitative
density of the string is given by the bag const8ntA de-  understanding of the changing confinement dynamics using
crease of the energy density of the string §6r g dibary-  the harmonic-oscillator model. If the effective quark-quark
ons compared t@—q? baryons is related to a decrease ofinteraction were a pure harmonic-oscillator confinement
the effective bag constarB.®> According to Eq.(29) this  force, there would be an inverse proportionality between the
leads to a reduced effective string tension for dibaryons. Thisonfinement strengtaf:N)
reduction of the string tension clearly outweighs its increase
due to quark exchange. ) 1
In conclusion, the assumption of a universal string tension A = (30
. A . 2myb/\\N
is not justified for ground statessuch as the pion, nucleon, a=(N)
or thed” dibaryon. We emphasize once again that the stringzn the fourth power of the harmonic-oscillator parameter
like bag model is valid only fohigher angular momentum Ny
st_ates, whe.re the clusters are well spparated due to the cen(—|n model II, we have used one and the same two-body
trifugal barrier, and where the tunneling of quarks, as well ag,nfinement strength for three-quark and six-quark systems
the size difference of the color sources can be neglected. i, the numerical calculationeven though the variational
principle of Egs. (12) and (18) tells us that the characteristic
sizes of the 8 (bg) are about30% larger than those of the
nucleon (bg). Thus, in a model where the two-body
harmonic-oscillator confinement is the only quark-quark in-
So far we have studied how different confinement m0d9|Qeraction' there is a unique relation between the two-body
affect the mass and characteristic size of the dibaryon. In alhkarmonic confinement strength and the size of the system.
cases, we obtained dibaryon masses some 200-400 Mee take this observation as the basis for our conjecture that
above the experimental value. We point out that up to thishe effectivetwo-body confinement strength could be weaker
point, we have used the same parameters as previously dgran in a three-quark systefd6]. Although the actual de-
termined from the properties of color-singlet barydsee pendence of the effective confinement strength on the size of
Eq. (12)]. Although it is reasonable to expect such a univer-the system may be somewhat different for more realistic con-
sality of parameters for the microscopically better foundedinement models, we expect that an inverse proportionality
gluon-, pion- ando-exchange interactions, the assumptionpetween the confinement strength and the size of the system
that the confinement strength remains unmodified when goemains.
ing from a three-quark to a six-quark system is most likely Model Il differs from model Il only in the strength of
too restrictive. . the parameter®), for which we have taken the value
At present, there is no commonly accepted theory of colog(6)_ g MeV/fmzwa(f‘)B [53]. All other parameters in the

confinement. Different models of confinement have a ”mitEdHcamiltonian are identical to the ones of model II. The pro-
posed weaker two-body confinement in a six-quark system

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

range of validity. From the experimental information on the
excited nucleon spectrum, combined with certain assumpy

i ing the L dial f d col eads to a larged’ and a mass that is close to the experi-
tions concerning the Lorentz structure, radial form, and color - \+14’ mass. Conversely, one could take the empirital

dependence, phenomenologically successful confinememass as evidence for a wealeffectivetwo-body confine-

models for baryons have been constructed. However, itis nqf .+ strength in a compound six-quark system because in

at all obvious that one can extrapolate the experience ga_tqhe present model this is the only way to obtain tHereso-

ered in the color-singlet three-quark septor to compound SIX= ance mass, which is needed to fit the DCX data.
quark systems. We recall that the confinement streagtis

usually determined from the experimental level spacing
between excited single-baryon states. Unfortunately, there is
hardly any three-star data on excited six-quark resonances The use of a reduced confinement strength in a compound
that would shed light on the confinement dynamics in a sixsix-quark system, where all quarks are basically in a single
quark system. bag, is presumably not in conflict with our previous results
We have seen that in ti, the average distance between for the deuteron. The deuteron is well decribed by an RGM
any two quarks is somewhat larger than in the nucleon. Cornwave function that is built from two colorless three-quark
sequently, thal’ tests the confinement interaction at largerclusters. The contribution of compound six-quark states to
quark-quark distances where new physical phenomena contkee deuteron wave function is rather small.
into play. For example, at large interquark distances, quark- Here, we would like to contrast the description of tie
antiquark pair creatiof41,42 leads to a screening of the dibaryon as a compound six-quark state with the successful
original color charges. This color-screening effect can bepicture (in terms of quarksof the deuteron as a bound sys-
tem of two color-singlet objects. This comparison clearly
shows that the orbital structure of these systems is deter-
3The universality of the bag constant for baryons and dibaryonsnined by an interplay of the Pauli principle and different
has been questioned befdés]. parts of the effective quark-quark interaction.

D. Two-baryon vs six-quark description of dibaryons
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It has been known for more than a decade that quarkix-quark RGM wave function.
exchange between nucleo(Bauli principle together with A major purpose of this work has been to study the effect
the spin-dependent quark-quark interactions provide an efbf quark exchange interactions between the colored clusters
fective short-range repulsion in tHeN system[54]. The on the mass and wave function of tilé. The quark ex-
latter prevents appreciable cluster overlap and is thereforehange interactions between the colored diquark and tet-
mainly responsible for the successful description of the deuraquark clusterincreasethed’ mass by some 100 MeV and
teron as a system of two colorless nucleons with an averagslightly decrease the size of thé compared to a calculation
distance of about 4 fm between the nucleons. To explain thigjithout quark exchange. Our results for tdé mass and
in terms of a six-quark shell model we form the outer prod-wave function are rather similar to a previous six-quark
uct of twos® nucleons. One then obtains the following spa-shell-model calculatiofi26,27,46. This means that for con-
tial permutational symmetries of a six-quark system: fiQem(Zant models 1-V, thel’ is in reality not a clust;éi;}ed

—(Q° state, but better described as a single six-
[3lo®[3lo=[6]lo®[42l0®[51]o®[33]o- ghelﬁmodel state, where all quarks move ?n a co?nmon po-

tential well. For this conclusion, it is crucial that the quark
In a six-quark system with even orbital angular momentumexchange diagrams are included in the cluster model.
only the[6]o and[42]o symmetries occur. The important  |n order to investigate how our results depend on the
role of the orbita[ 42] symmetry for the short-range repul- model of confinement, we have studied various, commonly
sion in theNN system has been elucidated in R&4]. In used confinement potentials. All models yieltd masses
the shell model, which is appropriate for shbii distances, substantially larger than the empirical value. Depending on
the short-range repulsion is achieved through a destructivghe confinement model we obtaili masses that lie roughly
interference of the excited*p? six-quark state and the®  200-400 MeV above the experimentally required resonance
six-quark state. The spin-dependent quark-quark interactionsnergy ofM 4 = 2065 MeV. Thus, we conclude that irrespec-
lower the energy of the excitesfp® state and raise the en- tive of the radial form of the confinement potential, we can-
ergy of thes® state. As a consequence, the excii&of state  not describe @°=0" T=0 dibaryon with a mass of 2065
is admixed with equal weight but with opposite sign tosie  MeV if we use the same confinement strength as in a three-
ground state so that it interferes destructively. This in turnquark system. Can one conclude that tHedoes not exist?
leads to an almost complete cancellation of the wave func- |n a six-quark system, such as thé, the confinement
tion in the region of cluster overlap and consequently to thénteraction is tested in a heretofore unexplored regime where
suppression of the deuteron wave function at short distancefew physical phenomena, such as color-screening due to
[55]. Furthermore, explicit calculation shows that the deu-quark pair creation and many-body confinement forces, are
teron wave function is insensitive to the details of the con-expected to play an important role. These long-range effects
finement mechanism. are difficult to accomodate within the standatao-body

On the other hand, in the case of tNeN-decoupledd’  confinement force model of Lipkin-type with a universal
dibaryon, the radial form of the confinement potential cru-confinement strength for baryons and compact six-quark
cially affects the mass and wave function of the system as wetates. In order tanodelthe complex color dynamics in a
have demonstrated. The spin-dependent interactions are edmpound six-quark system, we have proposed that the ef-
minor importance. The latter point is reflected by the smallfective two-body confining strength in th¥ is weaker than
admixtures of excited states to the lowest-lyisip* shell-  in a single nucleorimodel Ill). We then obtain @’ mass,
model state. Because the Pauli principle prevents a clustep,, =2092 MeV, which is compatible with the experimen-
ization of the six quarks into two colorless nucleons, thetally suggested resonance mass. In the absence of a solvable
energetically lowest configuration is a compound six-quarkheory of confinement, our harmonic-oscillator model I
state. Thus, for both, the deuteron and diethe Pauli prin-  should be viewedis an attempt to model the more compli-
ciple determines whether the residual spin-dependent or théated color dynamics in a genuine six-quark syst&ur
confining interactions prevail, and hence determines the orconjecture of a weaker confinement strength is based on the

bital structure of the system. observation that the average distance between any pair of
quarks in thal’ is significantly larger than in the nucleon. In
V. SUMMARY this long-range regime the confinement interaction is poorly

understood. A harmonic-oscillator confinement model

In the present work, we have calculated the mass andlearly shows the inverse relation between the size of the
wave function of al°=0", T=0 six-quark system, called system and the confinement strength. If tHes experimen-
d’, in a colored diquark-tetraquark cluster model using thetally confirmed, it would be an indication that ttedfective
resonating group methoRGM). This method determines two-bodyconfinement strength is weaker in a genuine six-
the orbital configuration of the six-quark system dynami-quark system with the size of thE.
cally, i.e., according to the given Hamiltonian. Thus we may It remains to be seen whether our hypothesis of a weaker
test the validity of the assumption that tdé is a stretched confinement strength in a compound six-quark system affects
diguark-tetraquark system. In contrast to the stringlike bagther results in th&=2 sector such aslN scattering phase
model, which employs a single nonantisymmetrizgd-g*  shifts or the deuteron electromagnetic form fac{@g]. Ac-
dumbbell-like configuration, the present RGM calculationcording to our experience, these observables are rather insen-
also includes other clusterizations, such as dhe g° g® sitive to the details of confinement, and we do not expect any
—q° and the singley® state. This remarkable property is a qualitative changes of previous results. Nevertheless, new
consequence of the proper antisymmetrization of the totatalculations, e.g., of deuteron observables should be carried
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out to explicitly check the consequences of our conjecture. ZS:LT:O,C:O:[(I)ST:LTT:OX[211]CT:l®q)SD:OvTD:O

An important test of thel’ hypothesis is the simultaneous T 3 b
description of the mass and the free pionic decay width X[11]55,:1]5:1;:0[222](1;:0 (A2)
I'y»=0.5 MeV of thed’ with the same set of parameters. 3
Model Il gives afree d decay width ofl'y;~0.3 MeV, In E S=1T=0C=0 ; Q)i ;

T . ) g. (A2) Z is the spiriS)-isospin(T)-color(C)
which is in agreement with the experimental red@8]. In | <t nction of thed’ . where the diquark$, =0, Tp=0
h f .| | . f 12 12 o _ T L 1 )
the future, a detailed analysis of thd’ andd’d’ interac Co=1) and the tetraquark§—1, T;=0, C;=1) STC-

tions similar to the calculation of theH [56] andHH [57] funct led 10 the total STC functi
interactions, as well as a calculation of the cross section fof/2V€ functions are coupied 1o he tota wave tunction

d’N—NNN should be done. This will provide a stringent O.f thed’, with S=1,T=0, and t(_)tal coloC=0 of the color
test of whether the theoreticdl radiusr 4, =1.53 fm is con- singlet statq 227],. The projection onto good angular mo-
sistent with the empirical “in medium”d’ decay width mentumL =1 of the orbital part of the matrix elements of

Eqg. (Al) is done after the integration over all quark coordi-
T eqiur=5 MeV. 9. (A1) g d

On the experimental side, the search for a ct¥asigna-  "ate€s shgwn in Fig. 47, fdr;. Introducing the notation
ture in elementary reactions, such pp—ppm* =~ [12] A=1/(2bg), we obtain for the orbital integrals before projec-

andyd— pn° [58], has begun. The experimental search fortion, first for the norm matrix kernels/;; :

dibaryons provides a unique chance for probing the largely

unexplored and little understood phenomenon of color con- N'—D=exr< _ %(S—Sj)z),

finement at larger interquark distances. In this regime our 3

traditional confinement models are likely to break down. If

the existence of narrow dibaryons is confirmed, it will also 2A A

have important implications for deep-inelastic electron- /\/ijx=ex;{ - ?(SZ_SJZ))eXF{ + 53'3)’ (A3)
scattering off nuclej59], for the equation of state of nuclear

matter at higher densities, and the inner structure of neutron

2A 2A
stars[60]. N*= exp< - ?(qz—sjz)) ex;{ -5s sj> .
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T2(S.8)="— i[—3A+ B (s-s7|ap
APPENDIX A 2m, 9 N
In this appendix, we present all norm and Hamiltonian 1 4A2
kernel matrix elements neccessary to diagonalize the alge- TS (s S)=— 2—[—3A+ T(S_Sj)z /\/ijD,
braic generalized eigenvalue problem of ELj7). We calcu- Mg
late the Hamiltonian and norm kernels 1 )
X _ 2| ArX
Hii (s ,5;) =(GCM| AH|GCMy); Ti(s.§)=- z_mq[ —3A+ 5 (s8N
T3(s5,8)=—5—| —3A+ - (5—9)?|\if,
.. . . 5 2m 9 ij
where the abbreviatiohGCM;) introduced in Eq.(16) de- al ]
notes ] .
X 1 A2 2 X
1 A Ty(s.8)== 5 —3A+ 5 (s+25) N, (A4)
|GCM|>E [(1/Wb§)3/4]ﬁf dS . [ZS:l,T:O,C:O qlL ]
Var 11 A2 )
X YL=1(5,)]?=0T=0C=0 Ta(s 'S)=— Z_mq —3A+ 3(254+3j)2 MJX,
4 2
X[aﬂl e"p( - z_bg(r“_ 55) )] T(s.8) =~ z—mq[—:m 5 (8% NV,

‘ 1 45\ ,
— _2 1 A
X[BHS exp( 2b§(r’8+3 2) )] fo(S-51)2—2—%[—3A+§(51+23j)2 N,
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1 A2 A\ 32 A o
XX _ 2| ArXX XX XX 2
Ts (S,Sj)——z—mq[—3A+ 3(291+sj) Ni 7, Vo5 (s,8) =N (;) (4w)ex4—z§2) fo drr
where the norm kerneld/;; of Eq. (A3) have been factored X exp(—Ar?)V(r)ig(Ars)),
out. For the two-body potential kernels depicted in Fig. 5 X XX XX X X
(for the case of the one-gluon-exchange potentiaé arrive Vig(s,8)=Vas(s,5) = (N TN () - Vg(s ).

after some straightforward algebra at .
g 9 In order to project all kernels onto good angular momen-

" tumL=1 in the relative coordinate, we first expand the sca-
(477)j drr? lar products of the generator coordinatgs §) appearing in
0 the exponential functions in terms of spherical harmonics

3/2

A
VIS .S)=Ve(s ,sj)=/\/i,-D(;

X exp(—Ar2)V(r), R . .
exp(— aAs-§) =472 (—)'Ti(aAss)Y'(5)-Y(S).
A 3/2 A [
Vae(s ,S,-)=Ni,-D(;) (4w)ze><p(—z(s+sj)2) (A7)
The projection may then be performed by application of the
xS ylm*(”s)ylm(gj)J drr2 integral operatoPgcy=/dsds Y-=1(s) Y-=1(s)).
I,m 0

In the present caseL&1, S=1, T=0) we obtain the

xexq—Arz)V(r)i|(Arsi)i|(Arsj), following expressions for the projected norm kernels:

o1 2A
NP e - 5 (19

X [ A 3/2 . , -il(ﬁsisj)KSTC),
Vlz(si,sj)=N”- p (477)J’0 drrexp(—Ar9)V(r), 3

(A5)

1 2A
NP —exp| — - ($+ )

ij \/5

(A
V3A(s,5) = Vsd(S ,5) =N (;) (47T)9XF{ -7 )
_ 1 2A 2A
- NXPOI= — —ex ——(32+sj2))-i1<—sisj>-<STC>
xf drr? exp(—Ar®)V(r)ig(Ars;), V3 3 3
0
where the short-hand notatig®TC) has been introduced to
" “ o A 312 A denote the reduced norm operator matrix elements
Vag(§5) = Vas(5.,5) = Nj (;) ““ﬂex"( ~2S ) (1211).¢[1P5291), and(||PSI® P3I9]) in spin-isospin-color
space. Explicit expressions are given below.
Some of the projected kinetic energy kernels are simply
obtained by the substitutionj; —A\;"®. The components

proportional to~(s-s)-\j; are obtained after application
of the trick

X fwdrrzexp( —Ar)V(r)io(Ars)).
0

A 3/2 A
VZ(G(Sij):MjX<;> (477)26)([{_2(3_%)2)

10
(5°5) X —AS )=~ 2l exp—AXSS)|

x=1

NV TV P R
x%( Y <s)vm<s]>fodrr

=yiy(y)+igy).

J .
i)

Xexp(—Ar?)V(n)i(Ars)i(Ars)),
(A9)
VaH(s . 5) = (MTIA) - Va(s ), .
The replacementj; — ;" applies also for most of the

V(s ,Sj)=V§Z((S ) =Vi(s ) projected two-body potential matrix elements, except for
XORATIVID) (46) x2 (;ixh(x) .i2f:drrz
V(s @)=M1XX(§)3/2<4w>exp( 53 [Carr Xex“‘A:)V““'(Arsi“'(”si);
X exp —ArV(1)ig(Ars)), x=gAsS;,
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4 32 11A
Rl e -
le (%i,(x))(—)'-izﬁdrrz
Xexp(—Ar?)V(r)i(Ars)i(Ars))

5
X= EASSJ ,

VX prO]( s, ’SJ)

(STO

(A10)
41r)( A\3? 11A
(f(;) el - 15 %49

(STOX (%h(x))(—)'fz

X
proJ(Sl !Sj) = —

X jwdrr2 exp(—Ar2)V(r)i,(Ars;)
0

. 1
Xij(Ars)); x= gAssj,

XX prol(SI ,S]) VX prOJ(Si ,Sj)-

Finally, we explicitly give the spin-isospin-coldiSTC)

factors for the different matrix elements, first for the norm

kernel
((S=1L=1)J=0T=0[1(S=1L=1)J=0,T=0)=/3,

((S=1L=1)J=0,T=0||P39(S=1L=1)J=0T=0)=0,
(A11)

((S=1L=1)J=0T=0||P51

V3
+—.

4

P29(S=1L=1)J=0T=0)
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TABLE V. Spin(S)-isospin(T)-colorC) matrix elements of the
interaction kernels.

Diagram Operato®;; A\ A!-M\loj-0y 0p-0i7-7
01, —41\/3  8/(3\3) 513
Direct Oxe —8/\/3 +83 93
Ous -2I\3 0 0
0PI 1(23)  —2/(3\3) —5/(4\3)
0PS¢ —U(23)  2(3V3)  5/(4\3)
056PSTC 0 0 0
1qg exchange (PSS  —1/(2y3)  2/(3y3)  5/(4\3)
0,PSTC 0 0 0
0,6PSIC V312 3,3/2 0
O3sP52¢ 0 4(343)  5/(4\3)
0L PSIPSIC 113 143 —-33/4
034PSTCPSTC —2 /\/§ 2\/§ 9./3/4
OSGPSTCPSTC _ 2/\/§ 2\/§ 9\/§ 14
2q exchange 0, PSTPSIC —5/(443) 0 0
O,sPSTOPSTC —5/( 443) 0 0
0, PSIRSIC  1/(443) 0 — 314
0,sPSTPSIC  1/(4V3) 0 —\3/4

color. Table V collects all necessaf$TC) matrix elements
for the remaining interactions. In the calculation of these
matrix elements, we have made use of the well-known iden-
tities

2 .
x?-xf‘=—§+2pﬁ, o oj=—1+2P},

7 7=—1+2P]

0 (A12)

The samd STC) matrix elements apply to the kinetic energy and also of the fractional parentage decomposition of the
and for the oner-exchange potential, because as the normtetraquark and diquark wave functions to evaluate the quark
operator, these operators do not depend on isospin, spin, exchange operator acting in the different spaces.
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