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d* dibaryon in the extended quark-delocalization, color-screening model
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The quark-delocalization, color-screening model, extended by inclusion of a one-pion-ex¢O&tgeail,
is applied to the study of the deuteron and dfedibaryon. The results show that the properties of the deuteron
(an extended objecare well reproduced, greatly improving the agreement with experimental data as compared
to our previous studywithout OPH. At the same time, the mass and decay width ofdhda compact objegt
are, as expected, not altered significantly.
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I. INTRODUCTION Recently a new approach, the Goldstone-boson-exchange
(GBE) model[10], where the effective degrees of freedom
Quantum chromodynamic®CD) is believed to be the are constituent quarks and Goldstone bosons, has appeared.
fundamental theory of the strong interactions. High-energyit appears to give a rather good description of the baryon
phenomena can be described very well by using its fundaspectrum and has also been applied to t8l inter-
mental degrees of freedom, quarks and gluons. However, thgction[11].
direct use of QCD for low-energy hadronic interactions, for  Another quark-model approach, which is closer in spirit
example, the nucleon-nucleoN) interaction, is still im- {5 the original CQM, the quark-delocalization, color-
possible because of the nonperturbative complications (gcreening mode(QDCSM) [12], has been developed with
QCD. Quark models are, therefore, a useful phenomenologine aim of understanding the well-known similarities be-

cal tool. Which of the models or which effective degrees ofyean nyclear and molecular forces despite the obvious en-

fregdom represent thg physics of low-energy QCD better reérgy and length scale differences. The model has been ap-
mains an open question.

The traditional meson-exchange modé+5| describes plied to bafyor?'b"?‘ryon interactior[@Z—lq and c_iibaryons
the NN scattering data quantitatively very well, where the[17_1q' Quantitative agreement with the experimental data

effective degrees of freedom are nucleons and mesons. T Y NN andY N (hyperon scattering has been obtaingib].

intermediate- and long-range parts of &l interaction are Although the intermediate-range attraction of &l in-
attributed to two-pion-exchange part, usually parametrized if€raction is reproduced in the model, the long-range tail is
terms of ac meson, and one-pion-exchan@@PB part, re- missing, S|m|lz_ir to the case of t_he CQM. For example, the
spectively. The short-range part is either parametrized by geuteron, a highly extended object, is not well reproduced
repulsive core or regularized by means of vertex form facl20]. An increased value for the color-screening parameter in
tors. Such parametrizations are difficult to extend to thethe QDCSM can generate enough attraction to bind the deu-
study of new phenomena, such as multiquark systems.  teron, but the radius anB-wave mixing thus obtained are

In light of its success in describing the properties of had-both too small. Also, the attraction MN scattering is a little
rons, the constituent quark mod&@QM) [6], where the ef- bit too strong. From these effects, from the parallel to the
fective degrees of freedom are constituent quarks and gluon§€QM and from consideration of the coordinate space behav-
has been extended to the study of t&l interaction. The ior of the adiabatidNN potential obtained in the modEL6],
short-range repulsive core is successfully reproduced by we concluded that the long-range part of th#l interaction
combination of the quark Pauli exclusion principle and thewas what was missing. Additionally, the most convincing
color hyperfine interaction. On the other hand, theresult of spontaneously broken chiral symmetry is the small
intermediate- and long-range part of tR& interaction can- mass of the pion and its coupling to the nucleon. Pion ex-
not be accounted for in the CQM. Meson exchange has to behange between nucleons is also uniquely well established
invoked again; this leads to “hybrid” model&—9]. How- by partial wave analyses ®fN scattering datd21].
ever, the quantitative agreement with experimental data is This paper reports a study of some effects of adding OPE
not as good as for traditional meson-exchange models.  to the QDCSM. This is carried out with the inclusion of a
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short-distance coordinate space cutoff in order to avoid, or at  1l. MODEL HAMILTONIAN, WAVE FUNCTIONS,
least, to minimize double counting of the intermediate to AND CALCULATION METHOD

short-range part of meson exchange already accounted for in The details of the QDCSM can be found in Ref2,17]

the model by delocalization of the quark wave functions. Weand the resonating-group calculation meth@RGM) has

first recalculate the deuteron, then apply this same additioBeen presented in Refi20,22. Here we present only the

to thed* dibaryon. Another important application is that to oo .
. . . . model Hamiltonian, wave functions, and the necessary equa-
NN scattering, but this is left to future work. Section Il gives .. . .
tions used in the current calculation.

? brief dg\scr:ptllcw:. of thethmgdfarlhHamlltﬁnlan,dwazj/g func_- The Hamiltonian for the three-quark system is the same as
'ons, and caicuiation method. The results and a disCussIofe syal potential model. For the six-quark system, it is

are presented in Sec. Ill. assumed to be
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if i,joccur in the same baryon orbit,

if i,joccur in different baryon orbits,

0, r<ry,

a(r—ro):[ (1)

1 otherwise,

where all the symbols have their usual meaning, and thsince all of the exchange terms tend to zero at l&g&he
confinement potentialV; has been discussed in Refs. quantityb (~0.6 fm) is the size parameter characterizing
[19,20. the quark wave functions in a nucleon; see REES,20 and

The OPE takes the usual Yukawa form except for a shortbelow. From the above egxpression, it is clear that the classic
range cutoff. The quark-pion coupling constdgy, can be ~ Symmetry relationfyq, = fyn,, holds except for a small
obtained from the nucleon-pion coupling constégt,, by ~ correction (since u,b~0.4) due to the finite size of the
using the equivalence of the quark and nucleon pictures dfucleon in the quark description.

theNN interaction. If the separation between two nucleons is After mtrodgcmg generator coordlrjates n Wh'Ch.to ex-
and the relative motion wave function and including the

large, then their interaction energy can be well described bg/ave function for the center-of-mass motibthe ansatz for

a \_(ukawa potential; the quark description at the same S€P3he two-cluster wave function used in the RGM can be writ-
ration should lead to the same potential. For example, for th?en as

(IS)=(01) NN channel,(with the nucleon taken as a point
particle) the Yukawa potential at separati®) is n dQg 3

‘I’squz _ > CyiL —11 v.(S e
N , 1 . K =1 L14=02 k) J4ma=1
VNN:_fNNwﬁe K, 2
6
Taking the nucleon as ag3system, for sufficiently large XBHA (=S, e){[m,s, (B
separatiorR we can express the potential between the two
3q systems as X 1,5, (Ba) 'Y (8 PLxo(By) xe(B2) 117,
VL= ([N(123N(456)]'S|9VT[N(123N(456)]'°) (4)
25 1 2,2
—_ _"f2 T a—wpgR o b2
9 qu”Re € ' ®) IFor details, see Ref§20,22.
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TABLE |. Model parameters and calculated results for deuteroncénd

ro=0.6 fm ro=1.0 fm Without OPE

Deuteron d* Deuteron d* Deuteron d*
m (MeV) 313 313 313
b (fm) 0.6010 0.6021 0.6034
a. (MeVfm™?) 25.40 25.02 25.13
ag 1.573 1.550 1.543
w (fm™3?) 0.75 0.95 1.50
Mass(MeV) 1876 2186 1876 2165 1876 2116
V(r?y (fm) 2.1 1.3 1.9 1.3 1.5 1.2
Pp 5.2% 4.5% 0.2%
Decay width(MeV) 7.92 5.76 4.02

wherek is the channel index an§ ,i = n are the gen-

whereM; andM,_are the spin projections of the initial and

erating coordinates. For example, fOT the deuteron, we havgnal states. The nonrelatlwstlc transition matrix elemént,

k=1,...,5, corresponding to the channeNN S=1 L
=0, AA S=1 L=0, AA S=3 L=2, NN S=1 L=2,
andAA S=1 L=2. Also,

Dal(Si,€)=[d(S)+eda(—S)IN(e),

Ys(—Si€)=[da(—S)+eds(S)IIN(e),

N(€)= V1+e2+2ee S/,

1\ 1
< T (F _& 92
bl S) (sz) exp( Sl sm)

3/4
1 1 . o )
bp(—S) = ( b2> exp(—ﬂuﬁw/z)). (5)

includes the effect of the relative motion wave function be-
tween the two final state nucleons,

M =(d* [H|[ W, ¥y,] ' x(R)), ®

whereR is the relative motion coordinate of the two clusters

of quarks(nucleon$ and x(R) is the wave function of the
relative motion. The interaction Hamiltoniahl,, is com-
prised of the tensor parts of OGE and OPE.

Ill. RESULTS AND DISCUSSION

Our model parameters are given in Table |. They have
been fixed by matching baryon properties, except for the
color-screening paramet@u in the confining potential in
Eq. (1)] which has been determined by matching the mass of
the deuteron. We have examined the values 0.6 fm and 1.0

are the delocalized single-particle wave functions used idm for the short-range cutoff of OPE. For each cutoff, the

QDCSM. The delocalization parametet,is determined by
the six-quark dynamics.

With the above ansatz, E@4), the RGM equation be-
comes an algebraic eigenvalue equation,

KLy, KL,
EE CiutN . (6

> CikrH, i

j,k,Lk i,]

whereN v H:(’JLk'k " are the[Eq. (4)] wave function

overlaps and Hamiltonian matrix elemeffgthout the sum-

model parameters were readjusted to best match the baryon
properties. In all cases, the contribution of OPE to the baryon
mass is not larggabout 10 MeV or legsbecause of the
short-range cutoff; correspondingly, the changes from the
original QDCSM parameters are also quite small. Obviously
the mass shift is model dependent, as the mass of the baryon
comes mainly from OPE in the GBE modé&l], and there is
no net contribution from OPE in the hybrid model of Fuji-
wara[9].

We have pointed out in the introduction that which model
represents the physics of low-energy QCD better remains an

mation overL'’), respectively. By solving the generalized open question. Many different pictures of baryons—the
eigenvalue problem, we obtain the energies of the six-quarlyuark-gluon coupling of Isguf23], the quark-meson cou-

systems and their corresponding wave functions.
The partial width ford* decay into theNN D-wave state
is obtained by using “Fermi's Golden Rule,”

1
== fpzdpdﬂ S(E;—E)|M|?

7™ 271')2

1
== \/ms*—4mﬁ,f|M|2dQ, 7

pling of Glozman and Riskpl0], and the intermediate mod-
els, namely, the Manohar-Georgi quark-gluon-meson cou-
pling model[24] and its variants—all give goothlthough

not perfect baryon spectra. We found such a “Cheshire Cat”
principle [25] also appears in the baryon-baryon interaction
[26]. Since the QDCSM reduces to the Isgur model in the
case of individual baryons, and since the ground state spectra
are negligibly affected by addition of the cutoff pion-quark
couplinga la Manohar-Georgi, it is clear that the QDCSM,
with or without the pion, reproduces the quality of the Isgur
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TABLE Il. Deuteron in the soft cutoff model calculation. 2100 T T T T

A=4.2 A=2.0 A=0.8 ! i
(fm™1) (fm™1) (fm™1) l‘-‘ —— Sharp cutoff (r ;= 0.6fm)

m (MeV) 313 313 313 2050 |1 - Yukawa smearing (A=4.2 fm ) -

b (fm) 0.613 0.611 0.606 ~

a. (MeVfm~2) 13.90 19.65 23.77 s

o 1.057 1.285 1.473 =

w (fm=2) 12.5 2.8 1.75 £ 2000

Mass(MeV) 1876 1876 1876 &

I3y (fm) 1.52 15 151 2

Po 5.98% 5.2% 2.4% &

[8a]

1950
model agreement with the baryon spectrum. While this is not
perfect, and may perhaps be improved in our approach, by
considering such things as pion breathing modes for the
Roper, for example, this is not the focus of our work here. 1900 P IR TR IR
We rely on the wide acceptance of the Isgur model as assur- 1 L5 2 2.5 3
ance that the QDCSM does acceptably well for the baryon Separation R (fm)
spectrum, since it explicitly follows that model for the

ground state baryons. _ OPE cutoffs. The sharp cutoff case is shown by the solid curve, the
_For comparison, the results of our earlier calculafidd]  vykawa-smeared cutoff is given by the dashed curve. Parameter
without OPE is also included in Table I. Clearly, the “deu- yalues are as described in the text.

teron” obtained there is not the physically correct one, dueto o
its small size and negligiblB-wave mixing, although it has bPinding energy and even tH-wave mixing, can be repro-
the correct binding energy. By adding OPE with a cutoff, ourduced by adjustm'g the color—screenmg' parameter, the root-
results are significantly improved; the deuteron is now reproMéan-square radius of the deuteron is always too small.
duced with either cutoff scale. The results can be made evefjther calculations have found similar results: For example,
better by finetuning of the model parameters. hanget al.[27] also obtained a small rms radius and Fuiji-
We did not do such a finetuning. However, we did Carryvyarget al.[9] used L5 to reduce the contact term contribu-
out a numerical calculation, with Yukawa smearing of thetion in or(_jer to obtain an acceptable deuteron and gobud
short-range part of the OPE interaction, to check our modePhase shifts.

FIG. 1. Effective intercluster potential for deuteron with two

results for sensitivity to the sharp cutoff used above: We suspect that these results are due to th_e fac_:t that, in
our model approach, the short-range repulsion is driven by a

’ ) 5 5 A combination of the effects of the quark Pauli principle and

98 Ha A - = }e,%,_ A_ € the color magnetic interaction due to gluon exchange. If we
14 om? AZ—,ufTT' 7 p T include the short-range OPE interaction further, the short-

range repulsion is overestimated. In order to reproduce the
1. . [3(ai-n)(ojr) - - deuteron binding energy, the intermediate-range attraction
X §Ui'ffj+ - 5, T~ 0i0j must then be artificially enhanced. Figure 1 shows the adia-
batic potentials of the deuteron channel with the sharp cutoff
and the Yukawa smearing OPE, respectively. The deuteron is
(99  adelicate system; it is sensitive to fine details of the effective
NN interaction. It would, therefore, be interesting to deter-
mine whether the GBE model, with Goldstone boson ex-
In the short-range term, & function form has been smeared change only, can fully reproduce the deuteron.
to Yukawa form with a parametek, which plays an impor- We conclude that the QDCSM, after extension to include
tant role in the GBE model. For each value of the constantOPE with a short-range cutoff, fits to the deuteron quantita-
A, we refit the values ob, ag, anda, by reproducing the tively well. (Our preliminary results also show an improve-
N—A mass difference, the nucleon mass, and by satisfyingnent in the fit to theNN phase shifts; that result will be
the stability condition for a baryon. It should be noted thatreported fully elsewhergThis confirms our expectation that
the OPE interaction given in Eq9) contributes toN—A  the quark delocalization and color-screening mechanism de-
mass splitting with the opposite sign to that of the sharpscribes the short- and intermediate-rahte interaction well
cutoff. The color-screening parameter, is again deter- and provides an alternative to the short-range phenomenol-
mined by matching the mass of deuteron. Our results aregy and the intermediate-rangeor two pion exchange used
shown in Table Il. From the table, we can see that it is morén conventional meson-exchange models
difficult to reproduce the deuteron in our model when the The case of thel*, however, is quite different. The OPE
short distance part is smoothly suppressed. Although thehanges the mass of th¥ by only a few percent and in-

r

LI
(/u‘ﬂ'r)z Ml 3
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creases theNN decay width by less than 4 MeV. We ex- cally incorporated by OPE with a short-range cutoff. With
pected these results because of the high degree of compatew parameters thus fixed, the properties ofdhedibaryon
ness of thel*, as seen from its rms size, and the short-rangeédre minimally affected.

cutoff of OPE. The combination of these two effects signifi-

cantly reduces the contribution to th# available from
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