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A7 andA, hypernuclei are studied in the quark-meson coupl@C) model. Comparisons are made with
the results forA hypernuclei studied in the same model previously. Although the scalar and vector potentials
felt by theA, A, andA, in the corresponding hypernuclei multiplet which has the same baryon numbers are
quite similar, the wave functions obtained, e.g., for tisgdstate, are very different. Th&! baryon density
distribution in iocf)Pb is much more pushed away from the center than that forAthia 3°Pb due to the

Coulomb force. On the contrary, the, baryon density distributions iA,, hypernuclei are much larger near
the origin than those for th& in the corresponding. hypernuclei due to its heavy mass. It is also found that
level spacing for the\, single-particle energies is much smaller than that forAhand A .
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Recently we have made a systematic study of the changes the case of2 hypernuclei no narrow states have been
in properties of the heavy hadrons which contain a charm oobserved. It is unlikely that it will be possible to find such
a bottom quark in nuclear mattgt]. The results suggest that states in the present cafg20].) Furthermore, an application
the formations of charmed and bottom hypernuclei, whichto double hypernuclei has not been attempted, although re-
were predicted first in mid-197(3%,3], are quite likely. The  cently the existence was confirmg2il]. Nevertheless, with
experimental possibilities were also studied Id#lr In ad- s simplicity and successful applicability achieved so far, we
dition, we predicted thé8™-nuclear(atomig bound states, fee| some confidence that such a quark-meson coupling
based on analogy with kaonic atdis], and also based on a ode| will provide us with a valuable glimpse into the prop-
study was made for thB- and D-nuclear bound statd$]  erties of charmed and bottom hypernuclei.
using the quark-meson couplif@MC) model[7-9. ~  |nthis article, we make a quantitative study of th¢ and

The QMC model, which was used there and is used in this ' hyperuclei by solving a system of equations for finite
study, has been successfully applied to many problems asspr i embedding a\; or a A, into the closed-shell
ciated with _nuclear physics and hadronic propertie; iqﬁuclel;s in a Hartree, |Snean—field, approximation. Then, the
nuclear medlunﬁlo,l_]]. Fc_)r ?Xample’ the model was applied results are compared with those for thehypernuclei[10],
to the study ofl/W dissociation in nuclear mattgt2] andD which were studied in the QMC model. It is shown that,

andD productions in antipr_ot_on—nuclegs collisiois3]. Fur- although the scalar and vector potentials felt by sheA [,
thermore, although onIy_ limited St,Ud'eS for heavy MESONHNd A, in the corresponding hypernuclei multiplet which has
(not for heavy baryonswith charm in nuclear matter were ho same baryon numbers are quite similar, the wave func-
made by the QCD sum rulffor J/¥ [14,15 and D(D)  tions obtained, e.g., for thes},, state are very different.

[16]], a study{ 1] for heavy baryons with a charm or a bottom Nzmely, theA ! baryon density distribution iriobe is much
qguark based on quarks was made using the QMC model. In c

particular, recent measurements of polarization transfer peflore pushed away from the center than that for Ahén
formed at MAMI and JLaf17] support the medium modi- 1 Pb due to the Coulomb force. On the contrary, thg
fication of the proton electromagnetic form factors calculateddaryon density distributions in\;, hypernuclei are much
by the QMC model. The final analysj48] seems to have more central than those for the in the corresponding\
become more in favor of QMC, although still error bars mayhypernuclei due to heavi, mass. In addition it turns out
be too large to draw a definite conclusion. that the level spacing for thd, single-particle energies is
Certainly, the model has shortcomings to be improvedmuch smaller than that for the and A , which may imply
eventually. Difficulties in handling it will be increased rap- many interesting new phenomena, which will be discovered
idly if we adopt the Hartree-Fock approximation even forin due course by experiments. We hope this study opens a
nuclear mattef19] and the inclusion of Pauli blocking at the new possibility for experiments, related to nuclear and had-
quark level, and®N-AN channel couplings have not been ronic physics, especially for Japan Hadron Faci{iifiF).
implemented yet in a consistent manner with the underlying We start to consider stati¢approximately spherically
guark degrees of freedofi0]. (It should be mentioned that symmetric charmed and bottom hypernuc(eiosed shell
plus one heavy baryon configuratjoignoring small non-
spherical effects due to the embedded heavy baryon. We
*Electronic address: tsushima@physast.uga.edu adopt a Hartree, mean-field, approximation. In this approxi-
TPermanent address: Department of Physics, University of Alimation, thepNN tensor coupling gives a spin-orbit force for
berta, Edmonton, Canada T6G 2J1. Electronic addressa nucleon bound in a static spherical nucleus, although in the
khanna@Phys.UAlberta.CA Hartree-Fock approximation it can give a central force which
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contributes to the bulk symmetry ener,9]. Furthermore, where My (M) is the free nucleoricharmed and bottom

it gives no contribution for nuclear matter since the mesorbaryor mass(masses Note that the dependence of these

fields are independent of position and time. Thus, we ignoreoupling strengths on the applied scalar field must be calcu-

the pNN tensor coupling in this study as usually adopted inlated self-consistently within the quark mod@8—10.

the Hartree treatment of quantum hadrodynamicHence, unlike QHO?22], even thougfgg(a)/g,,(o) may be

(QHD) [22]. 2/3 or 1/3 depending on the number of light quarks in the
Using the Born-Oppenheimer approximation, a relativisticharyon in free spaces(=0), this will not necessarily be the

Lagrangian density which gives the same mean-field equacase in nuclear matter. More explicit expressionsgpto)

tions of motion for a charmed or a bottom hypernucleus, i”andg,,(a) will be given later. From the Lagrangian density,

which the quasiparticles moving in single-particle orbits aregq, (1), a set of equations of motion for the charm or bottom
three-quark clusters with the quantum numbers of a charmeglypernuclear system is obtained,

baryon, a bottom baryon or a nucleon, when expanded to the

same order in velocity, is given by the QMC modig-10: N

. . > 73, -
17-0- M)~ | guw(r)+g, b(r)

Cgm:zﬁQMc‘Fﬁgmc,
N e - -

ﬁQMcng(F)[iY'é—MKj(U)—(gww(F)+gp7-2—3b(F) +E(1+T'3\I)A(r))70 n(r)=0, (4)

+§(1+T§)A(F)>yo}gaN(F)—%{[vg(F)]Z {iy-0=Mg(e)~[gSw(r)+g,I$b(r)
1 +eQcA(1) ] yoh#hc(r) =0, 5)

+mio(N+ S{IVe (NP +mio(r)?)

L (MA@ [aME@)] ¢ -
(= VEEm2)a()= = =0 )~ | = oS

1 R . 1 -
+ S{[Vb() 2+ mib(r)? + S[VA(N) 2,
=9,Cn(0)ps(N) +95Cc(0)pS(r),  (6)

LSvue= 2 de(Dfiy-a-M&(o)

C=AT A, (=VZ+m2)o(r)=g,pe(r) +asps(r), (7)
~[ggw(n)+gg15b(r) +eQcA() Ivol thc(r), I
) (—Vr+mp)b(r)=7p3(r)+gpI3pB(r), (8)
whereyy(r) [c(r)] andb(r) are, respectively, the nucleon b - - -
[charmed and bottom barydhand thep meson[the time (=VOA(r)=epp(r)+eQcpg(r), 9)

component in the third direction of isospifields, whilem,,,
m,,, andm, are the masses of the w, andp meson fields.  where pg(r) [pS()], pe(r) [pS(N], pa(r), and py(r)
d., andg, are thew-N andp-N coupling constants which are are the scalar, baryon, third component of isovector, and
related to the correspondingu @)-quarkw, g3, and proton densities at the position in the charmed or
(u,d)-quarkp, g, coupling constants as,=3g; andg,  pottom hypernuclei[8—10. On the right-hand side of
=gg [8,9]. Hereafter we will use notation for the quark fla- Eq. (6), —[dM n(0)d0]=9,Cn(0) and —[IME(o)/da]
vors,q=u,d andQ=s,c,b. =gSCc(0), whereg,=g,(0=0) andg5=gS(s=0), are

In an approximation where the, w, andp fields couple 3 new and characteristic feature of the QMC model beyond

only to theu and d quarks, the coupling constants in the QHD [22-24. The effective mass for the charmed or bottom
charmed and bottom baryons are obtaineuj;%s(nQIS)gw baryonC is defined by

and ggzgfgﬁ, with nq being the total number of valence

u andd (light) quarks in the baryoi€. 15 and Q¢ are the IME(0) o )
third component of the baryon isospin operator and its elec- o nqg?,f dy #q(y) tg(y)
bag

tric charge in units of the proton chargerespectively. The
field-dependent-N and o-C coupling strengths predicted P
by the QMC modelg,(o) and g$(o), related to the La- =-n9%Sc(0)=——[gS(o)o], (10
grangian density, Eq1), at the hadronic level are defined by Ja

My (o)=My— r 2
N(@) N~ Golo)a(r), @ IStrictly, this is true only when the bag radii of the nucleon and
. c - baryonC are exactly the same in the present model. See the last line
Mc(o)=Mc—g,(a)a(r), @) inEq.(12.
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with the MIT bag model quantitiels’—10| to the single-particle energies obtained with the Dirac equa-
tion, in the same way as that added in Rd0]. This may

) anJ* —2zc 4 .3 correspond to a correct spin-orbit force which is calculated
MC(U):_Z —  T37(Re)B, by the underlying quark mod¢8,10],
j=a.Q R¢
+ d +
Q*/Z-i—m*Ré(Q*—l) VAc _)r,Q:_—(_ M*+ -)+ Ag " )ra
Selor) = -3 4 q so.(Dl-s ZMZE(F)r arl Ac(r) g, cw(r)]]l-s,

QF(Qf—1)+mERE/2 "

mg =Mg—ggo(r),

Cc(0)=Sc(0)/Sc(0),

since the Dirac equation at the hadronic level solved in usual
QHD-type models leads to

S (d[M* (H-gl (3])1* 3
—| = r—g cw(r)]|l-s,
2M:\2+(r)r dri AL 9o @

C_. g _Nq _Nq
95="4955c(0)= 57955c(0)/S\(0)= "0, e (13
(1D

AJr PN
Vso Nl-s=—

which has the opposite sign for the vector potential

iy - : Rt
g;ﬁﬂgﬁsdi?égi&ucﬁgrg 621:;6 Em)lla(rgly grt:ctjar;nes ;r)é rt?]glac'gf w(r). The correction to the spin-orbit force, which ap-
. ’ 1 ’ q’ 1 q,

parameters for the sum of the c.m. and gluon fluctuatiorP€rs ”at“Ta”y in the QMC. model, may also be_ modeled at
effects, bag pressure, lowest eigenvalues for the quarts, the hadronic level of the Dirac equation by adding a tensor

Q, respectively, and the corresponding current quark masse’@teraction, motivated by the quark mog[éB,Z(:‘ﬂ. Here, we
2 and B (z0) are fixed by fitting the nucleofcharmed or should make a comment that, as was discussed by Dover and

bottom baryoh mass in free space. Concerning the sign ofgarll [517] (ln dftililr,ntflg ga(e?:)bgs?nnmee?hﬁlngesgondelinvtveltrf; U_n—
m; in the (hypepnucleus, it reflects nothing but the strength ‘erlying (approxima Y -ty ong ¢

q ! . o tion also leads to weaker spin-orbit forces for flserange
of the attractive scalar potential, and thus a naive mterpret% !
. ; ) S " yperon-nucleon Y N) coupling than that for the nucleon-
tion of the mass for d@physica) particle, which is positive, .

. nucleon (NN coupling.

should not be applied. ) ; . *

The bag radii in-mediun?, . are obtained by the equi- ~ HOWEVer, in practice, because of its heavy mads (),
librium condition dM{, c(o)/d RN,C|RN c=R* C=0. The bag the contribution to the single-particle energies from the spin-
parameters calculated and chosen for the present study fybit potential, with or without including the correction ter-m,
free space are z{,zy.zy+zy) =(3.295,3.131,1.766, turned out to be even smaller than that f_or rhéﬂypemucl_a

¢ P and, further, smaller for tha, hypernuclei. The contribution
—0.643), RN*RA’RAE'R%) =(0.800,0.806,0.846,0.930) from the spin-orbit potential with the correction term is typi-
fm, BY4=170 MeV, and (Myq.Mms,Mm.,my)  cally of order 0.01 MeV, and even for the largest case is
=(5,250,1300,4200) MeV. The parameters associated wite=0.1 MeV. This can be understood when one considers the
theu, d, ands quarks are the same as in our previous invesyjmit M;\+_>oo in Eq. (12), where the quantity inside the
Cc

tigations[9,10]. At the hadron level, the entire information .
on the quark dynamics is condenseddR (o) of Eq. (6). square brackets varies smoothly from the order of hundred

The parameters at the hadron level, which are already fixelfl€V 10 zero near the surface of the hypernucleus, and the
by the study of infinite nuclear matter and finite nudlg], ~ derivative with respect tois finite. (See also Figs. 2 and)3.
are as follows: m =783 MeV. m.=770 MeV. m Now we discuss the results. First, we show in Fig. 1 the
— 418 MeV.  eX/4m— 1/137.036 '92/£W:3_12 é2/47‘; total baryon density distributions irf'Ca and ?*Pb (j
-531 ancigzl4qr:6.93. it Lo =A,Al,Ayp), for the sy, configuration in each hyper-

' mc hucleus. Note that because of the self-consistency, the total
model[8]. The origin of the spin-orbit force for a composite 2aryon density distributions are dependent on the configura-
nucleon moving through scalar and vector fields which vanyions of the embedded particles. The total baryon density
with position was explained in detail in RefB}—cf. Sec. ~distributions are quite similar for theA-, Ac-, and
3.2. The situation for the and also for other hyperons are Ap-Nypernuclei multiplet which has the same baryon num-
discussed in detail in Ref10]. bersA, since the effect of\, A;“ , andA, is =1/A for each

In order to include the spin-orbit potentidbpproxi- hypernucleus. Nevertheless, one notices that the

mately correctly, e.g., for the\ [, we add perturbatively the Ab-hypernuclei density near the center is slightly higher than
correction due to the vector potential, the corresponding\ and A hypernuclei. This is because
the A}, is heavy and localized nearer the center, and contrib-
AN utes to the total baryon density there. The baryamobabil-
‘*’(r)) I-s, ity) density distributions for the\, AJ, and A, in corre-
sponding hypernuclei will be shown later.

We briefly discuss about the spin-orbit force in the Q

2 ( d .
_T _gwc
ZMA:(r)r dr
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FIG. 1. Total baryon density distributions {iCa and?*®Pb (j

=A,A¢,Ay), for the Isy, configuration for the\, A, andAy,. FIG. 2. Potential strengths for thesjl, state felt by the\, A,

N Ay in MCa (j=A, A} Ap). “Pauli” st for the effecti
Next, in Figs. 2 and 3, we show the scalar and vectofndAe in jCa (=A.As ,Ap). “Paul” stands for the effective,

. T - m repulsive, potential representing the Pauli blocking at the quark
potentials felt by the\, A; ', andA,, for 1s,, state iNjCa  |oyel plus theX . N-A. N channel coupling, introduced at the
and 7°Pb (j=A,A{ ,Ap) and the corresponding probability baryon level phenomenologicalltd].
density distributions in Fig. 4. In Figs. 2 and 3 “Pauli”
stands for the effective, repulsive, potential representing the

Pauli blocking at the quark level plus tBe ,N-A ;N chan- correction to the spin-orbit force based on the underlying
nel coupling, introduced at the baryon level phénomenologi-quark structure are included in the same way as adopted in

cally [10]. For the A, the Coulomb potentials are also Ref.[10]. (However, recall the negligibly small contribution

shown. As for the case of nuclear matfé, the scalar and from the correction terms for the spin-orbit force and also

vector potentials felt by these particles in the hypernuclelcontributions from the spin-orbit force itsglfNote that since

multiplet which has the same baryon numbers are also quitd'e mass difference of th&; andX, is larger than that of
similar. Thus, as far as the total baryon density distributiondn®A andX, and itis probably also true for the, and>,,

and the scalar and vector potentials are concemed) , we expect the effect of Fhe channel coupling for the charmed
and A, hypernuclei show quite similar features within the and bottom_ hypernuclei is smaller than those for the strange
multiplet. However, as shown in Fig. 4, the wave functionshypemuc'e" although the same parameters were used in the

obtained for the §,., state are very different. The,” baryon present calculation. In addition, we searched for the single-
. AN N ' ¢ particle states up to the same highest state as that of the core
density distribution in’*Pb is much more pushed away
c

neutrons in each hypernucleus, since the deeper levels are

from the center than that for the in 3°%b due to the Cou- usually easier to observe in experiment.

lomb force. On the contrary, thé, baryon density distribu-  In Tables | and 11, it is clear that tha [ single-particle

tions in A, hypernuclei are much larger near the origin thanenergy levels are higher than the corresponding levels for the

those for the\ in the corresponding. hypernuclei due to its A andAy,. This is a consequence of the Coulomb force. This

heavy mass. feature becomes stronger as the proton number in the core
Having obtained reasonable ideas about the potentials feftucleus increases.

by A, A, andA,, we show the calculated single-particle ~ Second, the level spacing for titg, single-particle ener-

energies in Tables | and II. Results for thehypernuclei are  gies is much smaller than that for theand A . This may

from Ref.[10]. In these calculations, effective Pauli block- be ascribed to its heavy mags M{). In the Dirac equation

ing, the effect of theX, ,N-A.,N channel coupling, and for the A,, the mass term dominates more than that of the
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5 ™ X---- Coulomb! & f
S 50 [ N\ ] 0.005
& L N ’ :

e e T TR 0
0 ot ' - ‘

r (fm
(fm) FIG. 4. A, A}, and A, baryon (probability) density distribu-
FIG. 3. Potential strengths for thes, state felt by the\, AJ,  tions for the &, state in{'Ca and?Pb (=A,A; Ayp).
andAy in 2%%Pb (=A,AJ ,Ap). See also the caption of Fig. 2.
when theA , gradually makes a transition from a deeper state

term proportional to Dirac's, which classifies the states or 10 @ shallower state? All these questions raise a flood of
single-particle wave functionéSee Refs[9,10] for details) ~ SPeculations.
This small level spacing would make it very difficult to dis- ~ To summarize, we have made a quantitative studs oOf
tinguish the states in experiment or to achieve such higland Ay, hypernuclei in a quark-meson coupling model. We
resolution. On the other hand, this may imply also many newhave solved a system of equations in a self-consistent ap-
phenomena. It will have a large probability to trapAg proach for several finite nuclei with a closed shell plus a
among one of those many states, especially in a heaviyyperon (/\C+ or A,) embedding aAC+ or A, in the nucleus.
nucleus such as lea®h). What are the consequences? MayResults are compared with those for thehypernuclei. It is
it be that theA ,, weak decay happens inside a heavy nucleushown that, although the scalar and vector potentials felt by
with a very low probability? Does it emit many photons the A, A, and Ay are quite similar in corresponding hy-

TABLE I. Single-particle energiesin MeV) for {'O, {'Ca, and*Ca (j=A,AJ ,A;). Single-particle
energy levels are calculated up to the same highest states as that of the core neutrons. Results for the
hypernuclei are taken from R€fL0]. Experimental data foA hypernuclei are taken from RdR8], where
spin-orbit splittings forA hypernuclei are not well determined by the experiments.

Yo o Yo Yo {rta f{ca fca ica fca Pca 1Pca
(Expt) ¢ (Expt) ¢ ¢

1sy, -125 —141 -128 —-196 —20.0 —-195 —12.8 —-23.0 —-21.0 —143 —24.4
1py, -25 —-51 -73 -165 —120 -123 -92 -209 -139 —106 —-22.2
1py, (1ps) —50 —7.3 —165 (lpgyy) —-123 —-91 —209 —13.8 —10.6 —22.2

1dsp, —-47 —-48 -184 -65 -65 —195
28y -35 -34 -174 -54 -53 -188
1d3p, -46 —-48 -184 —-64 —-64 —195
1f7 — -2.0 -16.8
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TABLE II. Single-particle energietin MeV) for }'Zr and {°Pb (j=A,A{ ,Ap). Experimental data are
taken from Ref[29]. See caption of Table | for other explanations.

&b Szr Lz jilbzr 208pp 20%p pp iff’Pb
(Expt) ’ (Expt) ‘

1sy, -225 —-23.9 -10.8 —25.7 —27.0 —27.0 -52 —27.4
1pap —16.0 —-18.4 -8.7 —24.2 —22.0 —234 —4.1 —26.6
1pyp (1psp) —-18.4 -8.7 —24.2 (1pa1) —234 —4.0 —26.6
1ds), -9.0 -12.3 -5.8 —224 —17.0 -19.1 -24 —25.4
251 — —-10.8 -39 -21.6 — -17.6 — —24.7
1dg, (1dsp) -12.3 -5.8 —224 (1ds)») -19.1 -24 —25.4
1f4, -2.0 -59 -24 -20.4 -12.0 —14.4 — —24.1
2pap — —4.2 — -19.5 — —12.4 — —23.2
1fs, (1) -5.8 -24 -20.4 (1f70) —14.3 — —24.1
2p1 —4.1 — -19.5 — —12.4 — —23.2
19912 — — —-18.1 -7.0 -9.3 — —226
19 (199 -9.2 — -226
1hyap -3.9 — -21.0
2dsp, -7.0 — -21.7
2d3, -7.0 — —-21.7
1hgp, -3.8 — -21.0
3s1 —-6.1 — —-21.3
2f1 -1.7 — -20.1
3Pa2 -1.0 — -19.6
2fs5p, -1.7 — -20.1
3p12 -1.0 — -19.6
Liqgp — — -19.3

pernuclei multiplets which have the same baryon numberssf AS and A, with nuclear matter. Additional studies are
the single-particle wave functions and single-particle energyeeded to investigate the semileptonic weak decay pf
level spacings are quite different. For the hypernuclei, and A, hyperons. To determine the role of Pauli blocking
the Coulomb force plays a crucial role and so does the heavgnd density in influencing the decay rates as compared to the
Ay mass for theA, hypernuclei. It should be emphasized free hyperons would be highly useful. Such a study can have
that we have used the values for the coupling constants of an impact on the hadronization of the quark-gluon plasma
(or o-field-dependent strengthw, andp to the A, AC+ , and a_nd th_e transport of h_adrons in nuclear matter of h|gh_ den-
A, determined automatically based on the underlying quarie!ty: Will the high density lead to a slower decay and a higher
model, as for the nucleon and other barydRecall that the probability to survive its passage through the r_natgr_lal? At
values for the vectow fields to any baryons can be obtained Present the study of the pre'senceljbj. and Ay, in finite

by the number of light quarks in a baryon, but those for thehuclei is its infancy. Careful investigations, both theoretical
o are different as shown in Eg&L0) and(11).] Phenomenol- and experimental, would lead to a much better understanding
ogy would determine ultimately if the coupling constants©f the role of heavy quarks in finite nuclei.

(strengthg determined by the underlying quark model actu-  The authors would like to thank Professor A. W. Thomas
ally work for A; and Ay, or not. Although the implications  for hospitality at the CSSM, Adelaide, where this work was
of the present results can be speculated on a great deal, Wetiated. K.T. acknowledges the support and warm hospital-
would like to emphasize that what we showed is thatAlje ity at the University of Alberta, where this work was com-
and A, hypernuclei would exist in realistic experimental pleted. K.T. was supported by the Forschungszentruiohju
conditions. Experiments at facilities like JHF would provide Contract No. 41445282COSY-058. The work of F.K. was
further input to gain a better understanding of the interactiorsupported by NSERCC.
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