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This reports our recent studies on changes in properties of heavy hadrons containing
at least a charm or a bottom quark in nuclear matter, and the results for the A and A,
hypernuclei are studied quantitatively. Comparisons are made with the results for the A
hypernuclei studied previously in the same approach. It is shown that although the scalar
and vector potentials for the A, AT and A, in the hypernuclei multiplet with the same
baryon numbers are quite similar, the wave functions obtained, e.g., for 1s;/, state, are very

different. The A probability density distribution in ioig Pb is much more pushed away from

the center than that for the A in 2°Pb due to the Coulomb force. On the contrary, the
Ay probability density distributions in A, hypernuclei are much larger near the origin than
those for the A in the A hypernuclei due to its heavy mass. A possibility of B~ nuclear
bound (atomic) states is also briefly discussed.

§1. Introduction

Partial restoration of chiral symmetry in nuclear medium is now one of the most
important and interesting issues in nuclear and hadronic physics. There is no doubt
that it plays a crucial role in understanding numerous phenomenon involving many
particles, such as relativistic heavy ion collisions, structure and properties of neutron
stars, and those of heavy nuclei, and so on. Coverage of the issue is too vast to cite
complete references. This workshop is also one of the activities to understand and
study the role of chiral restoration in nuclear medium.

Our focus is on the consequences of partial restoration of chiral symmetry in
nuclear medium, on the properties of heavy hadrons containing at least a charm or a
bottom quark. We report the results on the changes in properties of heavy hadrons in
nuclear matter,!) and results for the A} and A, hypernuclei studied quantitatively.?)
In spite of the importance, there are studied for heavy mesons with charm only a
limited number (J/¥3% and D(D)®) in nuclear matter using the QCD sum rule.
However, there seem to exist no studies for heavy baryons with a charm or a bottom
quark, except for the studies made recently.!)?) Furthermore, in considering recent
experiments on high energy heavy ion collisions, to study general properties of heavy
hadrons in nuclear medium is essential, because elementary hadronic reactions occur
in high nuclear density zone of the collisions, and many hadrons produced there are
under the influence of a surrounding nuclear medium.

Although the baryons with a charm or a bottom quark have a typical mean life of
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the order 10712 seconds (magnitude is shorter than hyperons), we would like to gain
an understanding of the movement of such a hadron in its nucleonic environment.
The light quark in the hadron (and nucleons) would change its property in nuclear
medium in a self-consistent manner, and will thus affect the overall interaction with
nucleons. With this understanding we will be in a better position to learn about
the hadron properties with the presence of heavy quarks, or those for the hadrons
containing heavy quarks in nuclear matter (in finite nuclei).

The approved construction of the Japan Hadron Facility (JHF), with a beam
energy of 50 GeV, will produce charmed hadrons profusely and bottom hadrons in
lesser numbers but still with an intensity that is comparable to the present hyperon
production rates. The production of charmonium (éc), mesons with charm, and
baryons with charm quarks will be sufficiently large to make it possible to study
charmed hypernuclei. In mid 70’s, a possibility of such charmed hypernuclei was
predicted theoretically.®)”) There were also studies of possible experimental searches
at the ARES facility,® and at the er-factory.?) It is clear that the situation for the
experiments to search for such charmed and bottom hypernuclei is now becoming
realistic and would be realized at JHF.

At JHF, in addition to charmed and bottom hyperons, mesons with open charm
(bottom) like D~ (ed) (B~ (ab)) will be produced. Such mesons like K~ (i@s) can
form mesic atoms with finite nuclei. The atomic orbits will be very small and will
thus probe the surface of light nuclei and will be within the charge radii for heavier
nuclei. Thus, at least for light nuclei they will give a precise information about the
charge density.

To perform theoretical studies, at present we need to resort to a model which can
describe the properties of finite nuclei as well as hadron properties in nuclear medium
based on the quark degrees of freedom. With its simplicity and applicability, we use
quark-meson coupling (QMC) model,'?) which has been extended and successfully
applied to many problems in nuclear physics,'"17) hypernuclei,'8) and properties of
hadrons in nuclear medium.'2Y) In particular, recent measurements of polariza-
tion transfer performed at MAMI and Jlab??) support the medium modification of
the proton electromagnetic form factors calculated by the QMC model. The final
analysis?®) seems to become more in favor of QMC, although still error bars may
be too large to draw a definite conclusion. This gives us some confidence in using
QMC, and we hope it will provide us with a valuable glimpse into the properties of
charmed and bottom hypernuclei.

§2. Charmed and bottom hypernuclei

2.1. Mean-field equations of motion

We consider static, (approximately) spherically symmetric charmed and bottom
hypernuclei (closed shell plus one heavy baryon configuration) ignoring small non-
spherical effects due to the embedded heavy baryon. We adopt Hartree, mean-field
approximation. In this approximation, the pNN tensor coupling gives a spin-orbit
force for a nucleon bound in a static spherical nucleus, although in Hartree-Fock
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it can give a central force which contributes to the bulk symmetry energy.'1)12)
Furthermore, it gives no contribution for nuclear matter since the meson fields are
independent of position and time. Thus, we ignore the pNN tensor coupling as
usually adopted in the Hartree treatment of quantum hadrodynamics (QHD).24:25)
Using the Born-Oppenheimer approximation, mean-field equations of motion are
derived for a charmed (bottom) hypernucleus in which the quasi-particles moving
in single-particle orbits are three-quark clusters with the quantum numbers of a
charmed (bottom) baryon or a nucleon. Then a relativistic Lagrangian density at
the hadronic level''):12) can be constructed, similar to that obtained in QHD,24)’25)
which produces the same equations of motion when expanded to the same order in
velocity:
LGMe = Lamc + LEucs (2:1)

where
Lqomc
=G (7) [0 - M300) = () + 9,007 + 51+ 78940 ) 0] ()
(Vo) +m2o(r] + Sl(Va() + mlw ()
Fl(VHE)? +mEb(] + 5(VAR)P, (2

N

and

LEuc = Y Po(P) [iv- 8 = ME(0) = (95w() + g5 IS b() + Qe A(7) )30] o (),
C=AF A,

(2-3)
where ¥y (7) (v (7)) and b(7) are respectively the nucleon (charmed and bottom
baryon) and the p meson (the time component in the third direction of isospin)
fields, while m,, m,, and m, are the masses of the o, w and p meson fields. g, and
g, are the w-N and p-N coupling constants which are related to the corresponding
(u, d)-quark-w, g%, and (u,d)-quark-p, g7, coupling constants as g, = 39 and g, =
g2.11):12) Hereafter, we will use notations for the quark flavors, ¢ = u,d and Q =
s,c¢,b. Note that in usual QMC (QMC-I) the meson fields appearing in Egs. (2-2)
and (2-3) represent the quantum numbers and Lorentz structure as those in QHD, 25)
corresponding, o < ¢g, w <> Vp and b <> by, and they are neither directly connected
to the physical particles, nor to the quark model states. Their masses in nuclear
medium do not vary in the present treatment. For the other version of QMC (QMC-
IT), where masses of the meson fields are also subject to the medium modification
in a self-consistent manner, see Ref. 13). However, for a proper parameter set (set
B) the typical results obtained in QMC-II are very similar to those of QMC-I. The
difference is ~ 16 % for the largest case, but typically ~ 10 % or less. (For the
effective masses of the hyperons, it is less than ~ 8 %.) In an approximation where
the o, w and p fields couple only to the v and d quarks the couphng constants in
the charmed (bottom) baryon are obtained as g¢ = (nq/3)gw, and gp = g, = gp,
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with ng being the total number of valence u and d (light) quarks in the baryon C.
I3C and Q¢ are the third component of the baryon isospin operator and its electric
charge in units of the proton charge, e, respectively. The field dependent o-N and
0-C' coupling strengths predicted by the QMC model, g, (o) and g% (o), related to
the Lagrangian densities, Eqs. (2:2) and (2-3), at the hadronic level are defined by:

My (o) = My — ga(a)a(—)’ (2-4)
Mg (o) = Mo — g5 (0)a (), (2:5)

where My (Mc) is the free nucleon (charmed and bottom baryon) mass (masses).
Note that the dependence of these coupling strengths on the applied scalar field
must be calculated self—consistently within the quark model.!?)12):18) Hence, unlike
QHD,24):25),28)30) even though g¢(0)/g,(c) may be 2/3 or 1/3 depending on the
number of light quarks in the baryon in free space (¢ = 0),*) this will not necessarily
be the case in nuclear matter. More explicit expressions for g¢ (o) and g, (o) will be
given later. From the Lagrangian density, Eq. (2-1), a set of equations of motion for
the charm or bottom hypernuclear system is obtained,

iy -0~ My(o) - (gwwo?) + a0 + S04 7 >A<r>) 70] U () = 0,(2:6)

(i 8 = M{(0) = (g5w(7) + oI5 b(F) + eQCA(F) Jyolvoo (7) = 0, (2:7)
(=9 4+ mio(r) = = | 2K ) - | 2D oy

= 9oCn(9)ps(F) + g5 Ce(0)pS (7), (2:8)
(=V72 +m2)w(7) = gupp(F) + 95 pF(F), (2:9)
(=2 +m2)b(F) = %2 pg(7) + g 1§ (), (210)
(=Y A() = epp(7) + eQcrG (), (211)

where, ps(7) (05 (7)), pB(7) (p5(7)), p3(7) and pp(™) are the nucleon (charmed and
bottom baryon) scalar, baryon (charmed and bottom baryon), third component of

isovector, and proton densities at the position 7 in charmed or bottom hypernu-

cleus.!1)12:.18)  Op the right hand side of Eq. (2- 8) [81\/18,*:,7(0)] = g,Cn(0) and

—[aﬂa”;(i)] = g¢Cc(0), where g, = g,(0 = 0) and g% = g¥(0 = 0), are a new, and
characteristic feature of the QMC model beyond QHD.24):25),28)-30) The effective
mass for the charmed or bottom baryon C is defined by,

OM}k(o L o
a(,;( ) = —nggt bag dzr ¢q($)¢q( z) = —nggtSc(o) = ~ 5 [ g(g)g] . (2-12)

*) Strictly, this is true only when the bag radii of nucleon and baryon C are exactly the same
in the present model. See Eq. (2-16).
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with the MIT bag model quantities, and the in-medium bag radius satisfying the
mass stability condition:19)-12):18)

an; — ZC 4

Mg(o) = Y ——f—— +3m(Re)’B, (2:13)
7=q.Q ¢
Sc(o) = [2:/2 + miRE(2; — 1)) / [£2:(82; — 1) + m;RG /2], (2-14)

0 = 7+ (Romy)?, 2 \/ﬂ% +(RemQ)2, my = m - gio(), (215)

Sc(o) c ng Sc(0) n
C, = = =g, =24, .

Quantities for the nucleon are similarly obtained by replacing the indices, C — N.
Here, the MIT bag model quantities are calculated in a local density approximation
using the spin and spatial part of the wave functions, ¥ ¢(z) = Nye —iegt/ Riap s ()
(Ny: the normalization factor), where the wave functions, 1 ;(z), satisfy the Dirac
equations for the flavor f quarks (and antiquarks) in the hadron bag centered at a
position  of the nucleus, approximating the constant, mean, meson fields within the
bag (and neglecting the Coulomb force) (|Z — 7] < bag radluslg) 21));

> (2:18)

>: . (2:19)
5()) (2:20)

The (constant) mean-field potentials within the bag centered at the position 7 of the
nucleus, are defined by V() = go(7), VI(F) = gdw () and V] (7) = gpb(7), with g7,
g2 and g the corresponding quark-meson coupling constants. In Egs. (2-13) - (2-17)
zc, B, x40, and mgq g are the parameters for the sum of the c.m. and gluon fluctua-
tion effects, bag pressure, lowest eigenvalues for the quarks, ¢ or @, respectively, and
the corresponding current quark masses. zy and B (z¢) are fixed by fitting the nu-
cleon (charmed or bottom baryon) mass in free space. The current quark masses for
the quarks, we use, (my 4, ms, Me, mp) = (5,250, 1300,4200) MeV, and B = (170.0
MeV)* is obtained by choosing the bag radius for the nucleon in free space, Ry = 0.8
fm. Calculated bag radii in free space, and the bag parameters are (R4, R+, Ra,)

= (0.806,0.846,0.930) fm, and (2N, 24,2+, za,) = (3.295,3.131,1.766, —0.643), re-
spectively. The parameters associated with the u, d and s quarks are the same
as in the previous studies. 12),18)  The parameters at the hadron level, which are
already fixed by the study of nuclear matter and finite nuclei,’?) are as follows:
g, = 783 MeV, m, = 770 MeV, m, = 418 MeV, €* /47 = 1/137 036, g2 /41 = 3.12,
g%/4r = 5.31 and g2 /4m = 6.93. Concerning the sign of m} in (hyper)nucleus in
Eq. (2:15), it reﬂects nothing but the strength of the attractlve (negative) scalar

i 00 = (my = V20 32" (v + 5720 )| ( et
(
5

(G
i, my = 2 = (20 - 320 )| (08
7 0. — mgvqle) (or
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potential, and thus naive interpretation of the mass for a physical particle, which is
positive, should not be applied.

At the hadronic level, the entire information on the quark dynamics is condensed
into the effective coupling Cn (o) of Eq. (2:8). Furthermore, when Cy (o) =
1, which corresponds to a structureless nucleon or heavy baryon C, the equations
of motion given by Egs. (2:6) - (2-11) can be identified with those derived from
QHD,?®)730) except for the terms arising from the tensor coupling and the non-linear
scalar field interaction introduced beyond naive QHD.

2.2.  Nuclear matter limait

Here, we consider a charmed or a bottom hadron in nuclear matter. In this limit
the meson fields become constant, and we denote the mean-value of the ¢ field as 7.
Furthermore, under this limit, we can also generally consider a hadron, h, embedded
in the nuclear matter in the same way as that for the charmed (bottom) baryon.
(For example, a Lagrangian density for a meson-nuclear system can be also written
in a similar way, if EgMC is replaced by the corresponding meson Lagrangian density

in Eq. (2-3).) The self-consistency condition for the o field, 7, is given by,0)-12)
4 M3 (o)

7= %CN(E)—/dée(kp — k) _,
\/ M2 (o) + k2

m2 (2m)3

where g, = (39dSn(0)), kp is the Fermi momentum, and C () is now the constant
value of Cv in the scalar field. Note that M} (7), in Eq. (2-21), must be calculated
self-consistently by the MIT bag model, through Eqs. (2:12) - (2:17). This self-
consistency equation for & is the same as that in QHD, except that in the latter
model one has Cn(5) = 1.29:%5) Using the mean field value thus obtained, &, the
corresponding quantity for the hadron h in nuclear matter can be also calculated
using Eqgs. (2-12) - (2:17), where the effect of a single hadron on the mean field
value, 7, in nuclear matter can be neglected.

In Figs. 1 and 2 we show the calculated ratios of effective masses versus those
of the free. With increasing density the ratios decrease as usually expected, but
decrease in magnitude is from larger to smaller (except for =): hadrons with only
light quarks, with one strange quark, with one charm quark, and with one bottom
quark. This is because their masses in free space are in the order from light to
heavy. Thus, the net ratios for the decrease in masses (developing of scalar masses)
compared to that of the free masses becomes smaller. This may be regarded as a
measure of the role of light quarks in each hadron system in nuclear matter, in a
sense by how much do they lead to a partial restoration of the chiral symmetry.

We next compare the scalar potentials of hadrons in nuclear matter. The scalar,
Vsh , and vector, Vvh', potentials for the hadrons A, in nuclear matter are given by,

(2:21)

V) =m} —my, (2:22)
V)= (ng —ng)VE+I18VI, (V= 14%V! for K, K,D,D,B,B) (223)

where I is the third component of isospin projection of the hadron h, and n, (ng)
is the number of light quarks (antiquarks) in the hadron h. Thus, the vector po-
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Fig. 1. Effective mass ratios for mesons in nu- Fig. 2. Effective mass ratios for baryons.

clear matter, where, po = 0.15 fm™3.

tential for a heavy baryon containing at least a charm or bottom quark, is equal to
that of the hyperon with the same light quark configuration in QMC. Note that,
in studies of the kaon system, we found that it was phenomenologically necessary
to increase the strength of the vector coupling to the non-strange quarks in the
Kt ie., g%, = 1.4%¢d, to reproduce the empirically extracted K *_nucleus inter-
action.!® This may be related to the fact that kaon is a pseudo-Goldstone boson,
where treatment of the Goldstone bosons in a naive quark model is usually un-
satisfactory. We assume this, g2 — 1.42¢%, also for the D, D2Y B and B to
allow an upper limit situation. Calculated scalar potentials are shown in Fig. 3.

From the results it is confirmed that
0 e ARy o the scalar potential for the hadron A,
V}h, follows a simple light quark number
scaling rule:

VI~ [(ng +ng)VY] /3, (2-24)

m
1]

-100 -

-150 [ T R

[m* - m] (MeV)

>

200t N 1 A where VN is the scalar potential for
the nucleon. It is interesting to notice
that, the baryons with charm and bot-
tom quarks (5. = (gsc)), show very
similar features to those of the corre-
sponding hyperons with strange quarks.
Then, we can naively expect at this
stage that these heavy baryons will also
form charmed (bottom) hypernuclei, as the hyperons with strangeness do. (Recall
that the repulsive, vector potentials are the same for the corresponding hyperons
with the same light quark configurations.)

In addition, B~ meson will also certainly form meson-nuclear bound states,
because B~ meson is ub and feels a strong attractive vector potential in addition to
the attractive Coulomb force. This makes it much easier to be bound in a nucleus
compared to the D° 21 which is ¢z and blind to the Coulomb force. This reminds

-250 F + +

scalar potential

-300 -

—350 C 1. 1 1 1. 1. 1
[4] 1 2 3 1 2 3 1 2 3
Ps/ Po Ps/ Py Pg/ Pq

Fig. 3. Scalar potentials for various hadrons.
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us of a situation for the kaonic (K~ (@s)) atom.?0)27) Such atoms like B~ (b) atoms
will have the meson much closer to the nucleus and will thus probe even smaller
changes in the nuclear density. This will be a complementary information to the
D™ (éd) nuclear bound states, which would provide us details of the vector potential
in a nucleus.?V

§3. Results for AT and A, hypernuclei

Here, we present results for the AT and A, hypernuclei, and compare them with
those for the A hypernuclei studied previously!®) in QMC.

We briefly discuss the spin-orbit force in QMC.'Y  (See Refs. 11) and 18) for
detail.) To include the spin-orbit potential approximately correctly, e.g., for the A},

we add perturbatively the correction, —m (%gﬁjw(ﬁ) -5 to the single-
af

particle energies obtained with the Dirac equation.'® This may correspond to a

correct spin-orbit force which is calculated by the underlying quark model:!1):18)

Aj 7 = 1 d —» Aj_ — PR
VS.O.(T)Z 5= _ZMZ%- (7:»)7, (% [ ;1;" (T) + 9, w(?“)]) L-s, (31)
since the Dirac equation at the hadronic level in usual QHD-type models leads to:
VS (T8 e ([ - o] )15 (32)
. = - —_— —_ ¢ T - 8 .
3.0, 202 (A \dr a2 % !

which has the opposite sign for the vec-

0.25

. +
tor potential, g/¢w(7). The correc- .o
. . . . 0.2 r Ca
tion to the spin-orbit force, which ap- L S — 209 pi,
pears naturally in the QMC model, may % o1t
also be modeled at the hadronic level 008§
. . . o

of the Dirac equation by adding a ten- os b A= (15, “ Ca
sor interaction, motivated by the quark T 015 T T 20 Pb -
model.31)732) % o1f

Here, we should make a comment O'Oz g , : e _
that, as was discussed by Dover and 02~ AL=(sy,)  —— Y. ca-
Gal®®) in detail, one boson exchange S T N\ e S P
model with underlying (approximate) % oo |
SU(3) symmetry in strong interaction, °4 > " p s o
also leads to the weaker spin-orbit r (fm)
forces for the (strange) hyperon-nucleon Fig. 4. Total baryon density distributions in
(Y N) than that for the nucleon-nucleon $'Ca and %Pb (j = A, AT, Ay), for 1sy
(NN). state for the A, A} and A,.

However, in practice, because of its
heavy mass (M;;j), contribution to the single-particle energies from the spin-orbit

potential, with or without including the correction term, turned out to be even
smaller than that for the A hypernuclei, and further smaller for the A, hypernuclei.?)
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First, we show in Fig. 4 the total baryon density distributions in 'Ca and 29Pb
(j = A, Af, Ay), for 1sy/o state in each hypernucleus. Note that because of the
self-consistency, the total baryon density distributions are dependent on the state of
the embedded particles. The total baryon density distributions obtained are quite
similar for the A, A7 and A, hypernuclei multiplet with the same baryon numbers,
A, since the effect of A, A7 and Ay is = 1/A.

150 . L TR 150 [ i " T " T .
s L A= (1s,,) E\
2 100 [T scalar = 100 scalar
_‘cE» ’ N\ T vector ‘gn Vectz?r
& 50 N\ —-—- Pauli g so ¢ - Pauli
& .,
o LT e s o
= Ay = (18,;) % Ap = (18,,)
2 100 [ scalar = 1o scalar -
£ [ N — vector ‘~§, """""""""" N\ vector |
& 50 F .\ —-—- Pauli J 8 50 r SN — - Pauli
0 i S~ 0 Eomir T i e
A= (18,,) scalar
N A= (18,,) % ............... vector
=2 100 b e scalar = w0 _ . pauli
£ (S N O —— vector 1 £ =N i - Coulomb
& 50 - Pauli Z & s0 [ ]
&5 i - Coulomb @» N
L e e e o CoToroToT oo ESEITICCCC
(0] 2 4 6 8 (0] 2 4 6 8 10 12
r (fm) r (fm)
Fig. 5. Potential strengths for 1s;,, state for Fig. 6. Potential strengths for 1s,,, state for
the A, A7 and A; in ﬁlCa (5= A, AL, Ap). the A, AT and A, in gnng (j = A AL A).
Next, in Figs. 5 and 6, we show
002 |+ the scalar and vector potential strengths
~oots | A=0300) 20g‘“:1b for the A, A} and A, for 1sy /o state in
% 0.01 ) ?1Ca and ?Ong (j = A, AT, A4p), and the
0008 | 1 corresponding probability density distri-
O - T butions in Fig. 7. In Figs. 5 and 6,
0.015 Ao = (1542) e “Pauli” stands for the effective, repul-
= R N PP . . . .
£ o001 - > sive potential representing the Pauli
= o.00s | blocking at the quark level, plus the
o Y pN-Acp N channel coupling, intro-
0.015 |- Aea- duced at the hadronic level phenomeno-
S ¢ « Pb .
E oot ° logically.'® For the A, the Coulomb
= o.00s potentials are also shown. The scalar
o . and vector potentials for these particles
r (fm) in hypernuclei multiplet with the same
Fig. 7. A,A¥ and A, probability (baryon) baryon numbers are quite snnﬂgr. rl?hué,
density distributions for 1s; /, state in 1Ca as far as the total baryon density distri-
and 2°°Pb (j = A, AF, A). butions and the scalar and vector poten-

tials are concerned, A, A} and A, hyper-
nuclei show quite similar features within the multiplet.
However, as shown in Fig. 7, the wave functions obtained for 1s;/, state are very
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Table I. Single-particle energies (in MeV) for }70, ?1Ca and ?gCa (j = A, AT, Ay). Results for
the hypernuclei are taken from Ref. 18). Spin-orbit splittings for A hypernuclei are not well
determined by the experiments.

A0 4O L0 O] ¥Ca  YCa (LCa §CalFCa %Ca §Ca
(Exp.*¥) ) (Exp.*V)

lsijp| —125 —141 —12.8 —19.6] —20.0 —19.5 —12.8 —23.0{—-21.0 —14.3 —24.4
lpsj2| =25 =51 =73 —165| —12.0 —123 -9.2 -20.9(-13.9 —10.6 —22.2
1pij2| (Ipsj2) =50 =73 —16.5| (Ips2) —123 —9.1 —20.9(-13.8 —10.6 —22.2
1ds 2 47 -48 -184| —65 —6.5 —19.5
2812 -3.5 —-34 -174| —-54 -53 -—18.8
lds /2 —-46 —-48 -184| —64 -64 —195
Lf7/2 — —20 -16.8

Table II.  Single-particle energies (in MeV) for 9'Zr and 3%*Pb (j = A, AT, Ay).

YYD aZe ShZr o GZr | FFPb o 3PPb ZEPb 3PPb
(Exp.*®) (Exp.>®))

1512 —22.5 -239 —-10.8 —-25.7 —27.0 -27.0 -52 —274
1p3 /2 —16.0 —184 —87 —24.2 —22.0 —234 —41 —26.6
1p1 /2 (1psj2) —184 =87 =242 | (lps2) —234 —4.0 —26.6
1ds /o -9.0 -123 —-58 —224 —17.0 -19.1 -24 —-254
2812 — -10.8 -39 -21.6 — ~17.6 — —24.7
1ds /2 (1ds;2) —123  —58 —224 | (lds;2) —19.1 —24 —254
Lf7/2 —2.0 -59 —24 -204 | -120 -144 — =241
2p3/2 — —4.2 — -19.5 — -124 - —23.2
1fs/2 (1f7/2) -58 =24 =204 | (1f72) —143  — —24.1
2p1/2 —4.1 — —19.5 — -124  — —23.2
1992 — — —18.1 —7.0 -9.3 — -22.6
1.97/2 (199/2) —-9.2 — —22.6
1hy1)2 —-3.9 —— =21.0
2ds /2 —-7.0 — —21.7
2d3/9 -7.0 — -21.7
lhg /s -3.8 — -21.0
38172 —6.1 — —21.3
2f7/2 —1.7 — —20.1
3p3,2 -1.0 — —19.6
2fs2 -1.7 — -20.1
3p1/2 —-1.0 — —19.6
li13/2 — — -19.3

different. The A} probability density distribution in i%ng is much more pushed

away from the center than that for the A in 2°*Pb due to the Coulomb force. On the
contrary, the A, probability density distributions in A, hypernuclei are much larger
near the origin than those for the A in the corresponding A hypernuclei due to its
heavy mass.

Finally, we show the calculated single-particle energies in Tables I and IT. Results
for the A hypernuclei are from Ref. 18). Recall that since the mass difference for A}
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and Y., and probably for A, and X}, are larger than that for A and X', we expect the
effect of the channel coupling for the charmed and bottom hypernuclei to be smaller
than those for the strange hypernuclei, although the same parameters are used. In
addition, we searched for the single-particle states up to the same highest state as
that of the core neutrons in each hypernucleus, since the deeper levels are usually
easier to observe in experiment.

First, it is clear that the Al single-particle energy levels are higher than the
corresponding levels for the A and A,. This is because of the Coulomb force. This
feature becomes stronger as the proton number increases.

Second, the level spacing for the A, single-particle energies is much smaller than
that for the A and A}, This is due to the heavy mass of A, (or M}). In the Dirac
equation for the Ay, the mass term dominates more than the term proportional to
Dirac’s k, which classifies the states, or single-particle wave functions. (See Refs. 12)
and 18) for detail.) This small level spacing would make it very difficult to distinguish
the states in experiment, or to achieve such high resolution. On the other hand, this
may imply also many new phenomena. It will have a large probability to trap a
A, among one of those many states, especially in heavy nucleus. What are the
consequences? May be the A, weak decay happens inside a heavy nucleus with a
very low probability? Does it emit many photons when the A, gradually makes
transitions from a deeper state to a shallower state? All these questions raise a flood
of speculations.

Finally, it should be emphasized that we have used the values for the coupling
constants of o (or o-field dependent strength), w and p to A, Af and A, to be
determined automatically based on the underlying quark model, as for the nucleon
and other baryons. (Recall that the values for the vector w fields to any baryons
can be obtained by the number of light quarks in a baryon, but those for the o
are different as shown in Egs. (2:12) - (2:17).) Phenomenology would determine
ultimately if the coupling constants (strengths) determined by the underlying quark
model actually work for A7 and A, or not. Although implications of the present
results can be speculated a great deal, we would like to emphasize that, what we
showed is that the A} and A, hypernuclei would exist in realistic experimental
conditions. Experiments at facilities like JHF would provide further inputs to gain
a better understanding of the interaction of A7 and A, with the nuclear matter.
Additional studies are needed to investigate the semi-leptonic weak decay of A} and
Ap. The role of Pauli blocking and density in influencing the decay rates as compared
to those for the free hyperons would be highly useful. Will the high density lead
to a slower decay and that a higher probability to survive its passage through the
material ? At present the study of the presence of A7 and A in finite nuclei is in its
infancy. Careful investigations, both theoretical and experimental, would lead to a
much better understanding of the role of heavy quarks in finite nuclei, and the role
of partial restoration of chiral symmetry in nuclear medium.
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