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Relativistic Mean-field Approach for A, = and ¥ Hypernuclei
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Abstract: Single A, =, and ¥ hypernuclei are systematically studied within the framework of relativistic
mean-field (RMF) model with YN interactions being constrained according to the experimental data and
previous theoretical efforts. By adding a hyperon to '°0, the mean-field potentials and single-particle
levels for hyperons (A, 2%~ and Z+’O’_) are compared and the impurity effects on the nuclear core are
examined. In general, the A and X° hyperons show similar behaviors in bulk properties since both of them
are electroneutral and with similar coupling constants; Z° hyperon owns the shallowest mean-field potential
well; and Coulomb interactions play vital roles in the charged 2=, X7, and 1 hyperons. As an impurity,
the intruded single-hyperon makes the nuclear system more bound in most cases due to the attractive NY
interaction. However, very different effects on the nucleon radii are observed for different hyperons. Besides,
the effects of the wYY tensor couplings on the spin-orbit splitting are discussed, and remarkable influences

are found which even change the level ordering of = hyperon.
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1 Introduction

Since the first A hypernucleus was.discovered in
1953[1], the study of hypernuclei has attracted world-
wide interests on both experimental observations'>
and theoretical calculations'. An important goal in
hypernuclear physics is to- extract information on
baryon-baryon interaction, which is crucial to under-

stand the hypenuclear structure!® ® and neutron star
properties[ﬁg] .
Experimentally, many large facilities such as

CERN, BNL, JLab, KEK, J-PARC, and MAMI, have
been producing a lot of hypernuclei data to investi-
gate the strangeness nuclear physics[%g]. So far, the
single-A hypernuclei are most extensively studied and
more than 30 events ranging from 3H to 2°*Pb have
been obtained in laboratories?. However, almost no
bound X-hypernuclear systems are observed except
for $He, which was produced in the (Kstop, ™) Te-
action at KEK'?. For the S=—2 hypernuclei, the
experimental data are also very limited. Until now,
three double-A hypernuclei ?\AHe[H], }&Be[m, and
/I&Be[l‘g] have been identified and the observed posi-
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tive AA bond energies ABxp = Bapa — 2Ba suggest
slightly attractive AA interaction. Meanwhile, there
are only several observed data on the = hypernuclei
in the £2Be ('B+27)1, BB (2C+27)'% and
B¢ (14N+Ef)[16] systems. Especially, the Kiso event
with the process of 27+ N—1°Be+3 He provided the
first clear evidence of a deeply bound state of the =~ -
14N system by an attractive =N interaction!'®.
Theoretically, great efforts have been made with
various models to study the hypernuclei as a many-
body system. As impurities, the hyperons may in-
duce many effects on the nuclear core, such as the

shrinkage eﬂ:"ect[”*lg}, deformation! 2!

[21]

, halo structures!>”
[24-27)

, modifica-
tion of cluster structure

, shift of neutron drip
line!??

and spin and pseudospin
symmetries . Many approaches such as the clus-
ter modell'” 28], the shell model[29730], the anti-

[31] , the mean-field
(8]

symmetrized molecular dynamics

[19-20, 32-35]
approaches , quark mean-field model
and ab initio methods™®® have contributed a lot on the
investigations of the structure of hypernuclei and ob-
tained great successes. Among these theoretical meth-

ods, the mean-field approaches can be globally applied
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from light to heavy hypernuclei, like Skyrme-Hartree- they read,
Fock (SHF)[IQ] and the relativistic mean-field (RMF)
mOdelS[QO’ 32*35]. 0, ) for A,
During the past decades, the RMF model was Loy =4¢ —Y=gpo="'T=-p, Y=, forE, (3)
very él[ggggsg]sful on describing the properties .Of ordinary s, Gos VT p s, for X,
nuclei . In 1977, Brockmann and Weise first ap-
plied this approach to hypernuclei with the strangeness and
degree of freedom®?. At that time, it had been al-
ready observed experimentally that the spin-orbit split- 0, for A,
. . - _ Toa—1
jmngs in hypernuc.l[ilo?re s1gn1ﬁca.nt.ly §maller than. thqse Lay=1{ —dzer” T=,3 4 Aups, for E, (4)
in ordinary nuclei' . The relativistic approach is suit- 2

able for a discussion of spin-orbit splittings, which is
naturally emerged within the relativistic framework.
As a result, the RMF model has been applied to de-
scribe single- and multi-A systems, including the single-
particle (s.p.) spectra of A-hypernuclei and the spin-
orbit splittings, and extended beyond the A hyperon
to other strangeness baryons.

In this work, we aim to investigate the proper-
ties of single-A, =, and ¥ hypernuclei systematically
within the framework of RMF model. Proper YN in-
teractions will be adopted. Similar investigations for
single-hyperon hypernuclei by RMF model can be seen
in Refs. [33, 35]. The paper is organized as follows. In
Sec. 2, we present the RMF model for the single-A,
3., and = hypernuclei. After the numerical details in
Sec. 3, we present the results and discussions in Sec. 4.
Finally, a summary is drawn in Sec. 5.

2 Theoretical framework

The Lagrangian density of the meson-exchange
RMF model for hypernuclei is

L=LN+ Ly, (1)
where Ly is for the nucleonsm*gs], and Lv is the con-
tribution from the hyperons. For the electroneutral A
hyperon with isospin 0, only the couplings with o and
w mesons are included; and for the = and X hyperons,
the couplings with o, w, and p mesons and photon are
included. The Lagrangian density Ly reads®® 35],

Ly =Yy [W“au — My —goy 0—guy Y w,—

fw v
ﬁa” aywu}lby + Loy + LAy, (2)

where My are the hyperon masses, gov, gwy, and goy
are the coupling constants with the o, w, and p mesons,
respectively, and the term proportional to 2f ]\”J‘; repre-
sents the tensor coupling with the w field. The two
terms Loy and Lay describe the couplings with the
p meson and Coulomb field, which should be included

for the = and X hypernuclei. For a particular hyperon,

—Pseytrs 3 Ay, for %,

where p+ is the isospin vector with the third compo-

nent Ty s,
0, Y =A,
TY,3 = +1, —1, Y:Eov =, (5)
+1,0, =1, Y=%t, x° =~

For a system with time-reversal symmetry, the
space-like components of the vector fields vanish, leav-
ing only the time components wg, pg, and Ag. Fur-
thermore, one can assume that the hyperon s.p. states
do not mix isospin, i.e., the s.p. states are eigenstates
of 7y 3, and therefore only the third component of the
po meson field, pg 3, survives.

With the mean-field and no-sea approximations,
the s.p. Dirac equations for baryons and the Klein-
Gordon equations for mesons and photon can be ob-
tained by the variational procedure. In the spherical
case, the Dirac spinor can be expanded as

1 ( iGni(r)

1/)(7'):; Faw(r) o7

) Yin(6,6).  (6)
where Gk (r)/r and Fi . (r)/r are the radial wave func-
tions for the upper and lower components with n and n
numbers of radial nodes, lem (6,¢) is the spinor spher-
ical harmonics, quantum number x is defined by the
angular momenta (1,5) as k= (—1)?TH1/2(j+1/2).
The Dirac equation for the radial wave functions

of the hyperon is
G
F )

(7)
where ¢ is the s.p. energy. For a particular hyperon,
the scalar potential S, vector potential V, and wYY
tensor potential T' are

Vs d &

SRR o
d dr+r+ <G>:€
S4Eir vos—oMmy |\ F
dr r

S=gsyo, for A, Z or X, (8a)
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JwAWo, for A, For the scalar coupling constants, the AN interac-
V= _ . Tz3—1 A for = tion is taken as in Ref. [26], which is fixed by reproduc-
wEWo +9p=7s,300,3 + € 2 0, 0T = ing the experimental single-A binding energy Bj(\ls) of
JwxWo + 9,575 3P0,3 + €75 3 A0, for ¥, the 1s orbit in hypernucleus 2°Ca. With this AN pa-
(8b) rameter, the single-A spectra for hypernuclei from }*C
and to 2°®Pb can be well described. The =N interaction
T = —Qfﬁyarwo, for A, = or X. (8¢c) is taken as in Ref. [42], which is determined by fit-

Y

With the radial wave functions, densities in the
RMF model for the hyperons can be expressed as

Ay
1
Py (= > [IGXMP IR @P], (%)
k=1
1 Ay
pov() =1 > [IGEOP+IF (P, (9b)
k=1
_ | A
) =5 Y 2 OR )] n. (9)
2|
1 Ay
poax (1) = >_ [IGX ()P +IF )P | 7,35 (99)
k=1
and Az
1 = = =, —1 —_
o 2 [[GEOPHIFE P BL =, for 5
pev(r) = o
Lo e 2 o (o (o 2
Wz;[m (P + )] s, fors,
(9e)

where n is the angular unit vector. The hyperon num-
ber Ay is determined by the baryon' density p,y(r)
as

Ay = J47T7“2d7“PuY (r). (10)

The coupled Egs. (7)~(9) in the RMF model are
solved by iteration in the coordinate space.

3 Numerical details

In this work, the single-A, ¥, and = hypernu-
clei are studied by the RMF model. For the NN in-
lis adopted,
which can provide excellent descriptions not only for

teraction, the effective interaction PK14!

nuclear matter but also for finite nuclei both in and far
from the valley of 8 stability. For the YN interaction,
the sets of coupling constants aey = gov/gon, Cwy =

Jov/9oNs Qpy = ng/gpNa and ary = fovy/gey are
listed in Table 1.

Table 1 Coupling constants agy = gov/Gon, Yoy =

ng/ng7 Aoy = ng/gpN7 and ary = wa/ng m
the YN interactions.

Asy Ay Yy Ay
A 0.618 0.667 0.0 0.0 —0.122 —0.541 —1.0
= 0.313 0.333 1.0 0.0 —0.4 —1.89 —2.27
by 0.619 0.667 1.0 0.0 0.76 1.0 1.417

ting the observed =~ removal energy in the Kiso event
related to the hypernucleus £°C (**N+Z7). For the
YN interaction, due to the insufficient experimental
information, the coupling constants between X hyper-
ons and mesons still have a lot of ambiguities. In Ref.
[43], to study the neutron star maximum masses, the
YN interaction is taken to be repulsive and the cou-
pling constants are determined by fitting the empirical
hyperon-nucleon potentials UéN) =0,430 MeV at nu-
clear saturation density. However, by comparing the
binding energy of ¥ hyperon By = 3.2+ MeVI o
=4.440.3 (stat) £ 1(syst) MeVH*¥ in &He with that
for A hyperon By = 2.39+0.03 MeV in jl\He[S], the
3. hyperons are-more bound. Thus, we take the XN
interaction as in-Ref. [33], where gox is obtained by
the estimated ¥ potential UéN) = —20~ —30 MeV in
nuclear matter.

In these YN interactions, the vector coupling con-
stants g,y are taken according to the naive quark
model[45], namely,

2
gwA:gwE:zgwE:gngv (11)

and the tensor coupling constants apy are adopted
as aTA:—l.O[%], aTE=—0.4[46], and aTZ:1.0[45],
respectively. Several other values of apvy, t.e.,
appa=-—0.122,-0.541, az=-—1.89,—-2.27, and arsx =
0.76,1.417[33] are also taken to investigate the wYY
tensor coupling effects on the s.p. levels.

The equations in RMF model are solved in the co-
ordinate space with a box size of R =20 fm and a step
size of 0.1 fm.

4 Results and discussion

In Fig. 1, the hyperon mean-field potentials V+.5
and the corresponding s.p. levels in the hypernuclei
160+Y are presented, where Y=A, 2%, and T~
For comparison, we first set the wY'Y tensor coupling
Obvious dif-
ferences in the potential depths are obtained except

constant apy = 0 for all hypernuclei.

for the A and X° hyperons, with very similar mean-
This is be-
cause that both the A and X° hyperons couple only

field potentials indicated by solid lines.

with ¢ and w mesons and have very close coupling
strengths as shown in Table 1. Moreover, in panel (a),
the potential depth of the A hyperon is about twice
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of the Z° hyperon, which yields fewer bound states in
the Z° spectra. This is mainly due to the weaker o-
2% and w-Z° couplings, which are around half of o-A
and w-A couplings. However, the Z~ hyperon is more
deeply bound than the Z° hyperon, which is caused by
the attractive Coulomb potential of Z~ hyperons. In
panel (b), the results of ¥ hyperons are presented. The
effect of Coulomb interaction is very distinct. From
¥~ to ¥ hypernuclei, the s.p. states become almost
11 MeV less bound, and the Coulomb barrier around
2 MeV near the nuclear surface of the 31 can be seen
clearly.

Energy/MeV

r/fm
(color online) Mean-field potentials V4 S and
s.p. levels for the hyperons in the hypernuclei
104+Y. In panel (a), Y= A and =%~ and in
panel (b), Y=2T%" qqpy=0.

Fig. 1

To understand’ the differences in the mean-field
potentials for hyperons, in Fig. 2, we show the various
contributions. In Fig. 2(a), for the A hyperon, only o

and w mesons contribute to the total potential. In Fig.
2(b) and (c), for the 2~ and ¥~ hyperons, besides the
o and w mesons, the p meson and photons also con-
tribute to the total potentials. However, in the RMF
calculations of the single Z or ¥ hypernuclei '°0+Y
with a pure isospin-zero nuclear core, the entire p field
is generated by the hyperon self-interaction, which is
considered as “spurious” and should be removed. In
the following, as in Ref. [33], we isolate the Y-p self-
interaction in = and ¥ hypernuclei by switching off the
p coupling to the nucleons, while the Y-p interaction is
left unchanged. By comparing the results with those
for g,n = gpy =0, we obtain the spurious contribution
of the hyperon self-interaction, which we then subtract
from the results of the full calculation.

In Fig. 2, the contributions from Vs are very
close for the A and ¥~ hyperons, but much larger than
that for the =~ hyperon, due to the smaller o-= and
w-Z2 couplings. Meanwhile, the potential Vs, leads
to the main difference of V;,; between the Z~ and X
hyperons. The contributions from Coulomb potential
Veou are quite similar for these negative charged hy-
perons. For the contributions from p meson, the spu-
rious potential Vp(s) is repulsive and around 4.2 MeV
and 5.6 MeV in the central part for the 2~ and X~
hyperon, respectively. However, the potential V,, con-
tributed by the p meson is much reduced after sub-
tracting Vp(s) and becomes slightly attractive. Poten-
tials V, are attractive for the =~ and X~ hyperons
with 7y 3 = —1 while repulsive for the =0 and T hy-
perons with 7y 5 =+1. Although the magnitude of V,,
is much smaller than that of Vp(s), it is not negligible
and represents the effect of p meson in the hypernuclei

10 L) L} l L} L} I L] L) L) L) I

Potential/MeV

Fig. 2

r/fm

(color online) Comparison of the total mean-field potential Vo, = Voiw + V, + Veou (solid curves) and various

distributions (dashed curves) from the o, w, and p mesons, and photons for the Y=A (a), 2~ (b) and X~
(c) hyperons in the hypernuclei '°0O+Y. Spurious potentials Vp(s) corresponding to hyperon self-coupling

interactions are also presented for =™

and ¥~ hypernuclei. ary =0.
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(33]

Since hyperons do not suffer from the nucleon’s

with an isospin saturated nuclear core

Pauli exclusion principle, there will be a series of re-
sponses for the nuclear core if any hyperons pene-
trate into the nuclear interior as an impurity. In Ta-
ble 2, to study the hyperon impurity effects, various
energies and radii are listed for the ordinary nucleus
160 and the single-hyperon hypernuclei ;O (*0+A),
=0 (1°0+2%), £'N (YO +E7), {LF (P0+3%),
20 (*°04xY), and &N (Y0 +%7). By compar-
ing the total binding energies Eioy between 60 and
single-hyperon hypernuclei, it can be easily seen that

the added hyperon makes the nuclear systems much
more bound due to the attractive NY interactions, es-
pecially in the hypernuclei ;' O, 12700, and 127,N. The en-
ergy differences mainly come from the single-hyperon
energies e1s, which are larger for the A, 3°, and £~
hyperons. The c.m. correction E. . in different hyper-
nuclei are very close, and their slight differences may
be due to the hyperon mass difference. Removing e1s
and FE.m. from the total binding energy, the energy
contributed by the nuclear core can be described, 1i.e.,
Fecore = Fiot —5}(5 — Fc¢.m., which are found very close
with the difference less than 0.65 MeV.

Table 2 Energies (in MeV) and radii (in fm) for the single hyperon hypernuclei '**O+Y with Y=A, 2%~ and £+~
and ordinary nucleus '®O by the RMF model. Energies listed are, respectively, the total binding energy Fiot, the
hyperon s.p. energy of 1sy /o orbit £1s, energy contributed by the nuclear core Feore, and the c.m. correction Fe p,..
Detailed contributions for the hyperon energy from the o, w, and p mesons and Coulomb force are presented as
well, i.e., Eoy = ‘f4nr2drgoypsy6, Eoy = _f47rr2dr[gwy Py Wo + £2Y.9, 395 wo), Epy = J‘4m’2d7’gpypgyp0,3, and

2my

EY, = _f 4rr?drepey Ag. Radii listed are, respectively, the mass radius Riot, hyperon radius Ry, neutron radius

R, and proton radius R, calculated by R= drr4p,(r)/ | drr2p,(r) with the particle vector density p,(r) and
P

charge radius R. calculated by R. = \/Rf, +0.8642 4 0.3362 x % app =—1, apg =-04, and apy, =1.

0 7o 7o TN oF 0 N
Erot —128.101 —140.345 ~132.911 —136.955 —137.411 —142.646 —146.499
ey, —~12.673 —5.182 —9.191 —9.165 —14.946 —18.511

Eeore —117.281 ~117.138 —117.426 ~117.367 -117.785 —117.148 —117.396

Eem. ~10.820 —10.533 —10.303 —10.397 —10.461 ~10.552 ~10.592
Eoy —82.771 ~35.862 —39.963 —83.399 —90.364 —91.534
Euwy 73.000 30.929 34.623 73.346 78.845 80.929
Epy 0 0.201 ~0.120 0.335 0 —0.222
EY 0 0 -1.910 2.467 0 ~1.992
Ryot 2.563 2.557 2.580 2.560 2.561 2.553 2.541
Ry 2.496 2.845 2.594 2.487 2.318 2.286
Rn 2.549 2.547 2.523 2.547 2.518 2.546 2.552
Ry 2.577 2.575 2.602 2.569 2.612 2.572 2.561
Re 2.698 2.696 2.722 2.690 2.732 2.695 2.683

To see the detailed energy contributions for the
single-hyperon energy e1s, the energies contributed by
the 0, w, p mesons and Coulomb field are analyzed.
The energy contributions from o and w mesons are
around —5 MeV ~ —12 MeV while that from p me-
son is much smaller and less than 0.35 MeV. And the
Coulomb field contributes remarkable energy around
+2 MeV.

Besides, comparing the mass radii R0t for nucleus
160 and hypernuclei '*°0+Y, we find that the hyperon
makes the size of the nuclear system smaller in most
of the hypernuclear systems, which is in accordance
with the conclusion of the larger binding energy Fiot.
The larger mass radius in 1,0 than 160 is mainly due
to the very weakly bound single-Z° state, leading to
large hyperon radius Rzo = 2.845 fm. By comparing
Ry, very different impurity effects from the hyperons

on the neutron radii are shown, i.e., Z° and X1 hy-
perons decrease Ry, X~ hyperons increase Ry, and A,
% and Z~ hyperons have no influences on R,. The
isospin effect related to the couplings with p meson
is one reason for those differences. For the hyperons
=% and 21 with Ty,3 = +1, they make the neutron
total mean-field potential deeper, and for the hyper-
~ and X7 with 7y 3 = —1, they make the total
potential becomes shallower. However, the potentials
contributed by p mesons are very small after remov-
ing the spurious potential Vp(s). Sometimes, such as
in 157_ N, the total neutron mean-field potential still be-
comes deeper. Unlike the case of Ry, for the proton
radius Rp and charge radius R, the Coulomb inter-
action is important, e.g., the positively charged T
increases R, and R. while the negatively charged hy-

perons = and X~ make them smaller. Besides, the

ons =
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electroneutral Z° hyperon increases Ry and R. slightly
due to the same sign of 75 as protons, which leads to
a shallower mean-field potential for protons.

In Fig. 3, we study the effects of the wYY ten-
sor coupling on the hyperon s.p. level and obvious
changes in the spin-orbit splittings are found with var-
ious wYY tensor couplings constants ary. For exam-
ples, in panel (a), the wYY coupling reduces the spin-
orbit splitting for A hyperon obviously; in panels (c),
the energy level orders for Z~ hyperons change with ex-
tremely large negative a,z < —1.89; and in panels (d),
and (f), the wYY tensor coupling increases the spin-
orbit splitting for the ¥ hyperon, which is different
from the cases of A and = hyperons. The different ef-
fects of WYY tensor couplings on the splittings of A,=
and ¥ can be understood by recasting the Dirac Eq. (7)

into a Schrodinger-like equivalent form which we can
describe the spin-orbit splitting potential as?™ 33!

1
Meff

Mo =My —%(V—S),

Y
Vso=-—

where the wYY tensor potential T'= —;‘A}‘; Juwy Orwo.

For the A and = hyperons, due to the negative values
of apv, the wYY tensor potential T will decrease the
spin-orbit splitting potential VS% and lead to smaller
spin-orbit splittings. However, for the ¥ hyperon, due
the positive values of apv, the tensor potential T will
increase potential Vg and lead to larger spin-orbit
splittings.

5
i @ | ® | © |
= . . -
p,, 1p,, 1Py,
| T— e— - —_——e I Bl
- 1p ]Pm 1P],2
Sk . 7, N -
15,
-10 = - - - ls,, =
o — - -
e — ls,, 150+Y
15 S 3} — -
20 A - = - - -
2 =25
s 0.0 -0.122  -0.541 -1.0 0.0 -0.4 -1.89 -2.27 0.0 -0.4 -1.89 -2.27
5
(d) (e) ®
ok —— —— -
[— 1P, T vy, T 251, 4
SlE— -1 4 -
L 1p,, 1 4 1P,
-10 = -t —_— T — lp,, =
13]'2 )
-15 = -_— = - -
| Is,, 1 1 i
20 = -4 - 1. -
ZO Z+ z_ 1S|-‘2
-25
0.0 0.76 1.0 1.417 0.0 0.76 1.0 1.417 0.0 0.76 1.0 1.417
Oy

Fig. 3 Positions of the hyperon s.p. levels with different wYY tensor coupling constants ary in *°0+Y. The values

of ary are taken as in Table 2. a,y =0.
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5 Summary

Within the framework of RMF model, the single-
hyperon (Y=A, %7, and ¥7°%") hypernuclei are
studied systematically. The YN interactions are con-
strained according to the experimental data or previ-
ous theoretical efforts.

Firstly, adding hyperon Y=A, 2%, %%~ to nu-
clear core 160, the mean-field potentials and single-
hyperon levels for different hyperons are investigated.
We found that A and X0 hyperons have very similar
mean-field potentials, the Z° is the most weakly bound,
and Coulomb field plays important roles in the =27, X7,
and X7 hyperons. Besides, the contributions of p me-
son are found very small and they are attractive in
2~ and X~ hypernuclei while repulsive in Z° and X°
hypernuclei.

Secondly, the impurity effects from the single-
It is
found that the intruded single-hyperon makes the nu-

hyperon on the nuclear core are also studied.

clear system more bound in most cases due to the at-
tractive NY interaction. However, very different effects
on the nucleon radii are observed for different hyperons.
For the neutron radius, Z° and ©T hyperons decrease
Ry, X7 hyperons increase Ry, and A, »0 and B~ hy-
perons have almost no influences. Unlike the case of
R, the Coulomb interaction is important for the pro-
ton radius R, and charge radius R.. The positively
charged ©T increase R, and R. while the negatively
charged hyperon =~ and X~ decrease them.

Finally, the wYY tensor couplings and the ef-
fects on the single-hyperon levels are studied. In gen-
eral, the wYY tensor couplings influence the spin-orbit
splittings obviously but having different effects for dif-
ferent hyperons. For the A and Z%~ hyperons, the
wYY tensor potentials reduce the spin-orbit splittings,
while for the ¥~ hyperons they are increased. Es-
pecially, for the 2%~ hyperons, the level ordering is
inverted by large wYY tensor potential.
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BT FHAREREAR.
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