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Effect of different baryon impurities
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We demonstrate the different effects of different baryon impurities on the static properties of nuclei within
the framework of the relativistic mean-field model. Systematic calculations show fretd Ay, have the same
attracting role as thé hyperon does in lighter hypernuclé&.™ and ES hyperons have the attracting role only
for the proton distribution and have a repulsive role for the neutron distribution. On the coffaand =H
hyperons attract surrounding neutrons and reveal a repulsive force to the protons. We find that the different
effects of different baryon impurities on the nuclear core are due to the different third components of their
isospin.
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[. INTRODUCTION E¢. By analogy withX, hyperons, here we do not considgr
S, 38, 39 hypernuclei. A different effect of different

The change of bulk properties of nuclei under the presbaryons impuritiegA, E-, E°, A%, Ay, 22, or EY) on the
ence of strange impurities, like the lambda hypetdn, is  nuclear core is revealed in the present work.
an interesting subject in hypernuclear physics. Sinc& a
does not suffer from Pauli blocking ih hypernuclei, it can
locate at the center of a nucleus; thdnattracts surrounding
nucleons(A has the additional attraction provided by a  To accomplish these, the relativistic mean-field model is
stronger net-attraction-induced attracjioand makes the used. The RMF model has been used to describe nuclear
nucleus shrinf1,2]. Recently, the experiment KEK-PS E419 matter, finite nuclei, and hypernuclei successfully. Here, we
has found clear evidence for this shrinkage of {hehyper-  start from a Lagrangian density of the form
nucleus[1,2].

In-medium hyperon interactions have been studied non- L=Loiract Lot Lot L+ La, (1)
relativistically and relativistically by several groups—e.g., yith
Hjorth-Jensen and co-workef3], Keil et al. [4], Vretenaret
al. [5], Schaffner and co-workel$,23], and Mare$ and co-
workers[7]. Different from their works, our work focuses on
the effect of different baryon impurities on the nuclei. In the
present work, first we will study whether we can obtain thisz, = =g, o¢*o ~ —mzaz INYNOVN — Gy Uy oWy - ‘bU
shrinkage of A hypernuclei within relativistic mean-field 2"

(RMF) model. After that, it is natural to think whether other 1

baryons have the attracting role Asloes. In order to obtain - —ca?,
a more profound understanding of the effect of strange im-
purities on the nuclear core, it is necessary to consider other
impurities, such a& andZ= or even heavy-flavored baryons. o= }F CEMV 4 }mzw wt
However, a new experiment at KEK8] shows that a mr 2°°
strongly repulsiveX-nucleus potential is required to repro- —

duce the observed spectrum. So we have reason to believe = JoyVyy, 0¥y,
that theX hyperon does not have any attracting role and

cannot make the nucleus shrink. Next in mass=Zrend =° _ vy 1mz
hyperons. Experimental evidence suggested that the binding £»= _ZGW G+ SMpup
energy of aE hyperon in nuclear matter is negatiy8]. _

Therefore we will consideE hypernuclei in this work. In — g Wyyuot - 1Py,
the mid 1970s and 1980s, theoretical estimatiphd-19

predicted a rich spectrum and a wide range of atomic num- 1
bers for charmed and bottom nuclei. Now that heavy- CA——4 uv’
flavored hadrons can be studied at both the Japan Hadron

Facility (JHP) [16] and GSI future accelerat¢i7], the ex- (2
perimental search for charmed nuclei is becoming reallstlg:N

and would be realized. Therefore, we also |nvest|gate the

heavy-flavored baryons impurities, such/8§ Ay, = HC, and Fuo=d0,-d,0,

Il. RMF MODEL

Lpirac = Wi Y4d, —my Wy + Wi Y4, —my) Wy,

= guNYnNY 0" Py

=g NNyt 1Py

HA — eW Ny, AT — eVyy, avA Py,
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TABLE |. The coupling constants used in the calculations. The m’;\l Jor gZN Jur
parametrizatiofNL-SH) of the nucleonic sector adopted from Ref. ~ Uj = 0oz 09+ g a5 =my| — —1|=5= + =5 pp=—,
[19], wherem, =526.059 MeV,m, =783 MeV, andm,=763 MeV. My Oon M, GuN
The vector coupling constants for the hyperons are taken from the (4)
native quark-counting model. The scalar coupling constants for the
hyperons are fixed to the potential depth of the corresponding hywhere % and woq are the values ofr and w, fields at satu-

peron in normal nuclear mattet),=U,+=U, =-30 MeV, Uz ration, andmN/mN 0.597 andpy=0.146 fm® for the set
=Uz =-16 MeV. NL-SH. Hence, for simplicity, similar to Ref{24], in an
approximation where the, p fields couple only to the and

do8 JuB 98 b (fm™) c d quarks, provided the strange, beauty, and charm quarks in

the baryons act as spectators when coupling to the vector

N 10.444 12945  4.383 —6.9099 ~15.8337 mesons, the coupling constants of hyperons to the vector
A 6.4686 8.63 0 0 0 fields in the native quark-counting model are obtained as
=] 3.2619 4.315 4.383 0 0
1
Qw=-=00=0" gwEg = gwEZ = éngi

G,uv = avp,u - aupw

Hyw = 0 AL = 9, ()

2
Jor = gwA:; = gwAb = éng'

where the mesons fields are denotedday,,,p, and their
masses bym,,m,,m,, respectively. Wy and ¥y are the A, A, andA, are isoscalar baryons, and do not couple with
nucleon and hyperon fields with corresponding massges the p meson. Then we fix the scalar coupling constants to the
andmy, respectively, and=A, E7, E° A, Ap, B MC, or E¢. potential depth of the corresponding hyperon in normal
HereA,, is the electromagnetic fieldgy andqy are nucleon nuclear matter. Note thatly is the relativistic potential
charge and hyperon charge in units of the proton charge depth. The absolute value of the nonrelativistic Schrodinger
The Lagrangian for the scalar meson includes phenomenequivalent potential depth well will be somewhat smaller
logical nonlinear self-interaction and is treated in the meanf{(10-20%]. It is well known that the potential well depth of
field and no-sea approximatiorj$8]; the contributions of A hyperon in nuclear matter is about —30 MeV, so we use
antiiquasjparticles and quantum fluctuations of mesonsu,=-30 MeV to obtain the coupling constagt,. How-
fields are thus neglected. ever, the experimental data @& hypernuclei are very few.

The parametrizationNL-SH) of the nucleonic sector Dover and Gal25] analyzed old emulsion data & hy-
adopted from Ref{19] is displayed in Table I. The center-of pernuclei and concluded a nuclear potential well depth of
mass correctiork, ,, = ——41A‘1/3 MeV is used for the RMF Uz=-21to —24 MeV. Fukudat al.[26] fitted the very-low-
forces NL-SH[20], whereA is the atomic number. First of energy part of Z~ hypernuclear spectrum in the
all, to check the validity of these parameters, we calculate th&C(K~,K*)X reaction and estimated the value Wt to be
binding energy per baryo—E/A) and rms charge radius between —16 and —20 MeV. Recently, E885 at the ABB
(rep) for ordinary nuclei—i.e., the nuclei without the hy- have indicated a potential depth bfz=-14 MeV or less.
peron. The results are shown in Table Il, the experimentaNote that thes& potential depth data are estimated based on
results are also given for comparison. From Table Il, it canWoods-Saxon potentials. Here, we choodés-=Uxzo
be found that the properties of finite nuclei can be well de=-16 MeV to fix gUH Because there are no experimental
scribed with this parametrization. For the hyperon sector, itlata onAl, Ay, E _c, andE2 hypernuclei, the depths of their
has been shown in Ref$6,21-23 that the two coupling potential wellUy in nuclear matter are not known yet. Ref-
ratiosg,,/gon andg, /g,y Of the A are connected to thé  erenceg/11] estimated that tha ! nucleus potential was com-
potential deptHJ, in nuclear matter by the relation parable in depth to the nucleon-nucleus potential, while Ref.

[12] suggesteolJA:/UAx2/3 and UAb/UAwl within the

TABLE Il. Binding energy per baryon,E/A (in MeV), andrms  framework of the lowest-order Brueckner theory. Reference
charge radius,, (in fm). The experimental data of rms charge radii [14] reported the relation between théN potential andAN
are taken fron{27]. potential, roughIWA+N(r)=kVAN(r) with k=0.8. Here, we

adothA+=UA =-30 MeV, the same as the depth of the

—E/A Feh —E/A Feh potential well, "to fix the coupling constants &f and Ay, to
Az RMF Expt. RMF Expt. A; RMF Expt. RMF EXpt.  the scalar meson. Because our calculations show Hiat
i 567 533 251 254 10 804 798 270 270 nypernuclei are very unlikely to be formed ||1U~+|
108 22 648 246 243%Ca 852 855 346 348 <=14MeV, so hereU—o U~+——16 MeV is chosen. The

125 747 768 246 2472%p 790 7.87 551 550 Obtained coupling constants for hyperons are displayed in
Table I.
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TABLE lll. Binding energy per baryon, E/A (in MeV), rms charge radius, (in fm), and rms radii of
the hyperon, neutron, and protan, r,, andr, (in fm), respectively. The configuration of hyperons &1
for all hypernuclei. The results of and £ hypernuclei are given witly,=-30 MeV andU=z=-16 MeV.
The experimental data of the ordinary nuclear rms charge radii are taker{2Zi@m

A, -E/A Ieh Iy r Mo A, -E/A I'eh ry n Mo

OLi 567 251 232 237 0 8.04 270 255 258
L 563 243 249 225 229 71O 833 271 245 255 258
L 509 241 350 235 227 1O 806 268 273 258 255
Lol 492 255 390 225 241 L0 785 273 289 253 260
108 6.22  2.46 229 232 “ca 852 346 331 3.36
1B 6.63 244 257 228 230 {ca 877 346 277 331 3.36
=B 614 242 276 232 227 fCc 871 344 284 333 334
B 592 249 298 226 235 LCa 852 347 298 330 338
¢ 747 246 230 232 ®pp 790 551 571 5.45
ne 790 245 218 228 231 %™b 799 551 413 571 545
Sc 744 242 260 232 228 ZPb 800 550 372 572 544
e 721 248 277 227 234 b 795 551 410 570 545

lll. EFFECT OF DIFFERENT BARYON IMPURITIES those in the normal nuclei. Contrary to tB& hypernuclei,

When a baryon impuritya baryon different from nucle- the rms radii of the protons become larger a}nd those of the
ong is added to an ordinary nucleus, the static properties OESEE?{;% r?secic;r?se f(s)rSr?(ljletLg; :LEO Qgrazrr::l:)ﬂgllﬁsl?o;afst, dbr)élwn
D B e btV e Vit 20 Mo ~U 10 eV, The sfect o and =y

- N 'hyperons on the nuclear core is different fratmhyperons.
a unified RMF calculation is needed and careful tests shoul yb yp

be d . leulai ical h lei b ote thatA, Z-, and=° are different particles from protons
€ done. He”goegp'” our calculations typical hypernuclel beyng netrons; they are all not constrained by Pauli exclusion.
tweenyLi and {"Pb are selected, whele=A, =7, =% Ac, It is obvious that the common explanatiét] for the A

Ay, B¢, or E. shrinkage does not suit the case®f and 2°. Otherwise,
Our calculated results fok, =7, and=° hypernuclei are  poth A and =° hyperons are neutral, and hence the origin of
shown in Table Ill withU,=-30 andUz=-16 MeV. The the above difference cannot be attributed to the Coulomb
theoretical results for ordinary nuclei are also given for compotential. There must be some other source that we do not
parison. In the table, E/A (in MeV) is the binding energies recognize.
per baryony ., is the rms charge radius, and r,,, andr, are Next, let us see the effect of heavy-flavored baryon impu-
the calculated rms radiiin fm) of hyperon, neutrons, and rities on the nuclear core. The results/of, A, E°, and=?
protons distributions, respectively. Hyperon is at its,1  hypernuclei are shown in Table IV withUy+=U,_
configuration for all hypernuclei. From Table 1lI, it can be =-30 MeV andUz =-16 MeV. The results for ordi(ﬁary nu-
found that for lighterA hypernuclei, the size of the core clei are also given. The configuration of heavy-flavored bary-
nucleus in a hypernucleus is smaller than the core nucleus ions is &, for all hypernuclei. From Table IV, it can be seen
free space; i.e., the values of bathandr, in a hypernucleus  that bothr, andr, become smaller when&; or Ay is added
are less than those in the corresponding ordinary nucleuso a lighter nucleus. That is to say; and A, have the same
For instance, the rms radius, (r,) of neutrons(protony attracting role as\ does in lighter nuclei. While &2 is
decreases from 2.32 fm(2.37 fm in ®Li to 2.25fm  added to a nucleus, the situation is the same as addiig a
(2.29 fm) in Z\Li. The attracting role ofA is obtained in hyperon, and, becomes larger ang, becomes smaller. The
agreement with the KEK-PS E419 experiment. The attractingffect of adding &¢ on the nuclear core is the same#&$
role of A is also seen if{Be and:’C hypernuclei. The above andr, becomes larger and, becomes smaller. Our calcula-
RMF results reveal the universality of the shrinkage effecttions show that the effect & or ¢ on the nuclear core has
for lighter A hypernuclei. But the situation f& hypernuclei ~ a similar trend as using -28 Me¥Uz <-16 MeV. From
is different. It is particularly of interest to observe a quite Table Il and IV, it can be seen that the effect of baryon
different effect caused b¥ hyperon impurities. impurities on the nuclear core is gradually decreasing with
From Table IIl, we find that, by adding&™ hyperon, the increasing mass number.
rms radii of the neutrons become a little larger, while the rms  In order to understand the different behavior/o{or A{
radii of the protons become much smaller, comparing withor Ay), £~ (or £9), andE° (or E) impurities in the nuclei,
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TABLE IV. Binding energy per baryon,E/A (in MeV), rms charge radius, (those of the nucleons, in
fm), and rms radii of the charmed barygor bottom), neutron, and protom,, r,,, andr, (in fm), respectively,
including the contribution of the mesons. The configuration of hyperons &4 for all hypernuclei. The
results of A; and Ay, hypernuclei are given withJA+:UAb:—30 MeV. The results oE, hypernuclei are
given withUz =-16 MeV. ‘

A, -E/A Feh ry r o A, -E/A Ieh ry n Mo
oL 567 251 232 237 O 8.04 270 255 258
1;“ 599 242 188 223 228 fgo 833 272 204 256 259
AL 704 237 139 219 222 {0 887 271 157 256 258
LolLi 517 238 259 237 224 o 797 268 239 258 255
=c ~c
L 490 259 297 222 246 Lo 771 274 255 253 261
~c ~c
198 6.22  2.46 229 232 “ca 852 346 331 3.36
fgs 6.87 243 170 226 2.29 ilzc:i 864 347 248 332 3.37
1B 786 236 111 219 221 {Ca 894 346 194 332 336
B 6.14 241 224 233 226 ‘;%Ca 856 344 270 333 3.34
~c
;B 586 250 242 225 236 MCa 835 348 289 330 3.38
¢ 747 246 230 232 2°8Pb 790 551 571 5.5
f‘zc 813 243 159 226 229 i%ng 789 551 465 571 545
NS 790 244 213 228 230 Pb 799 551 364 571 545
e 742 241 213 233 227 Zpp 790 550 426 572 544
~c ~c
;ic 713 249 229 226 235 2E°9Pb - - - - -
we make an |nspect|0n of their isospif.(or A or Ap), = spin third components. Although the changes are small, in

(or 22, andE° (or E?) have different isospin third compo- the different responses of andr, to adding a="~ (EY or
nents, which may be responsible for their different behavior=°%(E;) hyperon it may be interesting to know the kind of
The third component of the isospin works through the COU-properties of the two-bodfEN (E.N) interaction. Probably
pling of baryons with thep mesons in the RMF model We the isospinT=0 interaction is attractively large, while the
may imagine if the couplings gf mesons t&~, 23, % and  T=1 interaction is repulsive and small. However, the rms
S; are omitted from the RMF calculatlon the above- radius is reduced only for one kind of nucleons, but the rms
mentioned different behavior &~ (£2) and=° () from  radius of the other kind of nucleons become larger. It seems
A could disappear. After eliminating the contribution of he  that the nuclei may swell somewhat when addirig a(=?
mesons, the RMF results are shown in Table V with  or E%E?) hyperon. That is very different from the nuclear
=Uz, =-16 MeV. From Table V, we find that the rms radii shrlnkage induced by A in lighter hypernuclei.
of both protons and neutrons reduce when adding any one of
these baryons to the lighter nuclei, which is the same as the
situation of adding & hyperon. It is also seen that the effect
of baryon impurities on the heavier nuclei is very little. The  Within the framework of the RMF theory, we investigate
nuclear shrinkage induced by these baryons is obtained ithe effect of different baryon impurities on the nuclear core.
lighter nuclei when ignoring the contribution of theme-  The shrinkage effect induced by /& hyperon impurity is
sons. The same conclusion can be obtained witlobtained. It is found that other lightek hypernuclei also
-28 MeV<Uz<-10 MeV or —28 MeV<U .<~16 MeV.  have this shrinkage effect besides loosely boﬁhd Both
While A+ Ap, andA, HC, and=", E., andH0 have the same A and A, have the attracting role as does in lighter hy-
isospin thlrd component, so they have a similar effect on thepernucle| We also study the effect &f or Z, hyperons on
nuclear core. the nuclear core. It is found that by addingEh‘ or 22

So we can conclude that themesons play an important hyperon to the nucleus,, the rms radius of the neutrons,
roIe and the different behavior of (or A{ or Ap), 5~ (or  becomes a little larger, while,, the rms radius of the pro-

) andE° (or E7) impurities is due to thelr different iso- tons, becomes smaller by comparing with that in the core

IV. SUMMARY AND CONCLUSION

054306-4



EFFECT OF DIFFERENT BARYON IMPURITIES PHYSICAL REVIEW €0, 054306(2004)

TABLE V. Binding energy per baryon,E/A (in MeV), rms charge radius, (those of the nucleons, in
fm), and rms radii of the hyperon, neutron, and protop,r,, andr, (in fm), respectively, without the
contribution of thep mesons. The configuration of hyperons s, for all hypernuclei. The results & and
E. hypernuclei are given witIhJE=UEC=—16 MeV.

A, -E/A Ieh ry r o A, -E/A Ieh ry [ Mo
oLi 567 251 232 237 8.04 270 255 258
L 517 246 307 228 231 O 811 270 258 255 257
Lol 497 248 338 229 234 O 787 271 277 255 258
Lol 532 245 221 227 231 o 803 271 220 255 258
~c ~c

7E+Li 500 248 245 228 234 1E7+o 774 271 241 255 258
108 6.22  2.46 229 232 “ca 852 346 331 3.36
=B 621 244 254 228 230 fCa 873 345 273 331 335
=B 597 245 273 229 231 LCa 852 346 296 331 336
LB 626 244 197 228 230 LCa 858 346 252 331 336
g 503 245 215 228 231 lca 835 346 287 331 3.36
~c ~c

¢ 747 246 230 232 ®®p 790 551 571 5.45
sc 751 245 240 229 231 Z%Pb 803 550 356 571 544
=iC 726 245 257 229 231 ZLPb 792 551 424 571 545
C 754 244 187 228 230 ZPp 793 551 394 571 545
~c ~c

le 720 245 204 229 231 ZPp - - - - -

nucleus, whereas when adding= or = hyperonr, be- The present work only focuses on the pureand £ hy-

comes a little larger and, becomes smaller. And this is very pernuclei; the coupling betweeBiN and AA channels ing
different from the nuclear shrinkage induced by &yperon.  hypernuclei is not taken into consideration. In addition, we
We find that thep mesons play an important role, the differ- should mention that the coupling constants=f, E°, A_,

ent effect ofA(A},Ay), 2™ (EY), andE° (E}) on the nuclear Ay, E;, andE° cannot unambiguously be determined, due to
core is due to their different isospin third components. Al-a shortage of reliable experimental data. In order to get a
though the changes are small, in the different responsgs of definite conclusion, more reliable information is required.
andr, to adding a=~ (£ or E° (E}) it may be interesting
to know the kind of properties of the two-bo&N (E.N)
interaction. Probably the isospifi=0 interaction is attrac- This work was supported by the National Natural Science
tively large, while theT =1 interaction is repulsive and small. Foundation of ChingGrant No. 10275037
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