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Variation of hadron masses in finite nuclei
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K. Tsushimd and A. W. Thomas
Department of Physics and Mathematical Physics
and Special Research Centre for the Subatomic Structure of Matter,
University of Adelaide, South Australia, 5005, Australia
(Received 2 December 1996

The quark-meson coupling model, based on a mean-field description of nonoverlapping nucleon bags bound
by the self-consistent exchange of w, and p mesons, is extended to investigate the change of hadron
properties in finite nuclei. Relativistic Hartree equations for spherical nuclei have been derived from a relativ-
istic quark model of the structure of bound nucleons and mesons. Using this unified, self-consistent description
of both infinite nuclear matter and finite nuclei, we investigate the properties of some closed-shell nuclei and
study the changes in the hadron masses of the nonstrange vector mesons, the hyperons, and the nucleon in
those nuclei. We find a new, simple scaling relation for the changes of the hadron masses, which can be
described in terms of the number of nonstrange quarks in the hadron and the value of the scalar mean field in
a nucleus[S0556-28137)04305-1

PACS numbes): 12.39.Ba, 21.60-n, 21.90+f, 24.85+p

[. INTRODUCTION the standard assumptions underlying the QCD sum-rule
analysedq13]. In hadronic models, like quantum hadrody-
One of the most exciting topics in nuclear physics is thenamics (QHD) [14], the on-shell properties of the scalar
study of the variation of hadron properties as the nucleafo) and vector ) mesons with vacuum polarization were
environment changes. In particular, the medium modificatiorfirst studied by Saito, Maruyama, and Soutdi@g and later
of the light vector mesons is receiving a lot of attention, bothdy many author§d—11]. (Good physical arguments concern-
theoretically and experimentally. Recent experiments fronming the @ meson in a medium are found in R¢L0].) The
the HELIOS-3[1] and the CERE$2] Collaborations at SPS/ main reason for the reduction in masses in QHD is the po-
CERN energies have shown that there exists a large excekization of the Dirac sea, where taatinucleonsn matter
of e"e™ pairs in central S+ Au collisions. Those experi- Play a crucial role. From the point of view of the quark
mental results may give a hint of some change of hadromodel, however, the strong excitation N pairs in a me-
properties in nucleid]. Forthcoming, ultrarelativistic heavy- dium is difficult to understan{il5].
ion experimentge.g., at RHIQ are also expected to give Recently Guichoret al. [16] have developed an entirely
significant information on the strong interactiof@CD)  different model for both nuclear matter and finite nuclei, in
through the detection of changes in hadronic propetfisa  which quarks in nonoverlapping nucleon bags intessdf-
review, see Refl4]). consistentlyith (structurelessscalar @) and vector  and
Theoretically, lattice QCD simulations may eventually p) mesons in the mean-field approximatigMFA)—the
give the most reliable information on the density and/or tem-quark-meson couplingQMC) model.(The original idea was
perature dependence of hadron properties in matter. Howproposed by Guichon in 19487]. Several interesting appli-
ever, current simulations have been performed only for finitecations to the properties of nuclear matter and finite nuclei
temperature systems with zero baryon derl&y Therefore, are also given in a series of papers by Saito and Thomas
many authors have studied hadron masses in matter usin$5,18—20Q.) This model was recently used to calculate de-
effective theories—the vector dominance mofg), QCD tailed properties of static, closed-shell nuclei frofO to
sum rules[7], and the Walecka modgB—11—and have 2%pPp, where it was shown that the model can reproduce
reported that the mass decreases in the nuclear me@ieen fairly well the observed charge density distributions, neutron
also Ref.[12]). density distributions, et¢21]. Blunden and Millef22] have
In the approach based on QCD sum rules, the reduction dadlso considered a model for finite nuclei along this line.
the mass is mainly due to the four-quark condensates and To investigate the properties of hadrons, particularly the
one of the twist-2 condensates. However, it has been sughanges in their masses in a nuclear medium, one must also
gested that there may be considerable, intrinsic uncertainty ioonsider the structure of the mesons, as well as the nucleon.
Saito and Thoma$20] have studied variations of hadron
masses and matter propertiesiitiinite nuclear matter, in

*Electronic address: ksaito@nucl.phys.tohoku.ac.jp which the vector mesons are also described by bags, but the
TElectronic address: ktsushim@physics.adelaide.edu.au scalar-meson mass is kept constant, and have shown that the
*Electronic address: athomas@physics.adelaide.edu.au hadron masses decrease. Now it would be most desirable to
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extend this picture tdinite nuclei to study the changes of The potentials generated by the medium are constants be-
hadron properties in the mediumuantitatively cause the matter distributes uniformly. As the nucleon is
Our main aim in this paper is to give an effective La- static, the time-derivative operator in the Dirac equation can
grangian density for finite nuclei, in which the structure ef-be replaced by the quark energyi ;. By analogy with the
fects of the mesonso(, w, andp) as well as the nucleon are procedure applied to the nucleon in QHD4], if we intro-
involved, and to study quantitative changes in the hadromluce the effective quark mass wgzmq—vg, the Dirac
(including the hyperonmasses by solving relativistic Har- equation, Eq(3), can be rewritten in the same form as that in
tree equations for spherical nuclei derived from the Lagrangfree space, with the mama and the enerqu—vﬁ, instead
ian density.(Using this model, we also calculate some StatiCOf mq and €q- In other words, the vector interaction has
properties of closed-shell nuclgin the present model the effect on the nucleon structuexcept for an overall phase in
change in the hadron mass can be described by a simp{ae quark wave function, which gives a shift in the nucleon
formula, which is expressed in terms of the number of non-energy_ This factdoes notdepend on how to choose the

strange quarks and the value of the scalar mean f&®#¢  confinement potential.. Then, the nucleon enerdgt resy
also Ref[20]). This is accurate over a wide range of nuclearg  in the medium ig19]

density. We then find a new, simple scaling relation for the

changes of hadron masses in the medium: En=My(VD +3VY, (4
Bm‘*’f~5M Af ~E, 5Mf ~1' etc., (1)  Where the effective nucleon madéy, depends oronly the
oMy oMy 37 My 3 scalar potentialin the medium.

. . . . Now we extend this idea to finite nuclei. The solution of
where sM{=M;— M, with the effective hadron masd{  the general problem of a composite, quantum particle mov-
(i=N,w,p,...). ing in background scalar and vector fields that vary with

An outline of the paper is as follows. In Sec. Il, the ideaposition is extremely difficult. One has, however, a chance to
of the QMC model is first reviewed. Then, the model is solve the particular problem of interest to us, namely, light
extended to include the effect of meson structure. In Sec. ”lquarks confined in a nucleon which is itself bound in a finite
parameters in the model are first determined to reproduce th@cleus, only because the nucleon motion is relatively slow
properties of infinite nuclear matter, and the hadron massegnd the quarks highly relativisti¢16]. Thus the Born-
in the medium are then discussed. A new scaling relatiOﬂShi@ppenheimer approximation’ in which the nucleon internal
among them is also derived. The static properties of severalrycture has time to adjust to the local fields, is naturally
closed-shell nuclei are studied in Sec. IlIC, where we alsGyjted to the problem. It is relatively easy to establish that the
show the changes of the masses of the nucleon, the mesopthod should be reliable at the level of a few perdasni.

(0, , andp), and the hyperons\, X, and=) in *°Ca and Even within the Born-Oppenheimer approximation, the
2%%Pb. The last section gives our conclusions. nuclear surface gives rise to external fields that may vary
appreciably across the finite size of the nucleon. Our ap-

Il. QUARK-MESON COUPLING MODEL proach in Ref[16] was to start with a classical nucleon and

to allow its internal structure to adjust to minimize the en-
ergy of three quarks in the ground state of a system under
Let us suppose that a free nucle@t the origin consists  constant scalar and vector fields, with values equal to those
of three light (4 andd) quarks under &Lorentz scaldgrcon-  at the center of the nucleon. In Rgt6], the MIT bag model
finement potentialV.. Then, the Dirac equation for the was used to describe the nucleon structure. Blunden and

A. Effect of nucleon structure in finite nuclei

quark field, is given by Miller have also examined a relativistic oscillator model as
. an alternative modgPR2]. Of course, the major problem with
[iy-d=mq=Ve(r)]¢g(r)=0, (2)  the MIT bag (as with many other relativistic models of

nucleon structuneis that it is difficult to boost. We therefore
solve the bag equations in the instantaneous rest f(&R#©
| . ) . L of the nucleon using a standard Lorentz transformation to
nucleon is bound in static, uniformly distributédosymmet- i, the energy and momentum of the classical nucleon bag
ric) nuclear matter. In the QMC mode7] it is assumed_ that the nuclear rest frame. Having solved the problem using
each quark feels scalaNg, and vector,Vy, potentials, he meson fields at the center of the “nucleofhich is a
which are generated by the surrounding nuc_:leons, as V\_/ell &fuasiparticle with nucleon quantum numbersne can use
the confinement potenti&ee also Re{22]). Since the typi-  perturbation theory to correct for the variation of the scalar
cal distance betweeg two nucleons around normal nuclegfnq vector fields across the nucleon bag. In first-order per-
density (po=0.15fm" ") is surely larger than the typical size yrpation theory only the spatial components of the vector
of the nucleor(the radiusRy, is about 0.8 fmy, the interaction potential give a nonvanishing contributiofNote that, al-
(except for the short-range paktetween the nucleons should though in the nuclear rest frame only the time component of
be color singlet, e.g., a meson-exchange potential. Thereforgse vector field is nonzero, in the IRF of the nucleon there
this assumption seems appropriate when the baryon densifye also nonvanishing spatial componeritéis extra term is
pg is not high. If we use the mean-field approximation for 5 correction to the spin-orbit force.
the meson fields, Eq2) may be rewritten as As shown in Refs[16,21], the basic result in the QMC
R . model is that, in the scalaw{) and vector ) meson fields,
[iy-9—(Mmg=VI)—Vc(r)—yoValdhg(r)=0. (3  the nucleon behaves essentially as a pointlike particle with

wheremy is the bare quark mass.
Next we consider how Eq(2) is modified when the
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an effective massMy, which depends on the position (3) are mediated by the andw mesons, and introduce their
through only theo field, moving in a vector potential gen- mean-field values, which now depend on positiﬁn by
erated by thev meson, as mentioned near E4). Although Vg(F):gg_U(F) and Vﬂ(F)=gf)w(F), respectively, where
we discussed the QMC model using the specific mOd(-:‘|gE‘r (9%) is the coupling constant of the quask{-w) meson.
namely, the bag model, in Refl6,21], the qualitative fea-  Furthermore, we shall add the isovector, vector mgsand
tures we found are correct in any model which the the Coulomb fieldA(r) to describe finite nuclei realistically
nucleon containgelativistic quarksand the (middle- and  [16,21]. Then, the effective Lagrangian density for finite nu-
long-rangg attractiveand(short-ranggrepulsive NN forces  clei, involving the quark degrees of freedom in the nucleon

haveLorentz-scalar and -vector charactenespectively. and the(structurelegsmeson fields, in the MFA would be
Let us suppose that the scalar and vector potentials in Egiven by[21]

N

. ., - - T3, - e
EQMC-I:ZP y-9— MN(U(r))_gww(r)%_gp?sb(r)%_ 5

5 (L AT yo =3[ (Vo(N)+mio(r)?]+ 5[ (Vo ()

+m2w(r)2]+ 3[(Vb(r)2+m2b(r)2]+ 3 (VA())?, (5)

where y(r) andb(r) are, respectively, the nucleon and the Here we have defined the quark-scalar density in the
p (the time component in the third direction of isospin Nnucleon,Sy(o), which is itself a function of the scalar field,
fields. m,, m,, and m, are, respectively, théconstant by Eq.(8). Because of a negative value ofM/do), the
masses of ther, w, andp mesonsg, andg, are, respec- nucleon mass decreases in matter at low density.

tively, the w-N and p-N coupling constants, which are re-  Furthermore, we define the scalar-density ratio
lated to the corresponding quak-g%, and quarke, g%,  Sn(0)/Sy(0) to beCy(o) and theo-N coupling constant at
coupling constants ag, =3g% andg,=g% [16,2. We call =0 0 beg, [i.e.,g,=g,(c=0)]:

this model the QMC-I model. If we define the field-

_ _13gd
dependeni-N coupling constang, (o) by Cn(0)=Sy(0)/Sy(0) andg, =39,5y(0). ©)

- . . Comparing with Eq(6), we find that
M{(a(r)=My—g,(a(r))a(r), (6)
My J

where M is the free nucleon mass, it is easy to compare Jo

with QHD [14]. g,(o) will be discussed further below.
The difference between QMC-I and QHD lies only in the and that the nucleon mass is
coupling constang,,, which depends on the scalar field in
QMC-I while it is constant in QHD(The relationship be- M,*\,IMN—g,,a—%gUC,’\,(O)02+ cee 11
tween QMC and QHD has been already clarified in IRES].
See also Ref.23].) However, this difference leads to a lot of In general,Cy is a decreasing function because the quark in
favorable results, notably the nuclear compressibilitymatter is more relativistic than in free space. Thig(0)
[16,18,19,2]. Detailed calculated properties of both infinite takes a negative value. If the nucleon were structureless,
nuclear matter and finite nuclei can be found in Refs.Cy would not depend on the scalar field; that@y would
[16,21. be constantCy=1). Therefore, only the first two terms on
Here we consider the nucleon mass in matter further. Théhe right-hand side of Eq11) remain, which is exactly the
nucleon mass is a function of the scalar field. Because thsame as the equation for the effective nucleon mass in QHD.
scalar field is small at low density the nucleon mass can b8y taking the heavy-quark-mass limit in QMC we can repro-
expanded in terms of as duce the QHD resultg19]. We recall that this decrease in
Cy constitutes a new saturation mechanighi]—different
from pure QHD—and is the main reason why the scalar cou-
) o+ (D) pling constant is somewhat smaller in QMC than QHD.
=0 If the MIT bag model is adopted as the nucleon model,

_ ] o Sy is explicitly given by[19,24
In the QMC model the interaction Hamiltonian between the

M= My, 1( *My
N= Myt do +§ do?

nucleon and thes field at the quark level is given by Q*2+ miRYy(Q* - 1)
Hin=—39%/dry,o¢,, and the derivative oMy with re- Sn(o)= Q (Q* —1)+miR/2’ (12
spect too is d

where Q*=\/x;,2+(R§ma)2 is the kinetic energy of the
IMY S ki its of IR}, andxy, is the ei I f th k
— and — _and quark in units of 1Ry, andxy, is the eigenvalue of the quar

( do ) 3g”f dreqia=—305Sn(0). ® in the nucleon in matter. We denote the bag radius of the
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nucleon in free spac@natte) by Ry (Ry). In actual numeri-
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To incorporate the effect of meson structure in the QMC

cal calculations we found that the scalar-density ratiomodel, we suppose that the vector mesons are again de-

Cn(o) decreases linearlyto a very good approximation

with g,o [16,21. Then, it is very useful to have a simple

parametrization foCy :

Cn(o)=1-ayX(9,0), (13
with g,oc in MeV [recall g,=g,(c=0)] and
ay~9x10 4 (MeV 1) for my = 5 MeV andRy = 0.8 fm.
This is quite accurate up te 3p.

As a practical matter, it is easy to solve EJ.0) for
g,(o) in the case wher€(o) is linear ing,o, as in Eg.
(13). Then one finds

Mltl:MN_go' ag, (14)

ay
1- ?(gu’a-)

so that the effectiver-N coupling constangy,(o) decreases
at half the rate ofCy(o).

B. Effect of meson structure

scribed by a relativistic quark model witbmmorscalar and
vector mean field§20], like the nucleorisee Eq(3)]. Then,
again, the effective vector-meson mass in matter,
m’(v=w,p), depends on only the scalar mean field.

However, for the scalaro) meson it may not be easy to
describe it by a simple quark modéike a bag because it
couples strongly to the pseudoscalarm)2channel, which
requires a direct treatment of chiral symmetry in the medium
[25]. Since according to the Nambu—Jona-Lasinio model
[25,26 or the Walecka mode[8] one might expect the
o-meson mass in the mediumn’, to be less than the free
one, we shall here parametrize it using a quadratic function
of the scalar field,

(o8

( )=1—aA9aﬂ+bAgaﬂ%

m. (15

with g,o in MeV, and we introduce two parametess, (in
MeV ") andb, (in MeV ~2). (We will determine these pa-
rameters in the next sectign.

In the previous section we have considered the effect of Using these effective meson masses, we can find a new
nucleon structure. It is, however, true that the mesons arkagrangian density for finite nuclei, which involves the
also built of quarks and antiquarks, and that they may changgtructure effects of not only the nucleons but also the me-

their properties in matter.

N
. . - 73, >
‘CQMC-II:EP Y- 9- MN_gww(r)Vo_gp?b(r)Yo

+3[(Vo(r)?+m2o(r)?]+ 3[(Vb(r)?+m:2b(r)2]+ 3 (VA(N))?,

sons, in the MFA:

e

5 (L AT yo =3[ (Vo(N))?+m;2a(r)?]

(16)

where the masses of the mesons and the nucleon depend $5(0)/Sy(0), because the coupling constayy is defined

the scalar mean-fields. We call this model QMC-II.

specifically for the nucleon by Eg9).

At low density the vector-meson mass can be again ex-

panded in the same way as in the nucleon ¢&sg (7)]:

. am; 1/ 9*m; )
my=m,+| —— === +..
vt do 2\ do U:OU

zmu_ZQESu(O)U_ggS,;(O)UZ

2

1
=m,— §go'rv/N0-_ §g(rrv/NC;(o)0’21 (17)

whereS, (o) is the quark-scalar density in the vector meson,

( am;;

2
do ) = §gorv/NCv(U)1 (18)

andC,(0)=S,(0)/S,(0). In Egs.(17) and (18), we intro-
duce a correction factorl',,y, which is given by

[ll. NUMERICAL RESULTS

In this section we will show our numerical results using
the Lagrangian density of the QMC-Il model, that is, includ-
ing self-consistently the density dependence of the meson
masses. We have studied the QMC-I model, and have al-
ready shown the calculated properties of finite nuclei in Refs.
[16,21].

A. Infinite nuclear matter

For infinite nuclear matter we take the Fermi momenta for
protons and neutrons to lkei (i=p orn). This is defined by
pi=k,§i/(3w2), where p; is the density of protons or neu-
trons, and the total baryon densipg is then given by
ppt pn. Let theconstantmean-field values for the, », and
p fields beo, o, andb, respectively.

From the Lagrangian density, EL6), the total energy

per nucleonE,,/A, can be written(without the Coulomb
force)
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2 ke . . m*? TABLE I. Coupling constants and calculated properties for
Ewt/A=——F—3 > 'dkyM 2+ k24 o7 symmetric nuclear matter at normal nuclear dengity & 5 MeV,
pe(27)%i <5 2pg Ry = 0.8 fm, andm, = 550 MeV). The effective nucleon mass
92 gz M}, and the nuclear compressibilit¢ are quoted in MeV. The
® P 2 bottom row is for QHD.
+ 2m? pet 8m;2po3’ (19

Type gi/4m gi/dm gidm My K SRYRy xn/xn oryltg

where the value of the field is now determined by baryon
number conservation a&= gwa/mfuz, and the p-field

value by the difference in proton and neutron densities,(B:
P3=pp—pPn, asb=g,p3/(2m;?) [20].

On the other hand, the scalar mean field is given by
self-consistency conditiofSCQO

3.84 270 554 801 325-0.01 -0.11 0.02
394 317 527 781 382-0.01 -0.13 0.02
384 331 518 775 433-0.02 —-0.14 0.02
(,QHD 729 108 2.93 522 540 — — —

(MeV~2), and (C) a,=7.5x10* (MeVv~!) and

— 2 D J F ik M; IM; b,=100x 108 (MeV ~2). The parameter sets A, B, and C
(277)3m;7 iZpn /—M-*2+I22 do give about 2%, 7%, and 10% decreases of ¢thenass at
! saturation density, respectively. We will revisit this issue in
2 2 * 2 2 *\ 2 * the next subsection.
am am am
+ 9uPe / 2 9oP3 ( P g 1. Now we are in a position to determine the coupling con-
mﬁ3m*2\ 4m*3m*2\ m* 2 2 . - . -
o Mo\ do p Mo\ dor o\ do stants. g5 and g, are fixed to fit the binding energy

200 (—15.7 MeV) at the saturation densityf=0.15 fm~°) for
symmetric nuclear matter. Furthermore, theneson cou-
Using Egs.(10), (15), and(18), Eq. (20) can be rewritten pling constant is used to reproduce the bulk symmetry en-
ergy, 35 MeV. We taken, = 550 MeV. The coupling con-
stants and some calculated properties for matter are listed in

ke, . M )
o= % > Ci(U_)f Fdke—— +g, m_f) Table I. The last three columns show the relative changes
(2m)°mg| iZpn \ /Mi*ZJr K2 my (from their values at zero densjtgf the nucleon-bag radius

(6Ry/Ry), the lowest eigenvaluesky/xy), and the root-

—— 2[ 9 gipé _ mean-square radiueéms radiu$ of the nucleon calculated
x[a,=2b,(9,0)]o"~ 3 m2)| m3 LunCola) using the quark wave function(;/r ;) at saturation density.

We note that the nuclear compressibility is higher than that
in QMC-I (K~ 200-300 MeV [21]. However, it is still
. (2D much lower than in QH)14]. As in QMC-I, the bag radius
of the nucleon shrinks a little, while its rms radius swells a
Now we need a model for the structure of the hadrondittle. On the other hand, because of the scalar field, the ei-

involved. We use the MIT bag model in a static, sphericalgenvalue is reduced more than 10&bp,) from that in free
cavity approximatiorf27]. As in Ref.[21], the bag constant SPace. R o
B and the parameter (which accounts for the sum of the ~ The strength of the scalar mean fieff,o, in medium is
c.m. and gluon fluctuation correctiofi$6]) in the familiar ~ Shown in Fig. 1. At small density it is well approximated by
form of the MIT bag model Lagrangian are fixed to repro-
duce the free nucleon mas#if, = 939 MeV) under the
condition that the hadron mass be stationary under variation _
of the free bag radiusRy in the case of the nuclegnFur- 250 | == . ]
thermore, to fit the free vector-meson masses = 783 : L T ]
MeV andm, = 770 MeV, we introduce new parameters i
for them,z,, andz, . In the following we choos&y=0.8 fm
and the free quark mass, = 5 MeV. Variations of the
guark mass anBy only lead to numerically small changes in
the calculated result21]. We then find thaBY* = 170.0 : ]
MeV, zy = 3.295,z, = 1.907, andz, = 1.857. ThusCy, is 100 ¢ ]
given by Eqg.(12), andC, is given by a similar form, with ’ :
the kinetic energy of quark and the bag radius for the vector
meson. We find that the bag model giviég ,, = 0.9996.
Therefore, we may discard those correction factors in prac-
tical calculations.

Next we must choose the two parameters in the param- Py’ Py
etrization for theo-meson mass in matt¢see Eq.(15)]. In
this paper, we consider three parameter seté) FIG. 1. Scalar mean-field values. The dotted, solid, and dashed
a,=3.0<10"* (MeV ') and b,=100x10"8 (MeV 2),  curves are, respectively, for type A, B, and C, as discussed below
B) a,=5.0<10% (Mev™!) and b,=50x10"% Eq. (2.

9205

*3
4mp

+ I‘Ip/N(:p(a-_)

800

200 | ]

9,5 (MeV)
N

150 |- .
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FIG. 2. Effectivec-meson mass in symmetric nuclear matter. ~ FIG. 4. Effective p- or) w-meson mass in symmetric nuclear

The curves are labeled as in Fig. 1. matter. The curves are labeled as in Fig. 1.
a linear function of the density: M7
Y (—N> 21—0.21(@ . (24)
N Po
=~200(MevV) | 28 22)
9,7 po)’ In Fig. 4 the effectivaw-meson mass is shown as a func-

tion of the density(Since the difference between the effec-

tive w- and p-meson masses at the same density is very

small, we show only one curve for both mesons in the fig-
First, we show the dependence of themeson mass on ure) As the density increases the vector-meson mass de-

the nuclear density in Fig. 2. Using Eq45) and(22), we  creasegas several authors have previously noti¢ée12))

find the o mass at low density is and seems to become flat like the effective nucleon mass.

Again, using Egs(17) and (22), the mass reduction can be

B. New scaling phenomenon for hadron masses in matter

m* . . [P
(_a) zl—a(,(@ , 23 well approximated by a linear form at small density:
ma Po N
V| ~1-0.17 28 25
wherea, = (0.06, 0.1, 0.1pfor parameter setA, B, C), m_v - : P_o . (29

respectively.
The effective nucleon mass is shown in Fig. 3. It de-The reduction factor 0.17 is consistent with other models
creases as the density goes up, and behaves like a constanffich have been applied to the same prob[d2.

large density. At small density it is approximately given by  |n Fig. 5 we show the ratios of the quark-scalar density in
using Eqgs(14) and(22):

0.95 - .
09 [ ]
8 ] Q 1
=
0.85 a
08 [ Lo
] ors Lo ' L
07 L P N E N H R S SR 0 50 100 150 200 250
0 0.5 1 15 2 25 3 -
g, (MeV)
Py’ Py

FIG. 5. The ratios of the quark-scalar density in medium to that
FIG. 3. Effective nucleon mass in symmetric nuclear matter.in free space for the nuclegsolid curvg and thew meson(dotted
The curves are labeled as in Fig. 1. curve using parameter set B.
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— TABLE Il. Slope parameters for the hadronsx {04
N ' ' ' 1 MeV 1),
0.95 i T~ ~~__ R ] Type an a, a, ap as ag
3 I N T T ] A 9.01 8.63 8.59 9.27 9.52 9.41
= i ] B 8.98 863 858 929 953 943
o osf : C 8.97 863 858 929 953 943
s eI
o5 L S, ] wherej stands folN, o, p, A, X, E, etc.,ng is the number
i of nonstrange quarks in the hadrgn I'j;n=S;(0)/Sy(0)
with the quark-scalar density; in j, and the scalar density
0B Lot ] ratio C; (o) =§;(0)/S;(0).
0 05 1 15 2 25 3 Using Eqgs(22) and(27), we find that the hyperon masses
/ at low density are given by
P/ Py
. . . . M/*\ PB
FIG. 6. The ratio of the hyperon mass in medium to that in free VIR =1-0.12 —|, (28
space. The dotted, solid, and dashed curves are, respectively, for the A Po
A, 3, andE hyperons, using parameter set B. N
S, PB
. . —|=1-0.11 —|, 29
medium to that in free space for the nucled@j and the (Mz) l(Po) 29
® meson C,). As pointed out previously, we can easily see
that the ratio for the nucleon is well approximated by a lineardnd
function of g,o. It is also true that the ratio for the vector M2
meson can be well described by a similar, linear function of TE| _q_ Ps
1-0.0 , (30
g9,0: Mz Po
C,(0)=1-a,x(g,0). (26)  Where we takd’, v =/,n=1, because we find that tHefac-
tor for the hyperon is again quite close to unifg.g.,
We will see this parametrization again later. I'y\/y=1.0001, in our actual calculations

In the present model it is possible to calculate masses of AS seen in Fig. 5 the linear approximation to the scalar-
other hadrons. In particular, there is considerable interest ifiensity ratio,C;, is very convenient. We find that it is nu-
studying the masses of hyperons in medium—e\g3,, and ~ merically relevant to not only the nucleon and the vector
5. For the hyperons themselves we again use the MIT bagesons but also the hyperons:
model. We assume that the strange quark in the hyperon does B
not directly couple to the scalar field in MFA, as one would Ci(o)=1-a;x(g,0), (3D
expect if thee meson represented a two-pion-exchange po
tential. (We note that explicit comparison of microscopic
two-pion exchange witly-meson exchange has shown that,, e hadrons is quite weak, and it ranges around 8.6—
these two approaches yield results which are very closg 5% 1074 (MeV ~ 1)

[28].) It is also assumed that the addition of a single hyperon If we ignore the weak dependence @f on the hadrons

:ﬁ nucITar mztter (t)f densny?_ (?ge.s not elllter thf \k/aI;Jheslof nd takel';;y=1 in Eq.(27), the effective hadron mass can
e scalar and vector mean fields; namely, we take the localsy o ritten in a quite simple form

density approximation to the hyperof9]. The mass of the
strange quarking, is taken to bang = 250 MeV, and new Ny
z parameters in the mass formula are again introduced to Mj*zMj— 3(9"0)
reproduce the free hyperon masses= 3.131,zs = 2.810,

andzz = 2.860. Using those parameters, we have calculateg|haore 3~9.0x 10~ 4 (MeV

the masses oft, X, and = in symmetric nuclear matter. nroqyce the hadron masses in matter quite well over a wide
They are presented in Fig. 6. As for the nucleon and th ange ofpg, up to~3py.

vector mesons, the effective mass of the hyperon is deter- gi,ce the scalar field is common to all hadrons a9

mined by only the scalar field. _ _leads to a new, simple scaling relationship among the hadron
In general, we thus find that the effective hadron mass i, ;5ges:

medium is given by
smy SM} M3\ 2 q SMZ| 1
- 2) o2 smy) “\emy) Tlamy) T3 2 vy T3
T o=o0 (33

where a; is the slope parameter for the hadrpnWe list
them in Table Il. We should note that the dependenca; of

: (32)

L2
—5(900)

~1y. This mass formula can re-

=M.+
Mj=M, do 2

aMf) 1(&2Mj*
_ + —
=0

where 5MFEMJ-— Mj*. The factors 2/3 and 1/3 in E@33)

M. o _ Mo 1O 2
=Mj= 39 imo= g 9. TimC;(0)0, @7 come from the ratio of the number of nonstrange quarks in
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TABLE lll. Model parameters for finite nucleffor my = 5

MeV andRy = 0.8 fm). 200¢ ' ' o 9.0
Type g%/4m o’lam 93/4m m, (MeV) —:: 1501 929 ]
A 1.67 2.70 5.54 363 = F
B 2.01 3.17 5.27 393 € 100F " e\ e . .
C 2.19 3.31 5.18 416 5 [ . N

2 L N .

3 i R N

8 50 r ‘\\ N B
j to that in the nucleon. This means that the hadron mass is = I \Cq N 28y
practically determined by only the number of nonstrange i
guarks, which “feel” the common scalar field generated by 00 2 "‘ . s é = T
surrounding nucleons in the medium and the strength of the  (fm)
scalar field[20]. On the other hand, the change in the con-

finement mechanism due to the environment gives a small 20
contribution to the above ratio. It would be very interesting ) FIG. 7. Scalar and vector strength ffiCa and***Pb (for type
to see whether this scaling relationship is correct in forth-~"

coming experiments.

d K
aGa(r)_l— FGa(r)_[ea_gww(r)_tagpb(r)
C. Finite nuclei

In this subsection we will show our results for some finite, —(t,+3)eAr) +My—g,(o(r)o(r)]F (r)=0,
closed-shell nuclei. The Lagrangian density, Etf), leads

42
to the following equations for finite nuclei: 42
d? d o d K
W(T(r)‘*' F aa’(r)—mg (T(r) mFa(r)_ FFa(r)+[ea_gww(r)_tagpb(r)
=—g,Cnps(r)—m,mig,[a,—2b,g,0(r)]o(r)? —(t,+3)eA(r) —My+g,(a(r)o(r)]G,(r)=0.
+ 20, [T ynCow(r)2+ ML\ C, (N, (34) 43
o2 2 d Here G, (r)/r andF ,(r)/r are, respectively, the radial part
o < 9 ) __ of the upper and lower components of the solution to the
drzw(r)Jr rdr (1) =mo(r) 9ups(r). (39 Dirac equation for the nucleon:
2 2 d g - [Gu(N/T]P
Wb(r)+Fab(r)—mzzb(r)=—7pp3(r), (36 (r)= —[Fa(D/IT]®_ o gtay (44)
e 2 d where &, is a two-component isospinor ambl, ., is a spin
gz AN+ - g AN =—epy(r), (37)  spherical harmoni¢30] (a labeling the quantum numbers
and e, being the energy Then, the normalization condition
where S
occ é T T T
ps(N=2 (DG~ [Fu(P], (38 00908
‘ 0.080F
- ® 0.070§
pa()=2 do(N[IG.(N)2+[F(n)]2], (39 N
P & 0.060F
occ h 0.0502
pa(r) =2 do(r) (=)'« ¥[Go(N)[*+[F o(1)I?], (40 0.040f
0.030E

occ

pp<r>=§ do(N(tat+DGLN|2+|Fa(]Z], (4D

FIG. 8. Charge density distribution fdfCa compared with the
with d(r)=(2j,+ 1)/4mr?, and experimental data.
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TABLE V. Calculated proton and neutron spectra®€a (for

- 208Dy type B) compared with QMC-I and the experimental data, (= 5

Feme MeV andRy = 0.8 fm). Here, | and Il denote, respectively, QMC-I

— - and QMC-II. All energies are in MeV.

I Neutron Proton

B - Shell I Il Expt. | Il Expt.
1sy 43.1 411 51.9 35.2 33.2 5010

- experiment e 1pap 314 30.0 36.6 23.8 22.3 346

______ QMC-II (type B) 1pyys 30.2 29.0 345 225 214 36

1ds), 19.1 18.0 21.6 11.7 10.6 15.5

0 2 . 251 158 147 189 8.5 7.4 10.9

r (fm) 1d3;, 17.0 16.4 18.4 9.7 9.0 8.3

FIG. 9. Same as Fig. 8 but fa°®Pb. The parameter set B is

used.

As usual,x

the eigenvalue of the isospin operatmi'/z. Practically,
m;., m;, andC; are, respectively, given by Eq€l5), (27),
and(31), andg,(a(r)) is

The total en

occ

Ewot= ;

+9,0(r)pa(r)+39,b(r)ps(r)+eAr)py(r)],

where

D(a(r))=Cnps(r)+m,m;[a,—2b,g,o(r)]o(r)?

There are seven parameters to be determiged:g,,,
d,, € m,, m,, andm,. As in the case of infinite matter we
take the experimental values, = 783 MeV, m, = 770
MeV, ande®/47 = 1/137.036. The coupling constards,

g, andg, are fixed to describe the nuclear matter properties
and the bulk symmetry energy per baryon of 35 M@&ée
Table ).

The o-meson mass, however, determines the range of the
attractive interaction and changesnm, affect the nuclear-
surface slope and its thickness. Therefore, as in the paper of
Horowitz and Serof30], we adjustm,, to fit the measured
rms charge radius of%Ca,r 4(*°Ca) = 3.48 fm[31]. [Notice
that variations ofn, at fixed (@, /m,) have no effect on the
infinite nuclear matter propertig21].] We summarize the
parameters in Table Ill.

Equations(34)—(45) give a set of coupled nonlinear dif-
ferential equations, which may be solved by a standard itera-
tion procedurd32]. In Fig. 7 we first show the calculated
strength of thes and w fields in *°Ca and?%%Pb. Next we
show calculated charge density distributigng of “°Ca and
28pp in comparison with those of the experimental data in
Figs. 8 and 9. To see the difference among the results from
the three parametrizations of}, (A, B, and Q, in Fig. 8 we
present only the interior part gf,(*°Ca). As in Ref.[21],
we have used a convolution of the point-proton density,
which is given by solving Eqs(35)—(45), with the proton
charge distribution to calculatg,,. For 4°Ca the QMC-II
model with parameter sets A and B give similar charge dis-
tributions to those in QMC-I, while the result of QMC-II
with parameter set C is closer to that in QHD. From Fig. 9
we see that the present model also yields a charge distribu-
tion for 2%%Pb which is similar to those calculated using
QMC-I or QHD.

In Table IV, the calculated spectrum #iCa is presented.
Because of the relatively smaller scalar and vector fields in
the present model than in QHD, the spin-orbit splittings are

[ atle.np+Fmm-L @

specifies the angular quantum numbers &pd

. (46)

ga<a<r>>:ga[1—?<gga<r>)

ergy of the system is then given by

. 10 .-
(2j,t1)e,— Ef dr[—g,D(a(r))o(r)

(47)

- %[m:orw/Nwa(r)2+ m;Fp/NCpb(r)Z]-
(48)

TABLE V. Binding energy per nucleon; E/A (in MeV), rms charge radiusg, (in fm), and the differ-
ence between, andr, (in fm) for type B,m; = 5 MeV, andRg = 0.8 fm. | and Il denote, respectively,
QMC-I and QMC-II (* fit).

—E/A lch rh=rp
Model | I Expt. I I Expt. I Il Expt.
%0 5.84 5.11 7.98 2.79 2.77 273 —-0.03 -0.03 0.0
“Cca 7.36 6.54 8.45 3.48 3.48* 348 -0.05 -0.05 0.05-0.05
“8Ca 7.26 6.27 8.57 3.52 3.53 3.47 0.23 0.24 #0205
90zr 7.79 6.99 8.66 4.27 4.28 4.27 0.11 0.12 G051
208ppy 7.25 6.52 7.86 5.49 5.49 5.50 0.26 0.27 6: 06805




2646 K. SAITO, K. TSUSHIMA, AND A. W. THOMAS 55

=% z
< a& 2
r (fm)
FIG. 10. Changes of the nucleon ameland w-meson masses in FIG. 12. Changes of the hyperom\ (X, and Z) masses in
4Ca. The nuclear baryon density is also illustratedlid curve. 40Ca. The solid curve is for the nuclear baryon density. The right
The right(left) scale is for the effective magthe baryon densiy ~ (left) scale is for the effective magthe baryon density The pa-

The parameter set B is used. rameter set B is used.

smaller(in this respect the model is very similar to QM-I We can also see this in Fig. 7, where the strength of the

We should note that there is a strong correlation between th%alar field in the interior part of%Ca is stronger than in

effective nucleon mass and the spin-orbit fof@l]. The *Pb.

problem concerning the spin-orbit force in the QMC model Using the local-density approximation and Kg2), it is

has been studied in Refil6,21-23. It remains to be seen possible to calculate the changes of the hyperdn¥, and

whether the higher order corrections, as studied by Phillips2) masses ir*°Ca and?*#b, which are respectively illus-

et al. [33], will help to resolve it. trated in Figs. 12 and 13. Our quantitative calculations for
Table V gives a summary of the calculated binding en-the changes of the hyperon masses in finite nuclei may be

ergy per nucleon®/A), rms charge radii and the difference quite important in forthcoming experiments concerning hy-

between nuclear rms radii for neutrons and protongPernuclei[29].

(rn—rp), for several closed-shell nuclei. While there are still

some discrepancies between the results and data, the present

model provides reasonable results. In particular, as in

QMC-I, it reproduces the rms charge radii, for medium and We have extended the quark-meson couplit@@VIC)

heavy nuclei quite well. In fact, the results in QMC-I and model to include quark degrees of freedom within the scalar

QMC-II are surprisingly close—most probably because inand vector mesons, as well as in the nucleons, and have

both cases the free parameters are adjusted to fit the observiedestigated the density dependence of hadron masses in

saturation density and binding energy of nuclear matter. nuclear medium. As several authors have suggested
In Figs. 10 and 11 we present the changes of the nucleof6-12,24, the hadron mass is reduced because of the scalar

o- andw-meson masses itfCa and?°®b, respectively. The mean field in a medium. Our results are quite consistent with

interior density of*°Ca is much higher thap,, while that in  the other models. In the present model the hadron mass can

208ph js quite close tgg. Accordingly, in the interior the be related to the number of nonstrange quarks and the

effective hadron masses iffCa are smaller than if%Pb.  strength of the scalar mean fieldee Eq.(32)]. We have

IV. CONCLUSION

0.16 e e 1 0.16 ———— . . e
r P u e ]
Nt o
0.4 [ . 014 [ y
4 1 .
s 1 A - 0.98
042 [ i 4 0.5 012 | /A 1
L s _ Vi L - . /',"
— E = - - R F = e A
& oAE-——~ /i & otf T _. —- ]
£ ; . ] § £ - i 096 Z
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FIG. 11. Same as Fig. 10 but féf%b. FIG. 13. Same as Fig. 12 but fé%Pb.
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found a new, simple formula to describe the hadron massesons are called NL1, NLZ36], and NL-SH[37], and the
in the medium, and this led to a new scaling relationshipnonlinear terms in those parametrizations are given as
among thenisee Eq(33)]. Furthermore, we have calculated
the changes of not only the nuclean, w, andp masses but LOHh=—3Ma0%+ 50,0°+ 19304, (50)
also the hyperon A, 3, and Z) masses in finite nuclei. It
would be very interesting to compare our results with forth-ywhere g, and g, take, respectively, a positivénegative
coming experiments on hypernuclei. In addition, we notepositive] and positive(negativé [positive] values in NL1
that the origins of the reduction of the vector meson massegNL2) [NL-SH]. Since the nonlinear terms provide the
in QMC and QHD are completely differefit5}—in QHD it self-energy ofe meson, it changes the mass in matter.
is a consequence of vacuum polarization, whereas in QM@omparing Eq(50) with Eq. (49), we can see that the effec-
the vector mesons have quark structure in exactly the samg/e ¢ mass in NL2increasesat low nuclear density while
way as the baryons. It would therefore be extremely interestthe ¢ massdecreasesn NL1 and NL-SH in the MFA.
ing to have data on the mass shift of vector mesons in finite  However, from the point of view of a field theory, like the
nuclei. Nambu-Jona-Lasinio model, an increase of thenass in

By applying this extended QMC model to finite nuclei, the medium seems unlikef25,26]. [We should note that the
we have studied the properties of some static, closed-shelyes ofg, in those parametrizations are small compared
nuclei. Our(self-consistentcalculations reproduce well the jith the corresponding one in E¢9).] Furthermore, from
observed static properties of nuclei such as the charge defe point of view of field theorygs in Eq. (50) should be
sity distributions. In the present model, there are, howeveryegative because the vacuum must be st Therefore,
still some discrepancies in energy spectra of nuclei, in parye can conclude that one would expect to fipg=0 and
ticular, the spin-orbit splittings. To overcome this defect, weq <0 in Eq.(50). Unfortunately, the above three parametri-
have discussed one possible way, in which a constituerfations used in nuclear physics do not satisfy the condition,
quark mass {300 MeV) is adopted, in Ref416,21. Asan  hjle our Lagrangian, Eq49), does. It will be very inter-
alternative, Jin and Jenning&3] and Blunden and Miller  esting to explore the connection between various coupling
[22] have proposed variations of the bag constantzpd-  strengths found empirically in earlier work and those found
rameter in medium, which have been suggested by the fagh oyr approach.
that quarks are partially deconfined in matter. To help settle  Finglly, we would like to give some caveats concerning
this problem, one should perhaps consider the change of the present calculation. The basic idea of the model is that
vacuum properties in the mediufg5]. the mesons are locally coupled to the quarks. Therefore, in
_ Our Lagrangian density, E416), provides a lot of effec- the present model the effects of short-range correlations
tive coupling terms among the meson fields because the Mgmong the quarks, which would be associated with overlap
sons have structuref. Ref.[34]). In particular, the Lagrang- of the hadrons, are completely neglected. At very high den-
ian automatically offers self-coupling termier nonlinear ity these would be expected to dominate and the present
termg with respect to ther field. Using Eq.(15), the La-  model must eventually break down thegobably beyond
grangian density gives the nonlinearterms[up t0O(a*)]  ~3,/,). Furthermore, the pionic cloud of the hadri88]
as should be considered explicitly in any truly quantitative
study of hadron properties in the medium. We note that
subtleties such as scalar-vector mixing in the medium and
the splitting between longitudinal and transverse masses of
the vector meson§l0] have been ignored in the present
mean-field study. Although the former appears to be quite
(49 small in QHD, the latter will certainly be important in any
attempt to actually measure the mass shift.

NLo  _  1,.%, 2 2
Lomcn=—zMy(0) o
2
g

1.2 2 2 3 1.2,.2 4
=—smio°t+g,a,m oc°—30.(a,+2b,)m o”.

On the other hand, in nuclear physics, QHD with nonlin-
ear o terms has been extensively used in the MFA to de- This work was supported by the Australian Research
scribe realistic nuclef35]. The most popular parametriza- Council.
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