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w-nucleus bound states in the Walecka model
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Using the Walecka model, we investigate theoretically whethew aneson is bound to finite nuclei. We
study several nuclei fronfHe to 2°Pb, and compare the results with those in the quark-meson coupling
(QMC) model. Our calculation shows that deepenucleus bound states are predicted in the Walecka model
than in QMC. One can expect to detect such bound states in the proposed experiment involvihgHig (
reaction at GSI[S0556-28139)02502-9

PACS numbg(s): 24.10.Jv, 21.10.Dr, 21.30.Fe, 14.40

The study of the properties of hadrons in a hot and/oimal nuclear matter densitp,=0.15 fm 3.) We also calcu-
dense nuclear medium is one of the most exciting new directed the dispersion relatidin the timelike regiohto get the
tions in nuclear physickl-9]. The recent experimental data “jnvariant’ mass of thew within the relativistic, random-
observed at the CERN/SPS by the CERES]| and HELIOS  phase approximatiotRRPA). The “invariant” massm?* is

[11] Collaborations has been interpreted as evidence for 8efined bym, whereg, andq=|ﬁ| are the energy and

downwgrd shift of thep_ meson mas$12] or a strong in- three momentum of the, respectively, and they are chosen
crease in the meson W'dtrﬂ?f] in dense nuclear matter. T_O so that the real part of the dielectric function in the full
draw a more definite conclusion, measurements of the dilepsrgpagator vanishes. We do not repeat the details of the cal-
ton spectrum from vector mesons produced in nuclei are,ation here. Instead, we showf, in Fig. 2 as a function of
planned at TINAH14] and GSI[15] (see also Ref.16]). 5. (For more information, see Refl9].) The result shown
Recently a novel approach to the study of meson masgc|ydes the effect ofr-w mixing in nuclear matter, which
shifts in nuclei was suggested by Hayaeioal. [17], using  is however, very small beloyw,. [Our calculationg9] sug-
the (d.’He) reaction at GS[18] to produce realy andw  gest that the shiftincreasg of the longitudinale mass due
mesons with nearly zero recoil. If the meson feels a largqo the mixing is at most a few MeV for all densities below
enough, attractivéLorentz scalarforce inside a nucleus, the ;.. See also Ref3].] Furthermore, for lowg the separation
meson is expected to form meson-nucleus bound states. Halyetween the longitudinglL) and transvers€T) modes is also
anoet al. [19] have estimated the binding energies for vari-small.
ous - and w-mesic nuclei. We have also reported the pos- Since the proposed experiment at 3r,19 was de-
sibility of such bound state§20] using the quark-meson signed to produce am meson with nearly zero recoil in a
coupling (QMC) model [6], in which the structure of the
nucleus can be solved self-consistently, including the explicit 10 —————————————71— 71—
quark structure of the nucleons. In this report we study sev- K
eral w-mesic nuclei $He, 1B, ?®Mg, %0, “°Cca, °%zr, and 900
20%h — the first three are the final nuclei in the proposed L
experiments at G9117,19) using an alternative, relativistic < 800
nuclear model, namely, the Walecka model or quantum§ E
hadrodynamic§QHD) [21]. We compare the results with ,~ 790
those found in QMC-[20]. =7 E
In Ref.[9] we have already studied the propagation of the 600 I
® meson with finite three momentum in infinite, symmetric :
nuclear matter within QHD-I, using the relativistic Hartree 500 t
approximation.(To illustrate the difference between QHD R

and QMC, we show the effective nucleon mass in Fig. Lasg 400~ L " ‘1'5' P ‘2‘5' T

function of the ratio of the nuclear matter density to nor- P,/ P,
FIG. 1. Nucleon mass in symmetric nuclear matter. The solid
*Electronic address: ksaito@nucl.phys.tohoku.ac.jp and dotted curves are respectively for QHDalith vacuum polar-
'Electronic address: ktsushim@physics.adelaide.edu.au ization) and QMC-I.(For QMC, the bag radius of the nucleon and
*Electronic address: dlu@physics.adelaide.edu.au the quark mass in free space are respectively chosen to be 0.8 fm
SElectronic address: athomas@physics.adelaide.edu.au and 5 MeV. For more details, see RE8).)
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FIG. 2. The “invariant” mass of thes meson in matter, includ- T (fm)
ing o- @ mixing. The solid curve is fogq=1 MeV, where the. and
T modes are almost degenerate. The dashed curves age=f600 FIG. 3. Potentials for the meson and the density distributions
MeV, in which case thé and T modes are well separated. in “°%Ca. The results for QHD are shown by dashed curves, while

those for QMC are shown by solid curves.

nucleus, it should be sufficient to consider thevith low ¢ _
and ignore the separation between thend T modes. Using SNk e 4T
the results shown in the figure we shall parametrize the “in- M, (1) =mq(r) 2{[m"’ Mo (0170 T} 3
variant” mass of thew with g=1 MeV (the solid curve in
Fig. 2) as a function of density. It is approximately given by i

=my(n)=5T5(r), @
m* =m, —312.4%+ 199.4(x°
wherel ,(=8.43 MeV) is the width in free space. In E¢),

3 4 5
—59.27%°+8.842K"~0.52¢, @ v, IS treated as a phenomenological parameter chosen so as
_ _ to describe the in-medium meson widitj .
where all quoted numbers are in Mew,,(=783 MeV) 'S According to the estimates in Refd, 8], the width of the
the mass in free space amekpg/po. This reproducesn;,  , 4t normal nuclear matter density is not large, typically a
well up to three times normal nuclear matter density. few tens of MeV:I'* ~30—40 MeV. Thus, we calculate the

Once one knows the density distribution of a nucleus, on
can extract an effective potential for tlae meson from the
“invariant” mass, assuming local density approximation.
Because they consists of thesame-flavor quark and anti-
quark, we expect that the meson does not feel the repul-
sive, Lorentz vector potential generated by the nuclear envi-
ronment. The total potential felt by the is then given by

* (0 _ * .
m,,(r) —m,,, wherem, now dgpends on the position ffom Equation (5) has been solved in momentum space by the
the center of the nucleus. In Fig. 3, we show the potential fo?nethod developed in Ref23]. (We should mention that the

- 40 . . - . .
an o meson in“"Ca, together with the density distribution. advantage of solving the Klein-Gordon equation in momen-

We can see that the potential generated in QHD is rathe[rum space is that it can handle quadratic terms arising in the

dee:'per' than that given by QMCTo get the density Qistri- potentials without any trouble, as was demonstrated in Ref.
bution in QHD we have used the program of Horowetzal. [23])

esingle—particle energies using the values for the parameter
appearing in Eq(4), v,=0,0.2 and 0.4, which covers the
estimated range. Thus we actually solve the following, modi-
fied Klein-Gordon equation:

[VZ+E2—mE2(r)] é,(r)=0. (5)

[22]) In a nucleus the(statio »-meson fields,, is then Now we are in a position to show our main results. In
governed by the Klein-Gordon equation Table | and Fig. 4 the calculated single-particle energies for
R the w meson are showr{In Fig. 4 the results of QM{20]
[V24+E2—m*2(r)] ¢,(r)=0. (2)  are also shown for comparis@Our results suggest that one

should expect to find boun@-nucleus states, as suggested

An additional complication, which has not been added sdy Hayanoet al.[17,19 and by our previous work20]. We
far, is the meson absorption in the nucleus. This requires afave found that much deeper levels are predicted in QHD
imaginary part for the potential to describe the effect. At thethan in QMC because of the stronger, attractive force in
moment, we have not been able to calculate the in-mediufRHD, as shown in Fig. 3. Note that the real part of the
width of the meson, or the imaginary part of the potential ineigenenergy of thes meson is very insensitive to the in-
medium, self-consistently within the model. In order to makemedium width. We may understand this quantitatively, be-
a more realistic estimate for the meson-nucleus bound stategause the correction to the real part of the eigenenergy
we shall include the width of the meson in the nucleus should be of ordef *?/8m,,, which is a few MeV(repul-
assuming the phenomenological form sive) if we choosel'* ~100 MeV. For a more consistent
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TABLE I. Calculatedw meson single-particle energies in QHD, w bound state energies
E=Re(E,—m,), and full widthsT" (both in MeV) in various nu-
clei, where the complex eigenenergies Bre=E+m, —il'/2. See —401 2s —_QHD
Eqg. (4) for the definition ofy,, . In the light of " in Refs.[7,8], the P QMC—1 ]
results withy,=0.2 are expected to correspond best with experi- —eok [” 1p 2 y
ment. The first three nuclei are the final nuclei in the proposed
experiment using thed(3He) reaction at GS[17,19. D _gol 1s _|IP ]
) 2s
E 1s ’P
Yo=0 v,=0.2 v,=0.4 > 10003 1s , 2s]
E r E r E r 2 He s 1% lip
1s 1s
SHe 1s -974 79 -974 335 -97.2 591 § -1201 ]
B 1s —129.0 80 -129.0 385 —-1289 69.0 TBe
®Mg 1s —1436 82 -1436 398 -1436 715 -140} "o ]
1p —1209 7.9 -1209 37.8 -1209 67.7 Mg Ba
2s —80.7 7.7 —80.7 332 -80.6 588 -160} o —g 2 Vzr wmapy, |
0 1s -1341 81 -1341 387 -1340 69.3 )
1p -1034 7.9 -1034 355 -103.4 63.3 FIG. 4. Calculatedo meson single-particle levels in QHD and

°Ca 1s -147.6 82 -1476 40.1 —147.6 720 QMC. Detailed data for QMC can be seen in Rex0].
1p —128.7 8.0 —-1286 383 —128.6 68.6
2s -998 78 -998 356 -99.8 635 ing nucleons. Therefore, the mass decreaseven in mean-
%7y 1s -1543 83 —-1543 406 —1543 73.0 field approximationand itis given at low density d%,24]
1p —-1433 82 -—-1433 398 —-1433 714
2s —1234 8.0 —-1234 38.0 —-1234 68.0 " 2 —
208y 1s -157.4 8.4 -157.4 40.8 —157.4 73.3 m,=m,= 39,0, @)
1p —-151.3 83 -151.3 405 -151.3 727

2 —-139.4 1 —-139.4 . —-139.4 70. —. . .
S 39 8 39 395 39 0.8 whereo is the mean-field value of the. This mass reduc-

tion is not due to vacuum polarization, but the composite

treatment, we need to calculate the in-medium meson widtquark structure of the, where the quark and antiquark in-
self-consistently within the model. teract with the nuclear matter through exchange. There-
Finally we emphasize that the origins of the mass reducfore, comparing the» spectra in QHD and QMC with the
tion in QHD and QMC are completely different. In QHD, the forthcoming experimentsl7,19 we could get significant in-

w mass at low density is given H3,24] formation on the mechanism for mass reduction in the
nuclear environment.
02 gimwQZ To summarize, we have calculated the single-particle en-
mf=m,+ ——- ———, (6) ergies forw-mesic nuclei using QHD and compared the re-

2m,, 6”2”‘5 sults with those of QMC. Although the specific form for the
width of the meson in medium could not be calculated in this
model, our results suggest that one should obserneicleus
bound states for a relatively wide range of the in-medium
meson width. In particular, even in the light nuclei QHD

ives very deep single-particle levels (100 MeV), while

where ) is the classical plasma frequency, is the
o-nucleon coupling constant, amd,, is the o mass in free
space. The second term on the right-hand side of (By.
comes from the density-dependent part of themeson

propagator in RRPA, which leads to an increse of the mas MC predicts much shallower levels. If the-nucleus

while the third term is due to vacuum polarization, which . o
gives a strong, attractive contribution. Therefore, the reduct)ound states could be observed in the future it might enable

tion of the & mass(or the scalar, attractive potential felt by us to inform on the quark structure of the mesons in nuclear

. . ) L i medium.
the ) in QHD is essentially caused by tiNN pair creation
in nuclear matter. We would like to thank R.S Hayano, S. Hirenzaki, H.
In QMC the w meson consists of a quark and an anti-Toki and W. Weise for useful discussions. This work was
quark, which feel the scalar field generated by the surroundsupported by the Australian Research Council.
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