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Pionic decay of A hypernuclei in a continuum shell model
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We evaluate pionic decay widths &f hypernuclei using a shell model for both the nuclear bound and
continuum nucleon wave functions in the final state and distorted waves for the outgoing pion. An excellent
agreement with the recent KEK measurementrofdecay widths ofi*C and3°Si is found. In addition, results
for iGFe are consistent with the existing upper bound.
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[. INTRODUCTION parameters of a WS well, with spin-orbit forces, to the
ground state and also to some of the discrete final state en-
The pionic decay ofA hypernuclei has received attention ergies of the nuclei involved in the decay afi) a con-
in the past both from the experimenfal-7] and theoretical tinuum shell mode(CSM) to describe the positive energy
[8—22] points of view(for a recent review see RR3)). It tgil of the mesonic Qecay width. In this way we re_place the
is well known that the mesonic decay is largely suppressefiscrete sum used in Ref16] .by the appropriate integral
by Pauli blocking, although the consideration of proper pion@Ver the continuum states. This correct treatment of the con-
distorted waveg13,16,2Q weakens the effect of the Pauli tlnuggn contribution is important, since, as we shall see, for
blocking considerably. On the other hand, the relevance off -1 Si decay it amounts about 50% of the total measured
the use of a correct energy balance in the decay was aldg€Sonic width, in contrast to the case of the hypernuclei
pointed out in Ref[16]. Two theoretical frameworks have Studied in Refs[13,16, for which the continuum contribu-
been traditionally used to describe this process: the polafion Was much smaller. , ,
ization propagator methotPPM) [12,18,21, supplemented Since, as mentioned gbove, the use of pion distorted
by quantum field theory functional techniqug22,23, and waves turns out to be crucigl6,20, the improved treatment _
the wave function methodVFM) [13—17. In the PPM, the of the nuclear structure allows us to use the new and precise
calculation of the pionic widths is performed in nuclear mat-measurements performed at KEK, as a further test of the
ter and the results are translated to finite nuclei by means §uality of the pion-nucleus dynamics used in Ref6] and
the local density approximatiof.DA). Both methods, PPM  developed in the works of Reff24,25. A deep and detailed
and WFM, turn out to be related in a semiclassical lifag], ~ knowledge of the pion dynamics inside of a nuclear medium
the WFM being more reliable than the PRMDA, since the has_beco_me a toplc_of r_enewed interest to explore possible
mesonic decay channel is quite sensitive to the details of thBartial chiral restoration in the mediuf@6-24.
shell structure of the hypernuclei, specially for light systems, 1N€ Paper is organized as follows. In Sec. Il the needed
In Ref.[16] a simple Woods-SaxofWsS) shell model was formulas.to compute the pionic decay W|.dth are given, both
employed, with a central potential of constant depth for seyfor the discrete and 'contllnuum contrlbqtlons. De'talls of the
eral nuclei. This global potential did not include spin-orbit "uclear CSM used in this work are discussed in Sec. lIl,
term and only the radius of the WS well depended on thavhere the energy reaction balance is _also studied. Flnally,_ln
specific nuclei ¢AY3). The resulting binding energies of the Sec. IV_ we present the results of this work and our main
shells were globally shifted, by hand, to reproduce theconclusions.
ground state masses of the involved nuclei. Besides, the con-
tinuum contribution to the decay was estimated by discretiz- 1l. THEORETICAL DESCRIPTION OF THE PIONIC
ing the positive nucleon energy levels by means of an infinite DECAY

barrier placed at distances of about 20 fm. Despite all these : . .
. ; o In this work, we compute the mesonic decay width as the
crude approximations, the model led to predictions for the

mesonic decay widths o}(ZC which were compatible, within sum of the contributions of the following processes:

errors, with theoavailab[e experimental measurements at that QZH(AZ)dJMTo, 1)
time, for both#°- and 7~ -decay channels. Furthermore, the
model of Ref.[16] provided an overall description of me-

dium and heavy hypernuclei mesonic decay, which is still ﬁz_’(A(Z+l))d+W ' 2

nowadays accepted as one of the most reliable theoretical A At 0

estimateg23]. W= (" ) gstn+ o, ©)
Very recently, precise measurements of the mesonic

decay of °C and 3°Si have been obtained at KEK, and an NZ— (A 12)gstptm, 4

upper bound forf’fFe has also been givén]. The purpose of

this paper is to update the model of RE6], improving the

nuclear structure description of the process, by u§ingore We use the notatio}Z, to denote a nuclear cofs 1Z and one
realistic potentials for each one of the nuclei by fitting theboundA particle.
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whered denotes the ground or discrete excited states of théhe underlying nuclear system, *Z, the width for any of
final nucleus. As we shall see, we evaluate the processes tife processes of Eq&l)—(4) is given by

Egs. (1) and (2) by putting the outgoing nucleon, coming

from the weakA decay, in an unoccupied bound shell of the

daughter nucleus. On the other hand, in E§s.and (4), gs re-ce 1 dq 1
means that the daughter nucleus is left on its ground state. In N=nljm>F 2 mg (2m)° 2w(q)
the two last reactions the outgoing nucleon, coming from the :
weak A decay, goes to the continuufpositive energy and ><2776(EA—w(q)—EN)(Gme)2
we denote that contribution bly., while the first two reac- b )
tions give what we call discrete contributidfy. Thus we <I{A m s —&.% [Inlim 2@ d)*
split the pionic width into two contributiond;=T".+T. TSA mﬁa =|[Nlimie(d) '
Experimentally, what can be observed are the inclusive pro- (12)
cesses
QZ—’XJ”TO’ ®)  where nljm and Ey stands for the quantum numbers and
A B relativistic energy of the outgoing nucleon in th§ shell,
A= Xt (6 |A,ms,) denotes the\ wave function with angular momen-
The main contribution to these processes is given by théum third compo'nenmsA, Ex the A energy, including its
exclusive ones shown in Eq&l)—(4). mass,w(q) the pion energy, gnd th_e sum ou€rruns over
The pionic decay is produced by a baryonic one-bod)}he unoccupied nuclear orbital®,l,j,m). In Eq. (12 the
operator sums ovelN are over proton or neutron orbitals according to
a. The pion wave functioid{*(q,x)*] as a block corre-
~\ 5 P . . sponds to an incoming solution of the Klein-Gordon equa-
5HA7TN: _Gmﬂ' S— m_o-‘ Je.m. T)\, (7) tion,

where Gm?)%/8m=1.945< 10" 5, the constantS andP are Y (o

equal to 1.06 and 0.527, respectively, amdg is the pion [=Vo+mo+20(q)Vop(X) Je7(4,%)
mass(139.57 or 134.98 MeV forr~ or 7°), G.n IS the _ o2 (@) m ok

momentum of the outgoing pion in therest frame, and the [«(Q)= V()7 "(4.07, (13
Pauli matricesr and 7", where\ is a Cartesian isospin index

which will be contracted to the pion field, act on the spin andyith Vc(X) the Coulomb potential created by the nucleus
isospin Hilbert spaces, respectively. Taking theisospin considering finite size and vacuum polarization effects, for
wave function as that of a neutron, th operator in Eq(7) w and zero forr®, andV,,(X) the optical potential which

implements the extrem&T=1/2 rule, which leads to a rate describes ther-nucleus interaction. This potential has been

of A— =" p twice as large as that 0{—’77.0”- developed microscopically, and it is exposed in detail in
The free-space\-decay width is readily evaluated and Refs.[24,25. It contains the ordinary lowest-order optical
leads for proton or neutron decay to potential pieces constructed from teeandp-wave =N am-

5 plitudes. In addition, second-order terms in battand p
i) q2 ) a=p,n waves, responsible for pion absorption, are also considered.
m, “em’ T Standard corrections, such as the second-order Pauli rescat-
(8) tering term, angular transformation term, Lorentz-Lorenz ef-
fect, and long- and short-range nuclear correlations, are also
_)\llz(Mi,Mz,mi) taken into account. This theoretical potential reproduces
Qem= 2M ' ©) fairly well the data of pionic atomsgbinding energies and
strong absorption widths[24] and low-energyw-nucleus
N(X,Y,Z) =X2+Yy?+ 72— 2xy—2xz— 2y Z, (100  scattering 25].
After a little Racah algebra, one gets, for thedecay
where « indicates neutron or proton or equivalent® or  width inside of a nucleus,
m~ decay,CP=4 andC(W=2 are isospin coefficients, and
M (938.27 or 939.57 MeV fop or n) and M, (1115.68
MeV) are the nucleon and masses, respectively. The total o= E I (14)
free space hyperofh width I", is given by the sum of proton NE
(77) and neutron £°) contributions,

. (Gm2)* Mdcm,
Fhee=C " . |5+

Iy =TT (11 2The following expressions are valid for the discrete contribution
[Egs.(1) and(2)] to the decay width. The needed modifications to
In the case of a bound hypernucleus, assuming that théompute the continuum pafEgs. (3) and (4)] are discussed after
hyperonA is in the 1s,,, shell and a closed-shell structure for Eq. (24).

034604-2



PIONIC DECAY OF A HYPERNUCLEI INA . ..

C(a) q
() _ 212 N
I'y ype (Gm)

PHYSICAL REVIEW C67, 034604 (2003

TABLE I. Lambda hyperon WS parameters and ground state
(1sy40) binding energiesB,). The totalA energyE, is given by

1+ w(qN)/EA MAJ"BA-
P 2
x| S2SP(qn) + m—) qﬁsﬁ”(qN)}, (15)  Hypernucleus VA [MeVv] RA[fm] a[fm] B, [MeV]
e 311 2.45 0.60 —10.8[30]
with g 30.1 3.30 0.60 —16.6[31]
e 30.3 4.18 0.60 —21.0[11]

an=[(Ey—Epn)?—m2]*2 (16)

| 1
RI™(q;1) =g~

Note thatEy, qy and the integral§§\,s) and S(Np), defined ar

below, depend on the isospia We have implemented the
recoil factor (1+ w/E,) "1, E, being the energyincluding
the maspof the daughter nucleus, because most of the decay

o
Xsin qr—1 E+cr|+6|—1yln2qr
corresponds to nucleons in nuclear bound excited states, and

as a consequence the nucleus of mdgsrecoils as a whole.
S®(qn) and S{P(qy) are thes- and p-wave contributions
given by

2j+1
Shij(an) = ——Ih(an) %, (17)
(p) 1 2
Smj(CIN): q?§{||Mn|j(CIN)| Oj1-112
+ (14 1) [Ny (an) 1265 1+ 172 (18

with

In.j<qN>=f:r2drR&2><r>Rf”><qN;r>Rn.,-<r>, (19)

Mj(an) = fo r2drR3(r)

—(1-1) Rnij(r),

(de”)l(qN;r)
>< e —
dr

Rf”)l(qN;r))
r

(20
ij<qN)=j:r2drR&é)<r>
dRTy(an;:r) R(Ty(an;T)
X| =g +(1+2) ———|Ray(").
(21)

Here R{™(qy;r) are the radial wave functions of the pion
for each partial wave, regular in the origin and with the

asymptotic behavior

R™(q;r) :ei5|—1 sin qr—1 2—1—6 for °
I ) r—oo qr 2 I !
(22

for 7, (23

with » and o, the Coulomb parameter and phase shift de-
fined as in Ref[29] and 8, the complexto take into account
inelasticitieg phase shifts obtained from the numerical solu-
tion of the Klein-Gordon equation. Finally‘{(lﬁ) andRy;(r)

are theA and nucleon bound radial wave functions, normal-
ized as usual:

f+mdrr2|R(r)|2=1. (24)
0

The A wave function in the initial hypernucleu®®), is
obtained from a WS potenti@B3] to account for the mean
A-nuclear core interaction, with parameters compiled in
Table I. The nucleon dynamics will be studied in detail in
Sec. lll.

Some of the nuclei which we use are not closed-shell
nuclei. In this case the nucleons from thedecay can fill up
n, empty states in a, |, j shell. We take that into account by
multiplying S& and S\ by n,/(2j +1).

The above equation&l2)—(24) can be readily used to
compute the discrete contribution to the pionic decay width,
but when the outgoing nucleon coming from the wegk
decay goes to the continuufpositive energy, one should
replace the sunXy—p;~¢ in Eq. (14) by a sum over multi-
poles, plus an integral over the nucleon energies, i.e.,

2Mp

Emax
—> dE , (25)
1j M m

N=nlj>F

Ruij(r)—Ry;(psr),

with E and p= JEZ—M? the nucleon energy and momen-
tum, Eax=Ex—m,., the maximum nucleon energy, neglect-
ing the recoil of the nucleus, ard;(p;r) a continuum so-
lution of the nucleon Schringer equation32], with the
same potential as that used for the bound nucleons to com-
pute the discrete contribution to the decay width. The
nucleon wave function normalization in the continuum is the
same as that given above for the pigfss.(22) and(23)].

As a test of the multipole expansion in the continuum, we
recovered the free-spacedecay width of Eq(8) from the

(26)
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TABLE II. Neutron WS parameters used in this work. andV¢(r) is the Coulomb potential created by an homoge-

neous charge distribution of radiuR:. The parameters,
compiled in Table Il for neutrons and Table Ill for protons, of
this potential are adjustédo reproduce some experimental

Vo Ro o Vis Ris s
[MeV] [fm] [fm] [MeV] [fm] [fm]

e —-57.0 2.86 0.53 —6.05 2.86 0.53  single-particle energies around the Fermi le\a%,35. This
27Isj —66.2 3.50 0.70 —3.30 3.75 0.70  will enforce not only a correct energy balance for the decay
SSFe —54.0 4.70 0.50 —8.30 4.70 0.50  process to the first available shell, but also to some excited

states. The main contributions to the processes of Egs.
and (2) come from situations where the daughter nucleus is
multipolar expansion of Eq$14)—(26). For this purpose we |eft in the ground state or in the first few excited states. Since
setA=1 and replaced the radial pion and nucleon wavenhe effect of the Pauli blocking depends strongly on the pion
functions by spherical Bessel's functionsand the radial\  energy after the decay, it is important, as shown in Re],

wave function byy4m/V, V=4mL%3 being the volume of to perform a correct balance of energies, using when possible
interaction, which will be finally sent to infinity when calcu- experimental energies.

lating physical observables. The test is straightforward, tak- Thus the energy of the first nonoccupied shell is fixed to
Ing Into account the mass difference between the ground states of #hand
A=17 nuclei for the case of neutronr{) decay and of the
” 4 (L _ 2 A(Z+1) and A1z for the case of the protona(") decay
;o (21+1) \lvfo drreji(pr)ji(qr) channel. In Table IV we give the first available shells and
their empirical energies obtained in this way. The energies of
4 (L * L this table do not totally determine the parameters of the mean
= dr rz( 2 (2l +1)j,2(pr)) f drr?j,(pn)j,(qr) field nucleon potential, and one has still the possibility to fit
0 1=0 0 some excited state energies. In what follows, we give some
- more details of the adjusted shells.
+(9(1/L)=2—p25(p—q)+(’)(1/L). (27) (i) °C. We assume a closed proton and neutrqmyl

shell configuration for the ground state tiC and a Dy,

) __ (proton 1pg;3 (neutron configuration for the ground state of
On the other hand, we have also used this free-space limit t&y The rest of neutron and proton shells adjusted by the

test our computational code and the precision of our numeriz,aan field potentials, the parameters of which are given in
cal algorithms to solve differential equations and to performy,pias |1 and IIl, are as follows.

integrations and the sum over an infinite number of multi-
poles. The idea was, taking as starting point the formulas °1fro
Egs. (14)—(26) with a radial A wave function given by
V4m/V and switching off the pion-nucleus and the nucleon
potentials, to recover numerically, in the limit going to
infinity, the free-space\-decay width. Such a calculation,

T e o e s ey nddegree of eedom, conuralon MGy of higher
P Y excitations, collective degrees of freedom, etc., not consid-

hypernuclei, since the D|racs delta appearing in €) has . ered in this simple model. However, as long as this state had
to be constructed numerically out of a large sum over muIt|-a sizable component 1 ,1> it would be reachable in
poles and slowly convergent integrals. P P1/21P312/,

the weak decay of the hypernucleus and the procedure de-
scribed above would guarantee that the energy balance is
. NUCLEAR STRUCTURE AND ENERGY BALANCE correct, not only when th&C is left on its ground state, but
also when it is left on its first excited state, leading then in
both cases to good pion wave functions. The nuclear matrix
elements appearing in the evaluation of the decay width,
though depending strongly on the pion wave function, are
. less sensitive to the specific details of the nuclear wave func-
I& df(r,RLs,aLs) ~ tion_
VWS(r):Vof(r’RO'aOHV'—ST dr +Vel(r), Protons There are no>N excited states amenable to be
(28)  explained within a shell model, since all levels compiled in
Ref. [36] are broad resonant states populated in nuclear re-
where actions. Therefore, we choose to use the same spin-orbit
force as in the neutron case and fix the depth of the central

Neutrons We fix the energy of the fd;,, neutron shell
m the energy of the first excited state of‘C
[2" 12C*(4.43) MeV]. We assume a particle-hole configu-
ration 1p,,, 1p§,2l which leads to a binding energy for the
1p4 shell of —14.29 MeV. We are aware that this excited
state of'?C might also have some contributions from proton

We model the nuclear structure of the1Z system by a
Slater determinant built with single-particle wave functions
obtained by diagonalizing a WS potential well:

1
f(r,R,a)= R (29
1+ exp< r ) 3Essentially, we adjust the depthls andV, s, and for the radius-
a

and thickness-type parameters standard values have been used.
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TABLE IIl. Proton WS parameters used in this work. model, since all levels compiled in R¢B6] are again broad
resonant states populated in nuclear reactions. We fix the
Vo Ro ag Vis Ris as Re depth of the central part of the potential to reproduce the

[Mev] [fm] [fm] [MeVv] [fm] [fm] [fm]  2g,, shell as given in Table IV, and we choose the depth of
U _384 286 053 -605 286 053 286 the spin—orbit such thgt the next shelldzl,) appears in the
iS5,  _474 375 053 -100 375 053 375 continuum. We will discuss in the next section the eren.—
SFe 508 470 050 -830 470 050 470 dence of our res_ults on the precise \_/alue _of the sp|n_-orb|t
force. If we use instead the same spin-orbit force as in the
neutron case, there will appear excité® states, which can-

part of the potential to reproduce th@, shell as given in "ot be istgentified in the experiment. _

Table IV. The mean field potential adjusted in this way does (iil) A’F€. The nuclear core structure of this hypernucleus

not provide excited states fGfN. is more difficult to describe, within our simple shell model,
(i1) 23Si. We assume closed proton and neutrdgshell  than those ofi’Si and }°C hypernuclei. Thus our results for

configurations for the ground state #Si and a 2,,, (pro-  the decay of this hypernucleus are subject to more theoretical

ton) 1dg} (neutron configuration for the ground state of uncertainties. In what the ground states respect¥ee, we

2P The rest of neutron and proton shells adjusted by thﬁSsume a configuration composed of two Pa'rié%]prgm”

mean field potentials are as follows. oles and two pairedg;, neutron particles, while for°Co,
Neutrons We fix the energy of the €, neutron shell we assume a proton hole in thé;L shell and a neutron in

from the energy of the first excited state oési e 2Ppap shell. _

[2* 25Si* (1.78) MeV]. We assume a neutron particle-hole The_rest of neutron and proton shells adjusted by the
configuration of the typé2s,, 1dg;) which leads to a bind- mean field potentials are as follows.

ing energy for the &;,, shell of 15.40 MeV. The limitations Neutrons We fix the energy of the.ﬂS’Z neutron&?ahell
and virtues of describing the mesonic decay with this simplimln% the energy of the first excited state Fe
picture for the underlying nuclear core are similar to thos 27 »Fe’(0.847) MeV]. We assume for neutrons a two-

. particle configuratio2ps,,1fs,), which leads to a binding
commented above for th#C case. We should mention that energy for the Te, shell of 10.35 MeV.

to adjust the WS neutron potential to simultaneously give the Protons The first excited state SfCo has spin-parity 3
empirical 1ds,, and X,,, energy shells, keeping thedi,, "y pin-parity
energy shell above thesg,, is delicate and that we had to and an excitation energy of 0.16 MeV. In principle, one
9y o 2 . might use it to determine properties of the WS proton mean
use a value a bit higfD.70 fm) for the thickness parameters .. . ; .
. .+ field potential. However, a word of caution must be said
2 anda, . We have also fried smaller values for the thick- here. One might try to describe this state as a proton con-
tnessd.. Fotr tlg]starr;cei;iforl vt;lu:asi, af= beSThoiﬁg fm, r']r(]j ozr;der figuration with two paired holes in thef3,, shell and a par-
s%gls]uz S ?n-eortfit fcoa;c: vzrg essm?;ﬂv 0 B —Osfl\jllev Wilt’ﬁ ticle in the 2p5, shell in such a way that the above configu-
Vv ——’65 7pS MeV) is re uire)c/j Des i(tsé_that. both the ration would determine the energy of the@g shell. The
o ' d : b ’ 52 1f-,, shell completes 28 protons, which is a magic number,
and 1d;, s.hells turn out to be almost degenerate and t.hat th nd thus one expects an energy gap between this shell and
latter one is now deeper than the,2 shell, the decay width F]he following in energy, Py, appreciable and of the order

) ; ; o i
is rather stable, and it gets increased only by about 10%, WltOf 1 MeV, and not as small as 0.16 MeV. Then, likely, the 3

respect to the results of the next section. This increase is dug, . ;
to an enhancement of thedd,, shell contribution, but the excited state should have an important neutron component

. . . _ N~ ne neutron in th hell and the other in thef n
corresponding configuratioflds,,1d;3) has an excitation (one neutron in the 2, shell and the other in thef,, ong

: .._or more complex components not considered in our simple
energy too small to correspond to any experimental excitedy,q|| model. Then it seems safe to guarantee that this state
state of“*Si.

; ; -2
28 will not have a sizable componef®ps,,1f;5). Therefore,
arepr:(())t(()a?(ii![:e(:jr gt];tespgr?]gr?;kflleatso fg;tgf (I:aaiiidgtlv’itmr?raeshe e choose to use the same spin-orbit force as in the neutron
p se and fix the depth of the central part of the potential to
reproduce the fi;,, shell as given in Table IV. The mean

_ TABLE V. Single-particle energies for the first available, to the g\ 1o ntial adjusted in this way leads to an excited state of
pionic decay of the hypernuclei studied in this work, nucleon shells

and their empirical binding energies. Energies have been obtaine%boUt 5 MeV above the ground state.
from the neutron and proton separation energies of the nuégar

and A(Z+1) speces, respectively, and have been taken from Ref.
[36]. IV. RESULTS AND CONCLUDING REMARKS

Results for the pionic decay widths dfC, 3°Si, and

Neutron — Energy  Proton  Energy ‘TFe, calculated with two different pion nucleus optical po-

Hypernucleus shell MeV shell MeV - . . .
¥ [ ! [ ! tentials, are presented in Table V. The effect of the imaginary
e 1pap -18.72 Ipyn —0.60 part of the poten.tial is to remove frqm thg emergin'g pion flgx
28 1ds), —17.18 B -2.07 those pions which undergo quasielastic scattering or pion
SFe 2pap —11.20 | -5.85 absorption. However, while the pions absorbed should be

definitely removed, this is not the case with those which
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TABLE V. Pionic decay widths, units of , , calculated with two different pion nucleus optical poten-
tials: FP stands for the full optical potential of R¢R5]; NQ stands for the pion-nucleus interaction
obtained by switching off the imaginary part of the FP optical potential coming from quasielastic pion

scattering.
w0 decay 7~ decay
A Vou Tq T T L expt [3] ry . T Lot [7]
FP 0136 0.008 0.144 0.079 0.027 0.106
Zc 0.217+0.084 0.1130.013+0.005
NQ 0.150 0.008 0.158 0.082 0.028 0.110
FP  0.061 0.001 0.062 0.018 0.019 0.037
25 0.047+0.008+0.002
NQ 0.074 0.001 0.075 0.020 0.019 0.039
FP  0.010 0.003 0.013 0.005 0.009 0.014
Pre <0.015(90% C.L)
NQ 0.010 0.003 0.013 0.004 0.010 0.014

undergo quasielastic scattering, since even if they collide}’C. This is a clear success of the model of Rg#s, 25 to
they are still there and will be observed. This means that ON8ccount for the pion_nudeus dynamics at low energiesl In
should not remove these pions from the pion flux and weref, [16], it was obtained a value of 0.0B§ for the
take this into account here. The effect is moderately small, a%-*-ll\zc-decay width. In this work we find a value about 25%

it was already noted in Ref16]. higher and in a closer agreement with the experiment. Dif-

The agreement with the recent KEK measurements is rérrences are even bigger if one looks at the continuum con-
markably good, and it is also good when our results arginution and also appear for the®-decay case. In both
compared to the older measurement of tiledecay width of works, here and in that of Ref16], the samenr~ wave

function has been used, the difference then being due to an
' improved treatment of the underlying nuclear core dynamics.
As we will see below, the barrier method employed in Ref.
E'[16] to estimate the continuum contribution compares rea-
sonably well to the more correct treatment followed here,
when the same nuclear potential is used. The discrepancies
have to be attributed not only to the different WS potentials
used in both works, but also to the somewhat artificial pro-
cedure followed in Ref[16] to enforce the correct energy

TABLE VI. Continuum contributions to the pionic decay width
units of I'y , calculated with the NQ7 ™ -nucleus optical potential,
as defined in the caption of Table V, and two different methods: th
sum of multipoles of the typE{P’ defined in Eqs(14) and(25) and
the sum over positive energy discrete boubg the effect of an
infinite barrier placed at 20 fjrstateq16]. Only contributions td".
larger than 510 *T", are shown. Results are for the decay of
the 3%Si hypernucleus.

This work Barrier at 20 fnj16] balance in the decay. _
Multipole [, Shell EnergyMeV]  [T®)], Note that in Table V the computed widths are always
) m slightly below the data. The contribution of other reaction
3sy 2.45 0.0002
4s,), 5.19 0.0003 Sl
8x10 0.0002
551 9.21 0.0002 —
|
S 0.0007  Totals,), 0.0007 E axi0sk 00001 |
3pap 4.59 0.0005 = . .
4Papn 7.25 0.0004 S 0
Pas 0.0011  Totalpy, 0.0009 = ,
£ 6 x 10-% P2 1t
3p1p 5.02 0.0002 = oot
4py, 8.14 0.0002 3x10-5 b ] '
p1/2 00007 Totalpl/z 00004 0.0001
1d3), 1.27 0.0160 % 5 10 15 20 10_60 5 0 15 2
2dg, 3.22 0.0001 E— M [MeV] E - M [MeV]
3ds, 6.31 0.0001 _ o
dyy 00165 Totalpy, 0.0162 FIG. 1. Continuum proton energy distributions from the
3/2 . 12 .

7~ -decay width of3’Si. Results have been obtained with the NQ
r.=0.019 r.=0.018 7 -nucleus optical potential, as defined in the caption of Table V,
and only the most relevant multipoles are shown.
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FIG. 2. Neutron energy distributions fof®Si decay. Solid
(dashed line corresponds to the=1+1/2 (j=1-1/2) multipole.
The integrated decay widths are %20 4 1.1x10°4 1.0
X104, 9x10°5 and 6x10°° in units of 'y, for the 1s,,
1pysm, 1psp, 1ds,, and Ids, multipoles, respectively.
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FIG. 3. Neutron(left) and proton(right) energy distribution for
2C decay. Soliddashed line corresponds to thg=1+1/2 (j=I

—1/2) multipole. The neutron integrated decay widths are 1

X104, 3.0x107%4, 7.1x107%, 6.62<1073, and 4x 10 °, in units
of I'y, for the 1Sy, 1pysp, 1psp, 1ldsp, and s, multipoles,
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FIG. 4. The same as Fig. 3 fcﬁf’Fe decay. The neutron inte-
grated decay widths are &20°4, 2.3x10 4, 3.2x1074, 1.56
X103, and 1x 105, in units of ", for the 1S;/,, 1Py, 1P3ss
1dg,, and Ids, multipoles, respectively, while for protons, the
contribution of the multipoles are 2.470 3, 5.21x10°3, 4.8
X 1074, 1.49<1073, and 5< 10 °.

channels, not included in Egd)—(4), though we expect it to
be small, would improve the present calculation.

In contrast to most of the hypernuclei studied previously
by using the WFM[13-17, for the three hypernuclei con-
sidered here, the continuum contribution in some cases plays
a crucial role. As a matter of example, for decay of3°Si,
it turns out thaf".. is of the same size d%; (0.020 vs 0.019
and essential to understand the experimental datum. This re-
inforces the need of updating the calculation of Ré®],
where the evaluation of the continuum contribution was a bit
rough, since there was assumed that it was only a small
fraction of the total. Indeed, in Rdf16], the continuum con-
tribution was estimated by discretizing the positive nucleon
energy levels by means of an infinite barrier placed at dis-
tances of about 20 fm. In Table VI we compare the CSM of
this work with the model of Ref.16]. In both cases we use
the same nucleon WS mean potential. Both methods agree
remarkably well and much better of what one might ex@ect
priori. Within the model of Ref[16], the sizable contribu-
tion of the continuum is due to the presence of a quasibound
(1.27 Me\) state M5, and it has its counterpart in the size of

“the ds, multipole in the CSM. Even more, the differential

partial width ngF;jZ/dE presents a narrow pedkesonancg

respectively, while for protons, the contribution of the multipoles Which gives most of the contribution to the integrated partial

are 4.3% 1073, 5.79<10° %, 2.16x10° 3, 4.30x10 3, and 1.124
X 1072

width, located around 1.27 MeV, as can be seen in Fig. 1.
Small changes in the WS proton mean potential can bind this
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TABLE VII. Discrete contributions to the pionic decay widthnits of I" ) for each of the unoccupied
shells, calculated with the N@-nucleus optical potential, as defined in the caption of Table V.

0 decay m~ decay
Energy Energy
Az Shell [MeV] [Ty Shell [MeV] [Ty
1p1p —-14.29 0.0865 b -0.60 0.0817
1ds), -3.51 0.0156
251 -2.07 0.0008
c Total 0.150 Total 0.082
1ds), —-17.18 0.0086
281 —-15.40 0.0285 3 —-2.07 0.0204
1dg), —-14.76 0.0342
2pan -3.29 0.0009
1f5, -2.95 0.0010
2p1p -2.35 0.0009
g Total 0.074 Total 0.020
2pap —-11.20 0.0029 P -0.37 0.0031
1fg), -10.35 0.0027
2p1p -8.84 0.0035
19ep -6.33 0.0001
2dg), -1.08 0.0002
3s1 -0.33 0.0008
Fe Total 0.010 Total 0.004

shell, its important contribution then going to the discretebutions for the first nucleon multipoles, which give the bulk

part I'y, but the total widthl4+1I'; remaining almost un- of the total(Figs. 1-4 and the contribution td'y of each of

changed. For example, if one uses a spin-orbit force depth ahe unoccupied shell§rable VII) for the 7~ -and #°-decay

—7 MeV instead of—10 MeV, the Mg, proton shell be- widths of 3°C, 2Si, andS’Fe. All results have been obtained

comes bound—0.1 MeV) and the total width is 0.042, using the NQm-nucleus optical potential. Resonances appear

instead of the value of 0.089 quoted in Table V. In the as distinctive features in the continuum contribution of some

model of Ref.[16], the exact position of the barrier might multipoles.

influence energies, the number of shells, and contributions of The study of the mesonic decay &fA hypernuclei con-

each shell, but again the total contribution flQ remains stitutes an obvious extension of this work. To improve the

rather constant, as long as the barrier is placed far enoughexisting calculationg33,37] would require a correct treat-
We have tested for the sensitivity of our results to thement of theAA pair inside of the nuclear medium. Thus the

mean field nucleon WS parameters. Thus we have increasedcent work of Ref[38], where short- and long-range corre-

and decreased the spin-orbit depths by 10% and read- lations are taken into account, will be a good starting point

justed the depth of the central part of the nucleon potentiafor this end.

V, to get the experimental ground states masses of the in-

volved nuclei; that is to sayy, is modified to reproduce

again the energies given in Table IV, with the new values of

the spin-orbit force. Results turn out to be quite stable, This research was supported by DGI and FEDER funds,

changing at most by a 2%, except for thé decay ofiGFe, under Contract No. BFM2002-03218 and by the Junta de

where the uncertainty can be as large as 1 part in 15. Andaluce (Spain. C.A. wishes to acknowledge a grant re-
To finish, we show the continuum nucleon energy distri-lated to his Ph.D. from Junta de Andalaci
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