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Pionic-decay spectra of few-bodyL hypernuclei

Izumi Kumagai-Fuse,1 Shigeto Okabe,2 and Yoshinori Akaishi1
1Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

2Center for Information Processing Education, Hokkaido University, Sapporo 060, Japan
~Received 8 July 1996!

Pionic-decay spectra are discussed inA54 and 5L hypernuclei by using wave functions obtained by the
resonating group method. ForL

5 He, thep2 spectrum shows a sharp peak at 171 MeV with 1.5 MeV FWHM
in the total pion energy. ForL

4 H and L
4 He, the spectra have broad peaks around 170 MeV with 6–7 MeV

FWHM. This difference is caused by resonance structures of the final-state nuclei under the spin-nonflip
dominance in the pionic decay. Partial decay widths are calculated to check the normalization of the spectra,
and are in systematically good agreement with all available experimental data.@S0556-2813~96!02612-X#

PACS number~s!: 21.80.1a, 21.45.1v, 21.60.2n
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I. INTRODUCTION

Weak decays ofL hypernuclei have been measured
emulsion and bubble-chamber experiments since the dis
ery of a hypernucleus, where branching ratios of the dec
were fairly well determined but the measured lifetimes w
in large uncertainty@1–4#. Recent developments of exper
mental techniques have reduced the uncertainty and prov
new information about partial widths of decay modes inclu
ing neutral-particle emissions@5–7#. These data enable us t
analyze the weak decays ofL hypernuclei quantitatively.
Thus, it is expected that the pionic weak decay provide
useful means to identify the hypernuclear species produ
by counter experiments. Tamuraet al.have obtained the pro
duction rate ofL

4 H viaK2 capture at rest on such light nucl
as 7Li, 9Be by observing weak-decay pions with discre
momentum 133 MeV/c from L

4 H→4He1p2 @8#. Recently,
they have also tried to extract production rates ofL

5 He and

L
4 He from the experimental data of the total continuump2

spectra, which contain contributions ofA54 and 5
L-hypernuclear decays@9#. The rates are needed to reve
the production mechanism of light hyperfragments
stoppedK2 reactions@10,11#. However, the pionic-decay
spectra ofA54L hypernuclei are not well determined e
perimentally. Therefore, detailed theoretical studies
awaited.

The purpose of this paper is to provide pionic-decay sp
tra ofA54 and 5L hypernuclei. In spite of intensive studie
of the decays, results obtained so far are not accurate en
to compare recent experimental data@12–16#. There are two
important ingredients in order to obtain quantitative resu
of the spectra. One is the final-state nuclear interact
which directly affects the spectral shape@17#. The other is
the pion distortion, which considerably changes the abso
value of the spectrum@15#. Deloff has studied the deca
spectra ofA54 hypernuclei taking into account the fina
state interaction by the use of corresponding phase-shift
@14#. But he treated emitted pions with plane waves. R
cently, Motobaet al. have taken into account the distortio
effect of pions and pointed out its importance@15#. They,
however, adopted simple final-state nuclear potentials, wh
do not well reproduce resonance behaviors of the nuclei
540556-2813/96/54~6!/2843~8!/$10.00
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a result, the fit of their pionic-decay spectrum to the data
not good inA55 hypernucleus. In the present paper, w
properly take into account both the ingredients to der
quantitatively the spectra, which can endure to be compa
with the recent improved data.

Since nuclear resonances determine peak structures o
spectra, we describe carefully final states by using the re
nating group method~RGM! which well explains low energy
phenomena ofA54 and 5 nuclei@18,19#. This method accu-
rately takes into account Pauli effects@20#, which are sub-
stantial for pionic-decay widths. In order to check absolu
magnitudes of the spectra, the pionic-decay widths are
culated by integrating the spectra and are compared with
experimental data. This investigation gives a systemat
understanding of the spectra and widths, which serves
reliable base to extract production rates ofA54 and 5L
hyperfragments from counter experiments.

This paper is organized as follows. In Sec. II we form
late the framework to calculate the pionic-decay widths a
spectra by RGM. In Sec. III, calculated results are sho
together with discussions. We give summary and conc
sions in Sec. IV.

II. FORMULATION

Bertrandet al. have reported event numbers in emulsi
data for eachp2-decay mode ofL

4 H: 914 events for the
4He1p2 decay, 301 events for the3H1p1p2 decay, 88
events for the 3He1n1p2 decay, 12 events for the
2H12H1p2 decay, and 5 events for four-body decays@4#.
It is noted that the branching ratio of the two-body decay
about 70% of the totalp2 decay in the case ofL

4 H.
The hypernucleusL

5 He has no two-body decay mode
sinceA55 nuclear systems have no bound states. The a
mulated event numbers in the emulsion data are the foll
ing: 2780 events for the4He1p1p2 decay, 15 events for
the 3He1 2H1p2 decay, and negligible for four-body de
cays@3#.

By neglecting small events, we consider only the follo
ing pionic decays to two bodies and to three bodies exc
for the deuteron channels:
2843 © 1996 The American Physical Society
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~ci2L!bound→~cf2N!bound1p ~1!

→cf1N1p, ~2!

where ci and cf indicate core nuclei in the initial and the
final states, respectively. A schematic picture is shown
Fig. 1. For L

5 He, the core nucleus is4He, i.e.,ci5cf5
4He.

For A54 hypernuclei, core nuclei are not necessarily th
same between the initial and the final nuclear states. F
example, ci5

3H and cf5
3He for L

4 H(3H2L)→3He1n
1p2, which has a sizable contribution.

The pionic-decay widthGpb is a sum of the two-body part
Gpb
2b and the three-body partGpb

3b , which are calculated by

S Gpb
2b

Gpb
3b D 52pE d~Ef2Ei !S L

2p D 3

3dkpbS S L

2p D 3dkcf1N

S L

2p D 3dkcfS L

2p D 3dkND (
f

uTf i
pb

u2,

Ei5Mci
c21MLc

21EciL
,

Ef5Epb1S Mcf1Nc
21

\2kpb
2 c2

2Mcf1Nc
2

Mcf
c21MNc

21
\2kpb

2 c2

2~Mcf
1MN!c2

1EcfN

D ,
~3!

wherepb denotesp2 or p0. As shown in Fig. 1, subscripts
cf , N, and cf1N denote a core nucleus, an emitted
nucleon, and their bound system in the final stat
respectively. In the case of three-body decay
EcfN

([\2kcfN
2 /2mcfN

) in the final-state energyEf means the

relative energy of thecf2N system. Thet-matrix part

uTf i
pb

u2 is given by

uTf i
pb

u25
~2p!4~\c!3

L6Epb
S d~kpb1kcf1N!

d~kpb1kcf1kN!D uT̃f i
pb

u2, ~4!

FIG. 1. Schematic picture of the pionic-decay process.
n

e
or

,
,

uT̃f i
pb

u2[U(
S,T

KAF 1

AN
@fcf

fN#S,Tc f
relGUFspb1 ippb

~s•¹p!

kpb
~0! G

3xpb
~2 !*OL→NU@fci

fL#Sc i
relLU2

5U(
S,T

K @fcf
fN#S,Tc f

relUANFspb1 ippb
~s•¹p!

kpb
~0! G

3xpb
~2 !*U@fci

fN#Sc i
relL U2, ~5!

where spb and ppb are interaction constants for the spi
nonflip and for the spin-flip processes, respectively. T
pb decay width of a freeL particle ([Gpb

(0)) is proportional
to spb

2
1ppb

2 in this framework:

Gpb
~0!

5
2kpb

~0!\c

11Epb
~0!/MNc

2~spb
2

1ppb
2

!. ~6!

In order to calculate the pionic-decay widths of hypernuc
in the unit of the total-decay width of a freeL particle,
GL , we use experimental values of the spin-nonflip–sp
flip ratio and of Gpb

(0) ; spb
2/(spb

21ppb
2)50.88, Gp2

(0)

50.641GL , andGp0
(0)

50.357GL . The spin operators acts
on the hyperon and the one-body operatorOL→N converts
the L particle into a nucleon.kpb

(0) (Epb
(0)) is the pion wave

number~total energy! which corresponds to the decay of
freeL particle.xpb

(2)* is a pion wave function, which tend
to exp$2i@Mcf

/(Mcf
1MN)#kpbr% with a relative coordinater

betweenL(N) and a core nucleus in the plane wave limit.
the distorted wave calculation we employ an optical poten
of the MSU group@21#. The modified parameter set 1 is use
~see Fig. 5 in Ref.@21#! with a vertex renormalization ac
cording to the prescription by Ericson and Bando@̄22#. When
we derive the above equations, we assume that a
nucleus of the initial state behaves as a spectator in the w
decay process and that the conversion of theL→N occurs
locally at a point since the weak interaction is regarded a
zero range.

The initial state ofA54L hypernuclei with total spin
S50 is given by

u i &5u@f3NfL#S50c i
rel&, ~7!

where 3N denotes a3H or a 3He cluster andc i
rel is a wave

function of the relative motion betweenL and 3N. The in-
ternal wave functions are described by a harmonic oscilla
shell model, where the size parameterbN5A\/MNv is taken
to be 1.358 fm~1.5 fm! for 4He(3N) to fit to the rms radius.
In order to derive the relative wave function, we use
effective NL central interaction of YNG@23#. Since the
interaction is state dependentvNL5v01vs(sN•sL)
1@v r1v rs(sN•sL)#P

r , the Schro¨dinger equations becom
nonlocal. Each radial form of the interaction is written as
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v5(
i
wi~kF!e2~r /b i !

2
,

wi~kF!5ai1bikF1cikF
2, ~8!

where the nuclear fermi momentum parameterkF is taken to
be 0.82 fm21 and 0.90 fm21 for A5 4 and 5L hypernuclei,
respectively. ForA54 hypernuclei, the parameters are rea
justed to reproduce their binding energies: For the1E state,
w3 is decreased by 153~210! MeV for L

4 H(L
4 He), while for

the 3E state,w3 is increased by 153/3~210/3! MeV.
Nuclear wave functions in the final states are determi

by RGM in order to take precisely the Pauli effects in
account. Coupled-channel equations of the3H1p and
3He1n channels are solved forp2(p0) decays of

L
4 H(L

4 He), while single-channel equations of isospinT51
channels forp0(p2) decays of L

4 H(L
4 He). For L

5 He, a
4He1N single-channel equation is solved. The normaliz
wave functionu f & is written as

u f &[(
S,T

UAF 1

AN
@fcf

fN#S,Tc f
relG L , ~9!

whereS andT stand for spin and isospin, respectively, a
A indicates the antisymmetrization operator betweencf and
N. The internal wave functionfcf

, which is already antisym-
metrized and normalized, is described with a simple confi
ration of a harmonic oscillator shell model, where the s
parameter is taken to be 1.46 fm. The relative wave func
c f
rel is obtained as a solution of the following equation:

S 1

AN
H

1

AN
2ED uc f

rel&50. ~10!

The Hamiltonian kernelH and the norm kernelN of RGM
are written as

SHSTS8T8~R,R8!

NSTS8T8~R,R8!
D

5KA@@fcf
fN#S,MS ,T

R#USHf

1 D UA@@fcf
fN#S8,MS8 ,T8R8#L .

(11)

In the present case, eigenstates of the harmonic oscil
represent eigenstates ofN. Eigenvalues ofN have been
listed in the previous paper@20#. The Hamiltonian is written
as

Hf5(
i51

A

t i2Tc.m.1(
i, j

v i j , ~12!

where t i and Tc.m. are kinetic energy operators of thei th
nucleon and the center-of-mass motion, respectively. We
an effectiveNN interaction by Nagataet al. @24#: NHN ~and
also MHN for comparison! for the central part and OPEG fo
the spin-orbit part. For@4He1N#, we multiply the strength
-

d

d

-
e
n

tor

se

of the spin-orbit interaction by a factor 1.35 so as to rep
duce phase shifts of thep3/2 and p1/2 waves. It should be
mentioned that the tensor part is indispensable for reprod
ing level structures ofA54 nuclei @18#.

Calculated phase shifts ofA54 and 5 nuclei are com
pared with the experimental data@25#. In Fig. 2, we show the
4He1p scattering case with two resonances ofp3/2 and
p1/2. Thep3/2 resonance is the ground state of

5Li, which is
located around 2 MeV above the4He1p threshold with 1.5
MeV width. The p1/2 broad resonance has about 5 Me
width at 5–10 MeV above the ground state.

In 4Li, phase-shift analyses have been carried out w
scattering data of3He1p @26#. The results show four
negative-parity states with broad widths@6.03 MeV for 22,
7.35 MeV for 12 ~a spin-triplet main state3P1), 9.35 MeV
for 02, and 13.51 MeV for 12 ~a spin-singlet main state
1P1)#. The phase shifts of3He1p are shown in Fig. 3 to-
gether with the calculated results.

We compare cases for twoNN effective interactions,
whose difference is in the central part. One is NHN, who
result is denoted by solid lines in the figure. The other
MHN with the vanished1O state part, whose result is de
noted by dashed lines. This modification was done in or
to reproduce the level distance of theT50, 02, and 22

narrow-width states in4He. The modified potential, how
ever, is too strong for the1P1 state as seen in Fig. 3. In th
pionic decay ofA54 hypernuclei, the1P1 state gives essen
tial contributions to the spectra, while the 02,22 states are
not so important as discussed later. Therefore, we use
NHN potential hereafter. The calculated phase shifts
3H1p and 3He1n are given in Fig. 4, where energies a
measured from the3H1p channel threshold. A cusp appea
at the 3He1n channel threshold as seen in the1S0 phase
shift of 3H1p. The existence of the sharpT50, 02 state
gives rise to a characteristic behavior of the3P0 phase shift
around 2 MeV.

Thus, the resonating group method~RGM! well describes
low-energy properties ofA54 and 5 nuclei@18,19#. This fact
enables us to derive the shapes of decay spectra qua
tively as discussed in the following section.

FIG. 2. Thes- andp-wave phase shifts for4He1p. The dash-
dotted line ~circles!, the solid line~crosses!, and the dashed line
~triangles! show thes1/2, p1/2, andp3/2 phase shifts in the calcu
lation ~data@25#!, respectively.
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FIG. 3. The s- and p-wave
phase shifts for3He1p. The solid
~dashed! line shows the results
calculated by the NHN~MHN
with 1O50) interaction set. Ex-
perimental data are denoted b
pluses ~by Tombrello!, triangles
~by McSherry et al.!, and solid
circles ~by Moraleset al.! @26#.
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III. RESULTS AND DISCUSSIONS

A. Pionic-decay spectra

Here we discuss thep2-decay spectra ofA54 and 5L
hypernuclei, since onlyp2 data are available at present. Th
p0-decay spectra are theoretically expected to have sim
behaviors.

The obtainedp2 decay spectrum ofL
5 He is shown in Fig.

5 together with the experimental data@3#. In the figure, we
use a smearing of 0.5 MeV with Lorentzian weight, since
experimental spectrum has been obtained by counting e
sion events with an energy interval of 0.5 MeV. The calc
lated spectrum shows a good fit to the data.

Since the initial state of the decay is fixed to the grou
state of hypernuclei, the spectra reflect the structure of
final nuclear systems. In thep2 decay ofL

5 He, the final state
is a scattering state of4He1p, which has two resonances o
p3/2 andp1/2 as seen in Fig. 2. The twop-wave resonance
determine the spectral shape: The sharpp3/2 resonance forms
a peak at the totalp2 energy of about 171 MeV. The broa
p1/2 resonance changes the slope in the totalp2-energy re-
gion of 160–170 MeV. Thep-wave contributions to the
spectrum are shown in Fig. 6 without smearing. Thep3/2
peak at 171 MeV appears in both decays through the s
nonflip and the spin-flip terms. Thep1/2 component in the
spin-flip process is negligible.

Now we discuss thep2 spectra ofA54 hypernuclei. The
two-body pionic decayL

4 H→4He1p2 forms a discrete peak
at 192 MeV of the totalp2 energy, which corresponds t
ar

e
ul-
-

d
e

n-

FIG. 4. Thes- andp-wave phase shifts calculated by the NH
interaction set for the4He system.
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133 MeV/c of p2 momentum, and its strength is given with
the partial decay width, 0.618GL in Table I. On the other
hand, the three-body pionic decays form the continuum sp
tra. Similarly to L

5 He, the decay spectra reflect structures
the final-state nuclei. In4He, the lowest three isospinT50
excited states have narrow widths~0.5 MeV for 01, 0.84
MeV for 02, and 2.01 MeV for 22). The other states have
rather broad widths, and overlap each other. The obtain
pionic decay spectra are shown in Fig. 7. Figures 7~a! and~b!
are the spectra of theL

4 H→3H1p1p2 in the spin-nonflip
and spin-flip processes, respectively. The spin-nonflip te
exhausts about 90% strength. Figure 7~c! is the total
p2-decay spectrum ofL

4 H, which is a sum of the
3H1p1p2 and the3He1n1p2 spectra. Figure 7~d! is the
totalp2-decay spectrum ofL

4 He. No smearing is done in the
figures in order to see the intrinsic spectral shapes. The m
contribution to the spectra comes from the1P1 state as seen
in Figs. 7~a! and ~d!.

Figure 7~a! shows a sharp peak which corresponds to t
T50, 01 resonance state. The resonance is located betw
the 3H1p and the3He1n thresholds. Then, the spectrum o
3He1n1p2 has no peak. Figure 7~b! shows a narrow peak,
which comes from theT50, 02, and 22 resonances through
the spin-flip term. These peaks, however, are buried in t

FIG. 5. Thep2 energy spectrum of theL
5 He decay calculated

with pion distorted waves. The histogram shows the experimen
data@3#.
c-
f

d

m

in

e
en

e

inclusivep2 spectrum ofL
4 H as shown in Fig. 7~c!.

Thep2 decay spectrum ofL
4 He has no sharp-peak struc

ture, as seen in Fig. 7~d!, since all the4Li T51 resonances
have broad widths. The experimental spectrum ofL

4 He is
discussed in@27#, though it is a crude datum that the ener
interval is 1.0 MeV and the emulsion events are not so ma
As seen in Fig. 8, the calculatedp2 spectrum well repro-
duces the experimental data~Fig. 7 of @27#!, where the spec-
trum is smeared with 1.0 MeV in view of the experiment
situation.

As a summary, thep2 spectrum ofL
5 He has a sharp pea

with 1.5 MeV FWHM and the spectra ofA54 hypernuclei
have broad peak structures with about 6–7 MeV FWH
though the peak positions are almost the same around
MeV of the emitted-pion total energy. The difference
closely related to the final-state resonance structures in
low energy region under the spin-nonflip dominance of
pionic decay. ForL

5 He, there is a sharpp3/2 resonance in the
final-state nuclear system. In addition, since the core nuc
4He is a spinless particle, the sharp resonance contribute
the spectrum independent of whether the spin ofL changes
or not. For L

4 He, there are no sharp resonances in the fin
state nuclear system. ForL

4 H, though low energy sharp reso

al

FIG. 6. The calculatedp2 energy spectrum of theL
5 He decay

without smearing. The solid line shows the total spectrum. T
long-dashed~dash-dotted! and dotted lines denote thep3/2 and
p1/2 components in the spin-nonflip~spin-flip! term, respectively.
TABLE I. Pionic-decay widths, in units ofGL , and various ratios.

L
4 H Calc. Expt. L

4 He Calc. Expt.

4He•p2(a) 0.618 0.6920.10
10.12 @6# 4He•p0(a) 0.348

3H•p•p2(b) 0.195 3He•n•p0(b) 0.094
3He•n•p2(c) 0.076 3H•p•p0(c) 0.048
p2(d:a1b1c) 0.888 1.0020.15

10.18 @6# p0(d:a1b1c) 0.490 0.5360.07 @6#

0.7160.10 @7#
3H•n•p0(e) 0.186 3He•p•p2(e) 0.296 0.3460.05 @6#

0.1760.03 @7#

p0/p2(e/d) 0.210 p0/p2(d/e) 1.66 1.5960.20 @6#

4.18(50.71/0.17)@7#
4He•p2/p2(a/d) 0.695 0.6960.02 @4# 4He•p0/p0(a/d) 0.709

L
5 He Calc. Expt.@5# L

5 He Calc. Expt.@5#

4He1p1p2 0.386 0.4460.11 4He1n1p0 0.196 0.1860.20
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FIG. 7. ~a! The calculatedp2 energy spectrum for the process with the spin-nonflip term ofL
4 H→3H1p1p2. ~b! Same as~a! with the

spin-flip term.~c! The total continuump2 spectrum ofL
4 H. ~d! The total continuump2 spectrum ofL

4 He.
r
h
p
ay
p

th

a
m

o
il

he
l-

e

o

te
the

rall
en-
.
om
le

are

ith
rk
ag-

ac-
well
ns,
of
nances exist in the final-state system, they have no la
contributions to the spectrum for the following reasons: T
unnatural-parity resonances cannot be excited by the s
nonflip term, being the dominant term of the pionic dec
Though the natural-parity excited 01 state shows a shar
peak, its contribution is small since thes-wave decay
strength is exhausted by the two-body pionic decay to
ground 01 state.

B. Pionic decay widths

In order to check quantitative reliability of the spectr
decay widths calculated in the same framework are co
pared to the recent experimental data forA5 4 and 5 hyper-
nuclei. They are summarized in Table I, and are in go
agreement with the whole data. The values are quite sim
to ones obtained in the previous paper@20#, since the initial-
state wave function by the YNG interaction is similar to t
one solved with theL-nucleus potential with central repu
sion.

For L
4 H, the two-body decay width and its ratio to th

totalp2-decay width are obtained to be 0.618GL and 0.695,
respectively, which well agree with the experimental data
0.69(10.12,20.10)GL @6# and 0.6960.02 @4#. The derived
total p2-decay width 0.888GL is also consistent with the
data 1.00(10.18,20.15)GL @6#. For L

4 He, there are two re-
cent experimental data. One was measured at KEK@6#, and
ge
e
in-
.

e

,
-

d
ar

f

the other was done at BNL@7#. The observed values are qui
different. Our calculated results systematically support
KEK data, whose branching ratios of thep0 and thep2

decay modes were directly measured.
The key point of the present treatment getting the ove

agreement is the evaluation of Pauli suppression and
hancement effects@20# by the RGM without approximation
Since the main contributions to the pionic decays come fr
nuclear states below 15 MeV excitation, the Pauli princip
has large effects. In the case ofL

5 He, thep2-decay width is
enhanced to 0.386GL from 0.339GL obtained by a simple
evaluation where nonzero eigenvalues of the RGM norm
put to unity.

Since the above widths are systematically consistent w
the data, thep2 spectra derived within the same framewo
can be reliable not only in shapes but also in absolute m
nitudes.

C. Comparison with other calculations

Deloff has studied the pionic-decay spectra ofA54 hy-
pernuclei carefully taking into account the final-state inter
tion @14#. He used angular-momentum dependent square
potentials to obtain the final-state nuclear wave functio
which reproduce the phenomenological phase-shift data
3N1N systems.

The analysis of4Li* is easier than that of4He* , since
low energy levels of4Li have only isospin unity due to the
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3He1p configuration. Even in the analysis of the4Li sys-
tem, however, there remained an ambiguity for the interpr
tation of the two 12 states in earlier days. Two types o
solutions in the phase shift,d(1P1),d(3P1) and
d(1P1).d(3P1) were proposed. Detailed discussions abo
this ambiguity are given in@28#. At present the former solu-
tion of d(1P1),d(3P1) has been accepted through analyse
of spin-correlation and analyzing-power data of3He1p
scatterings@28#, whose behavior agrees with that of phas
shifts obtained from RGM calculations. Deloff, however
adopted the latter type of phase shifts. His1P1 phase shifts,
which correspond to the3P1 ones in the present solution, are
too large. The maximum phase-shift value for his potential
about 45°, while that for appropriate one is about 30° as se
in Fig. 3. Since the1P1 waves mainly contribute to the
pionic-decay spectra ofA54 hypernuclei, his spectral
shapes become generally sharper than the present results
see the difference, we compare the originalL

4 He spectrum
with the spectrum calculated by replacing the1P1 wave
functions with the3P1 wave functions of RGM~Fig. 9!. The
spectrum has a rather sharp peak with 4.5 MeV FWHM
while the original one has a broad peak with 6 MeV FWHM
caused by the weaker1P1 interaction.

Recently Motobaet al. have also discussed the pionic
decay widths and spectra forA54 and 5 hypernuclei@15#.
Their partial decay widths are consistent with the prese
calculations except for the two-body decay widths ofA54
hypernuclei. In the calculation of spectra, however, they us
simple Gaussian potentials to determine the final-sta
nuclear wave functions, which do not well-reproduce res
nance behaviors of the nuclei. For example, the maximu
phase-shift value for their1P1 potential amounts to about
60° in 4Li* . Then the obtained spectra are not suitable to
used for detailed comparison with the experimental spect

IV. SUMMARY AND CONCLUSIONS

We have given a systematical understanding of the pion
decays ofA54 and 5L hypernuclei by explaining consis-
tently all the available pionic-decay data. We use RGM

FIG. 8. The calculatedp2 energy spectrum of theL
4 He decay.

The dashed line is the spectra without smearing and the bold line
the one with 1.0 MeV smearing in Lorentzian weight. The histo
gram shows the experimental data@27#.
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determine final-state nuclear wave functions, since the
croscopic cluster model has succeeded in reproducing
low-energy structures ofA5 4 and 5 nuclear systems.

Calculatedp2 spectra have a peak structure around 1
MeV of the total pion energy. The peak width is large
different betweenA54 andA55 hypernuclei. ForL

5 He, the
spectrum has a sharp peak with 1.5 MeV FWHM. This pe
is mainly formed by thep3/2 nuclear resonance of the5Li
ground state. ForL

4 H and L
4 He, the spectra have broad pea

structures with 6–7 MeV FWHM. These peaks are main
formed by the1P1 broad resonance ofA54 nuclei. Though
in 4He sharper resonances of theT50 channel exist in the
low-energy region, they cannot sizably contribute to t
spectrum due to their unnatural spin-parity nature.

In the present paper, we have also evaluated the pa
decay widths of the hypernuclei. The calculated widths are
good agreement with the whole experimental data ofA5 4
and 5 hypernuclei. As the obtained spectrum ofL

5 He shows a
good fit to the data, thep2 spectra ofA54 hypernuclei
calculated within the same framework can be regarded to
reliable. These pionic-decay spectra are necessary for
extraction of the production rates of the hypernuclei pop
lated by means of various nuclear reactions as discusse
the Introduction.

The pionic decay is also important for identifying hype
nuclei with strangeness22 @15#. In the near future, measure
ments of production rates of hypernuclei would become p
sible not only forL hypernuclei but also for double-L ones
by using pionic-decay widths and spectra. Then, such a
tematical investigation of pionic-decay observables as
present work would be required for possible light doubleL
hypernuclei.

ACKNOWLEDGMENTS

The authors would like to express their gratitude to Dr.
Outa for valuable comments and information about the
perimental data. They are also thankful to the nuclear the
group of Hokkaido University for fruitful discussions.

is
-

FIG. 9. The calculated p2 energy spectrum of

L
4 He→3He1p1p2. The bold~solid! line shows the total spectrum
and dotted~dash-dotted! line denotes the1P1 component calculated
with the original wave functions (3P1 wave functions are used a
the 1P1 ones!, respectively.
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