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Nonmesonic decays and lifetimes of hypernuclei
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The nonmesonic decay rates and the lifetimes of hypernuclei of massA542209 are extensively calculated
based on the 1p, correlated-2p, and 1v exchange potentials. Two types of new hyperon-nucleon potentials
have been constructed in which the two pions are correlated and coupled tor and/or s in the exchange
process. The roles of these potentials and 1v exchange potential are discussed. The theoretical decay rates are
consistent with the existing data fors-shell andp-shell hypernuclei within the present model. The calculated
decay rate increases gradually up toA.60 and then tends to be almost constant forA*60. TheA-dependent
behavior of the hypernuclear lifetimes tends to be constant over the mass regionA.30 of hypernuclei in our
model. It is most remarkable that the cooperative effect of the correlated-2p and 1v exchanges enhances the
neutron-stimulated decay rateGn ~proton-stimulated oneGp) by 400–450 %~20–30 %! with respect to the
standard 1p-exchange estimate forA.5. As a result theGn /Gp ratios for light-to-heavy hypernuclei are
calculated to be 0.4–0.5, which values are several times larger than the 1p-exchange estimate. Although the
experimental ratios seem still about two times larger than these theoretical values, it has revealed that the
representative 2p-exchange and 1v exchange mechanisms give rise to a clear improvement on theGn /Gp

ratios.
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I. INTRODUCTION

The hypernucleus eventually decays via strangen
changing weak interactions, emitting either a pi
(p-mesonic process! or nucleons ~nonmesonic process!.
Among the elementary interactions underlying these p
cesses, the mesonic decay of theL particle in the free space
L→pp2,np0, is well known and the released momentum
;100 MeV/c. In the nuclear medium this momentum is f
below the Fermi momentumkF.270 MeV/c so that the
mesonic decay is subjected to the Pauli suppression, e
cially in the heavy-mass systems. Since the decay interac
is well established empirically, the mesonic decay has b
studied extensively in connection with the in-medium pi
behavior and the hypernuclear structure effects. This de
mode has been utilized not only as a signal of hypernuc
formation but also as a spectroscopic tool. In fact many t
oretical calculations have been carried out for hypernuc
mesonic decays@1–5# and some of the predictions have be
successfully confirmed by the following experiments@5,6#.

On the other hand, the nonmesonic decay,Lp→np and
Ln→nn, is very unique in that it occurs only in the hype
nucleus but not in the free space because it is based on
hyperon-nucleon two-body interaction and the unstableL
cannot be used as either a beam or a target. The mome
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involved in the nonmesonic decay is of the order 400 MeVc
so that the produced nucleons are almost free from the P
suppression, and thus this decay mode prevails over the
sonic one except for very light hypernuclei. The modern c
incidence counter technique has opened a new possibilit
measuring separately the proton-stimulated nonmesonic
cay rateGp(Lp→np), the neutron-stimulated oneGn(Ln
→nn) and/or the total decay rateGnm5Gp1Gn in light s-
and p-shell L hypernuclei@7–10#. Further the asymmetry
parameters of the decay proton have been measured forL

12C,

L
11B, and L

5 He @12#. However, the understanding of the u
derlying decay mechanism is quite controversial.

Recently the lifetime measurements have been system
cally carried out at KEK for medium-heavy mass syste
such asL

12C, L
11B, L

28Si, L
27Al, and LFe @13# and there exist

also the on-going and planned experiments for much hea
systems up toA5209, which aim to investigate the mas
number dependence of hypernuclear lifetime. The exp
mental data@9,13–19# suggest that the hypernuclear lifetim
tends to be almost constant for medium and heavy m
systems.

In this paper we focus our attention to a new poten
approach with two-pion exchanges and one omega me
exchange. The problems we like to emphasize here are
following: The weak decay interaction itself is not yet we
understood. It is still problematic whether the decay inter
tion can be understood in terms of various meson exchan
since the two-meson exchange effects have not been
-
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examined yet. Then this problem leads to the next questio
one needs to incorporate the quark degrees of freedom in
decay interaction mechanism. Another basic question
whether or not theDI 51/2 rule holds in the nonmesoni
decay process while the rule is empirically established in
mesonic one. The fourth is how one can resolve the
discrepancy between theoretical and experimentalGn /Gp ra-
tios.

In relation to these problems many works based on
meson exchange picture have been devoted to understan
nonmesonic decay interaction. The weak decay poten
based on the one-pion exchange~OPE! Vp was initiated a
long time ago by Adams@20#, while ther exchange potentia
(Vr) was introduced by McKellar and Gibson@21#. Bandō
et al. @22# evaluated the nonmesonic decay rates of lighs-
andp-shell hypernuclei by adoptingVp andVr for the first
time and they pointed out that theVp gives very small
Gn /Gp (n/p) ratios, contrary to experiments. This theoretic
result was attributed to the cooperative effects of the do
nating tensor force in the weak interaction and the stro
tensor correlation between the final nucleon pairs. The
of Vr was not fully investigated in Ref.@22# because of the
ambiguity of the relative phase betweenVp andVr .

In view of the failure ofVp in accounting for the large
experimental (Gn /Gp)exp ratios, it has long been thought th
the potentials due to the heavy meson exchange might
an important role. With such an anticipation Dubachet al.
@23# and Parren˜o et al. @24# employed the full octet pseudo
scalar and vector (p,r,K, . . . ) meson exchange potential
They found, however, that the heavy meson exchange did
bring drastic effect on the decay rates and then/p ratios.
Very recently the phase error in the strange meson excha
in Ref. @24# was found and the important role ofK meson
exchange in improving then/p ratios was newly addresse
by Parren˜o and Ramos@25#. Oka et al. @26,27# investigated
theoretically the direct quark mechanism allowing bothDI
51/2 andDI 53/2 transitions. They conclude that theDI
53/2 transition is significant in the1S0 decay channel and
has the contribution to the largen/p ratios. Combining this
quark interaction model with the one-pion exchangeVp ,
considerable improvement has been obtained in explain
both the decay rates and then/p ratios for thes-shell hyper-
nuclei @28#. Sasakiet al. @29# have noticed the new role o
the K meson exchange, which together with the quark in
action brings the enhancedn/p ratios for the light hypernu-
clei. In recent work, Jidoet al. @30# have studied the wea
decay interaction due to the correlated and uncorrelatedp
exchanges in a chiral perturbation approach and obtained
improvedn/p ratios by including theK-exchange potentia
in addition. Thus one should keep in mind that theK-meson
exchange is important in understanding the nonmeso
weak decay. Alberico and others@31,32# evaluated the con
tributions of two-nucleon inducedL decay width using the
OPE interaction within the propagator method. They show
that such contributions are sizable.

Already since 1994 the present authors have propos
new model in which the correlated two-pion (r ands) ex-
change potentials have been employed in addition toVp .
Some of the calculated results have been published in se
03461
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brief reports@33–35#. In this paper we present the full con
tent of our study performed with this model together with t
newly inclusion of the omega exchange potential. Conce
ing the treatment of the correlated two-pions, the pres
work is an alternative approach to Jidoet al. @30# for the
two-pion-coupled-tos piece to study the same physical e
fects on the nonmesonic decay. In the following we summ
rize the major motivations of our approach.

As the first motivation we emphasize important physic
contents that are inherent in the correlated two-pion
change ~TPE! process: One feature is that theI 51, JP

512 part of correlated TPE process gives rise to a stro
tensor force whose sign is opposite to that ofVp . Note that
the tensor force ofVp has been proved to be too stron
except the long range part. Another feature is that thI
50, JP501 part of correlated TPE process produces
force of a central type which is strong enough in the int
mediate range. Both of these contents should be favorab
accounting for the absolute decay rates and then/p ratios.
Thus it is important to investigate roles of correlated TP
processes. Furthermore it is also interesting to get nume
estimates of the correlated TPE intermediate range inte
tion, because there are two competing factors in this ran
Note that so-called short-range properties of bothLN and
NN interactions might play a certain role because of
large momentum transfer (;400 MeV/c) involved in the
LN→NN weak process. In a competing manner, howev
the strongLN interaction having a repulsive part at the sm
distance controls the average baryon field so that the p
ground of the initialLN weak interaction is not necessari
confined in the small region.

As the second motivation in treating TPE process, we
make full use of the successful framework of double mes
exchanges for the strong nucleon-nucleon (NN) forces. It is
well known for the strong nuclear forces that the OP
mechanism dominates in the long range part and plu
meson exchanges both in correlated and uncorrelated st
or effectively heavy-meson exchanges, play essential role
the intermediate force range. A realistic and simplest desc
tion of the NN forces is provided by one-boson-exchan
potential~OBEP!. For example, an OBEP due to Ueda a
Green describes the forces including the short range pa
terms of thep, h, s, r, v, d, and S* exchanges where
boson-nucleon-nucleon vertex form factors are introdu
@36#. Therefore, by replacing one strong boson-NN vertex in
this OBEP model by one weak boson-hyperon(Y)-N vertex,
it is easy to have the weak interaction version analogou
One problem remained in this approach is that we do
have enough theoretical or experimental information on
weak vertex for the heavy bosons. Then we consider a mo
for the weak vertex as follows. The heavy bosons make
strong vertex form factors such as they dissociate into
pions or one-pion and one heavy-boson and then eac
them couples with nucleon. Then replacing the strongpNN
vertex by the known weak vertex ofpYN, we have a weak
vertex for boson-YN vertex. As the first step to this approac
the present paper concentrates on ther and s exchanges
which represent effectively the correlated and uncorrela
two-pion exchanges inI 51 and 0 states, respectively.
7-2



e

e

e

m
on

w
lo

h

n

ie

at

e
p

a
b

-
k

s

l
a
a

am
o
II
a
n

a
th
th
e
ca

g
ca

ion
x-
ge

on-

cay
ge.

the
l,
he

e.
er
the
n
the
c-

e-
e-
ual
t

ess,

ro-
nd

NONMESONIC DECAYS AND LIFETIMES OF HYPERNUCLEI PHYSICAL REVIEW C65 034617
Two types of correlated TPE potentials are introduc
@33–35#. One is a 2 pion/rho (2p/r) exchange potential in
which the exchanged two pions are coupled tor in the ex-
change process, and we denote it asV2p/r . The other is a 2
pion/sigma (2p/s) exchange potential denoted asV2p/s
where the exchanged two pions are coupled tos. As the
intermediate baryon propagating in between the two-pion
change, we take a nucleonN and/or aS. Thus theL-S
coupling effect is taken into account here@37#. The weak
process takes place at theLNp or theSNp vertices, assum-
ing DI 51/2 rule. Shmatikov has taken the similar correlat
TPE model and applied it to light hypernuclei@38#. But his
calculation procedure is different from ours. Shmatikov e
ployed the model in which the exchanged two pions are c
nected directly to the nucleon line, while in our model ther
and s mesons are coupled to the nucleon and therefore
think that the present model has a firm basis to have the c
connection with the strong nuclear force model involvingr
ands exchanges. One of the merits of this approach is t
we can remove the ambiguity of relative phase betweenVp

and the correlated TPE potentials, which leads us to get
merically reliable estimates.

It must be mentioned here that hitherto we have stud
the effective 2p/s exchange potential in which thepps
coupling parameter is determined so as to fit the decay r
of p-shell hypernuclei in the 1p and correlated-2p exchange
model @33–35#. In this paper we include, in addition, th
omega meson exchange contribution to the weak decay
tential. Since it is well known in theNN force that thes and
v mesons play important roles in the central interaction
the short and intermediate interaction range, it should
natural to take the isoscalars and v exchanges simulta
neously in the weak decay interaction. Accordingly we ta
the one-pion, correlated two-pions coupled tor ands, and
v exchanges into account in the weak decay interaction
the present work.

The paper is organized as follows. The basic mode
presented in Sec. II where the correlated TPE potentials
1v exchange potential for the weak nonmesonic decay
constructed together with description of the adopted par
eters. The formulas necessary to evaluate the nonmes
decay rate and the weak decay lifetime are given in Sec.
The numerical results on the decay rates and lifetimes
presented and discussed in Sec. IV. The summary is give
Sec. V.

II. CORRELATED-2 p AND v EXCHANGE POTENTIALS

A. 2pÕr and 2pÕs and 1v exchange potentials

Since theLN→NN is a weak process and involves
large momentum transfer, it is generally expected that
physics of the nonmesonic decay is intimately related to
short range part of the baryon system. The one-pion
change potential is, however, studied first for the weak de
interaction. This is because the mesonic decay of aL hy-
peronL→Np is really observed and the one-pion exchan
is a natural and simple extrapolation of the mesonic de
mechanism ofL to the nonmesonic process, where theL
03461
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→Np process is involved at the weak vertex in the one-p
exchangeLN→NN process. Secondly, the one-pion e
changeVp must work at least for the medium and long ran
part of the decay interaction. TheVp potential has a feature
of having a strong tensor and a weak centrals•s forces and
a sizable parity-violating force. TheVp potential alone is,
however, found to yield smallGn /Gp ratios which contradict
the experimental data ofs- andp-shell hypernuclei. Accord-
ingly some improvements or other mechanisms for the n
mesonic decay have been searched for over the years.

We propose the correlated two-pion exchange weak de
interaction as the next extension to the one-pion exchan
The exchanged two pions are correlated to ar meson and/or
a s meson~quantum number of as meson! in the exchange
process. We call the above-stated interaction model as
2p/r meson exchange and 2p/s meson exchange mode
respectively. The following features are anticipated. T
2p/r exchange potentialV2p/r has a tensor force which
might modify the strongVp tensor and the 2p/s exchange
V2p/s has a strong central force at the intermediate rang

In connection to the 2p/s meson exchange, we consid
also thev meson exchange interaction as well, since
isoscalars and v mesons would contribute strongly but i
opposite signs in the central force as expected from
OBEPNN force. Thus our model of the weak decay intera
tion consists of the one pion, correlated-2p coupled tor and
s, and onev exchange potentials.

The diagrams in which theI 51 and 0 parts of two pions
are coupled tor ands, respectively, and are exchanged b
tweenL andN are depicted in Figs. 1 and 2. In the interm
diate baryonic state propagating in between the two virt
pions, either a nucleonN or a sigmaS are taken into accoun

FIG. 1. The Feynman diagrams of 2 pion/rho exchange proc
in which ~a! contains a nucleon as the intermediate baryon and~b!
a S as the intermediate baryon.

FIG. 2. The Feynman diagrams of 2 pion/sigma exchange p
cess, in which~a! contains a nucleon as the intermediate baryon a
~b! a S as the intermediate baryon.
7-3
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K. ITONAGA, T. UEDA, AND T. MOTOBA PHYSICAL REVIEW C 65 034617
as the lightest-mass nonstrange and strange baryons, re
tively, as shown in Figs. 1~a! and 2~a! and Figs. 1~b! and
2~b!. The weak processes take place at theLNp vertex in
the ~a! diagrams of Figs. 1 and 2 and at theSNp in the ~b!
diagrams of Figs. 1 and 2.

We adopt theDI 51/2 rule in theL→Np and S→Np
weak transitions. The Hamiltonian for theL→Np weak pro-
cess is written in the isospin basis as

HLNp
W 5 igLNp

w c̄N~11lLg5!tS 0

1DcLwp, ~1!

where (1
0) represents a spurion to ensure theDI 51/2. The

Hamiltonian for theS→Np is expressed in the charg
basis as

HSNp
W 5 ig

S
1
1

w
c̄n~11lS

1
1g5!cS1wp2

1 ig
S

0
1

w
c̄p~11lS

0
1g5!cS1wp0

1 ig
S

2
2

w
c̄n~11lS

2
2g5!cS2wp1

1 ig
S

0
0

w
c̄n~11lS

0
0g5!cS0wp0

1 ig
S

2
0

w
c̄p~11lS

2
0 g5!cS0wp1. ~2!

It is because the coupling constantsgS
w and the parameter

lS are determined depending on the chargedS hyperon de-
cays.

The strong interaction Hamiltonians are written as

HNNp
S 5 igNNpc̄Ng5tcNwp , ~3!

HNNr
S 5gNNrc̄NgmtcNfr,m

1
f NNr

4M
c̄NsmntcN~]mfr,n2]nfr,m!, ~4!

Hppr
S 5gpprfr

m@~]mwp* !3wp2wp* 3~]mwp!#, ~5!

HNNs
S 5gNNsc̄NcNfs , ~6!

Hpps
S 5gppsfs~wp•wp!, ~7!

and

HLSp
S 5 igLSp$c̄S1g5cLwp11c̄S0g5cLwp0

1c̄S2g5cLwp2%. ~8!

Notations are standard and would be obvious.
In constructing the 2p/r exchange potentials, the invar

ant transition amplitudes are evaluated from Figs. 1~a! and
1~b!. Two problems must be resolved. First the loop integ
on the momentum variable in the 2p/r exchange diagram is
divergent since theppr coupling Hamiltonian of Eq.~5!
contains the derivative part of the pion field and this indu
an extra momentum. For this case we introduce the con
03461
ec-

l

s
r-

gence factor of a monopole type with a cutoff massL as
L i

2/(L i
21k2), wherek is an intermediate momentum. Th

second problem occurs in the loop integral for diagram~a! in
Figs. 1 and 2. The anomalous threshold arises in theLNp
vertex which contains the intermediate nucleon because
relationML

2 .MN
2 1mp

2 holds @39,38#. This induces a singu-
larity in the propagator, or it may be expressed that
anomalous threshold causes an ‘‘effective exchanged-me
mass’’r(x1 ,x2) to be imaginary at certainx1 andx2 ~Feyn-
man parameters! and makes the potential complex. To c
cumvent the singularity we adopt the procedure of mak
use of the average baryon massM̄5(ML1MN)/2 for a
nucleon and aL hyperon in the propagator part and th
defining expression ofr2(x1 ,x2). The form ofr2(x1 ,x2) is
given in the Appendix. A similar approximation has be
used in Ref.@38#.

The potential is then obtained as the Fourier transform
the invariant amplitude. Specifically the potential based
the diagram Fig. 1~a! @Fig. 1~b!# with an intermediate baryon
being a nucleonN ~a hyperon S) is called V2p/r(A)
(V2p/r(B)). The potential consists of the parity conservin
pieces and the parity violating ones. The potentialV2p/r(A) is
expressed in the isospin basis as

V2p/r(A)~r!5$VC~r !1VS~r !~s1•s2!1VT~r !S12

1VLS~r !~L•S!1VALS~r !@L•~s12s2!#

1 iVV1~r !i @~s13s2!• r̂#

1 iVV2~r !~s1• r̂!%~t1•t2!. ~9!

The particle 1 refers to aL hyperon and the last two term
correspond the parity violating potentials. The potent
V2p/r(B) is expressed in the charge basis as

V2p/r(B)~r!5$same potential types except

~t1•t2! as in Eq.~9!%O2p/r(B)
T ~LN→NN!.

~10!

The operatorO T refers to the isospin-dependent factor f
the final two nucleon stateT, which reads

O2p/r(B)
T ~Ln→nn!51 ~T51!, ~11!

O2p/r(B)
T ~Lp→np!52

3

A2
~T50!, ~12!

5
1

A2
~T51!. ~13!

The termsVC , VS , VT , VLS , VALS and VV in Eq. ~9! are
referred as the centrals•s, tensorLS, antisymmetric-LS,
and parity-violating vector forces, respectively. Explic
forms of the potential terms in Eqs.~9! and~10! are given in
the Appendix.
7-4
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The 2p/s exchange potentials are similarly construct
based on the diagrams Figs. 1~a! and 1~b! and they are called
V2p/s(A) andV2p/s(B) , respectively. The potentials are give
as

V2p/s(A)~r!5$VC~r !1VLS~r !~L•S!1 iVV~r !~s1• r̂!%~t1!2,
~14!

V2p/s(B)~r!5$same potential types except~t1!2 as in

Eq. ~14!%O2p/s(B)
T ~LN→NN!. ~15!

The operatorO2p/s(B)
T reads as

O2p/s(B)
T ~Ln→nn!51 ~T51!, ~16!

O2p/s(B)
T ~Lp→np!5

1

A2
~T50!, ~17!

5
1

A2
~T51!. ~18!

Explicit forms of the potential terms in Eqs.~14! and~15! are
given in the Appendix.

Next we consider the onev exchange weakLN→NN
interaction. The weak Hamiltonian for theL→Nv is ex-
pressed as@24#

HLNv
W 5GFmp

2 Favc̄NgmS 0

1DcLfv,m

1
bv

4M̄
c̄NsmnS 0

1DcL~]mfv,n2]nfv,m!

1«vc̄Ngmg5S 0

1DcLfv,mG , ~19!

whereGF is a Fermi coupling constant.
The strong interaction Hamiltonian is written as

HNNv
S 5gNNvc̄NgmcNfv,m

1
f NNv

4M
c̄NsmncN~]mfv,n2]nfv,m!. ~20!

The onev meson exchange weak potential is expressed

Vv~r!5$VC
v~r !1VS

v~r !~s1•s2!1VT
v~r !S121VLS

v ~r !~L•S!

1VALS
v ~r !@L•~s12s2!#

1 iVV1
v ~r !i @~s13s2!• r̂#%O v

T~LN→NN!. ~21!

The isospin dependent factorO v
T(LN→NN) is numerically

the same as of Eqs.~16!–~18! for O2p/s(B)
T (LN→NN).
03461
s

B. Strengths and ranges of the weak decay potentials

The potential strength and range are determined basic
from the coupling constants of the weak and strong Ham
tonians in Eqs.~1!–~8! and Eqs.~19! and ~20! and the ex-
changed meson masses, respectively. The weak coup
constantgLNp

w and the parameterlL are determined from a
lifetime and ap-decay asymmetry parameter of aL hy-
peron. The coupling constantsgS

w and parameterslS are
similarly determined from data of lifetimes andp-decay
asymmetry parameters ofS1, S2, andJ2 and with a help
of the Lee-Sugawara relation@40,41#. The coupling constants
av , bv , and«v in Eq. ~19! are employed from the work o
Parreño et al. @24#. Adopted coupling constants and param
eters are listed in Table I.

As for the strong coupling constantsgNNp , gNNr , f NNr ,
gNNs , gNNv , and f NNv we adopt the values used in th
nuclear force in the one-boson exchange~OBE! model by
Uedaet al. @36#. Thegppr is determined so as to be consi
tent with ther→pp decay@42,43#. The cutoff mass param
etersL1 andL2 and the exchangedr meson mass are dete
mined so that the strongNN force version of the 2p/r
exchange modelV2p/r

NN (r ) can simulate the one-r exchange
NN force Vr

OBEP(r ) in Ref. @36#. When ther meson mass is
fixed to 770 MeV, we cannot reproduce theVr

OBEP(r ) well. In
view of our simple model that we do not employ the vert
form factor corresponding to the momentum transferq in
constructing the 2p/r exchange potential to avoid the nu
merical complexity, we search the parametersL1 andL2 and
the exchangedr meson mass as stated above. We are t
forced to adopt a smallr-meson massmr5400 MeV. Fig-
ure 3 compares the singlet-even (1E) centralNN potentials
of Vr

OBEP(r ) and V2p/r
NN (r ) with two cases of meson mas

mr5770 and 400 MeV and with parametersL1

5700 MeV andL252000 MeV.
The coupling constantgpps and the massms are treated

as free parameters. We take two cases for thes-meson mass
ms5600 and 400 MeV. Thegpps is determined in the fol-
lowing way. The strong NN force version of the
2p/s-exchange modelV2p/s

NN (r ) is first constructed. Then
the integral of the1S0 potential

TABLE I. Weak coupling constants and parameters in t
p-mesonic decays ofL and S hyperons~upper part! and weak
coupling constants forLNv vertex ~lower part!.

gw(1026) l lgw(1026)

L0 20.233 26.87 1.727
L2 0.2333A2 26.87 22.443
S2

2 0.426 0.374 0.159
S1

1 0.013 2337.26 24.384
S0

1 20.344 9.151 23.151
S0

0 0.220 29.285 22.031
S2

0 0.344 9.136 3.145

av523.69 bv528.04 «v521.33
7-5
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E j̃ 0~k,r !V2p/s
NN ~1S0 ;r !r 2dr ~22!

gives a similar value to that of the OBEs-exchange poten
tial Vs

OBEP(1S0 ;r ) in Ref. @36#. The j̃ 0(k,r ) is a l 50
nucleon-nucleon scattering wave with k5360
2380 MeV/c, which correspond to the released momenta
the nonmesonic decay ofp-shell hypernuclei. The fitted val
ues are gpps522680 MeV (ms5600 MeV) or
21230 MeV (ms5400 MeV).

The strong coupling constantgLSp is determined by us-
ing the SU~3! relation

gLSp5
2

A3
~12a!gNNp ~23!

and a50.5 is adopted. In obtaining thev exchange
potential, we adopt the form factor at the weak and stro
vertices as

FLNv~q2!FNNv~q2!5S Lv
2

Lv
2 1q2D 2

~24!

according to Uedaet al. @36#.
The one-pion exchange potential involves the sin

monopole form factor given by

FLNp~q2!FNNp~q2!5
Lp

2 2mp
2

Lp
2 1q2

. ~25!

The cutoff massLp5920 MeV is employed and, in the
present case, the relation holds asLp.Lp(Jülich)/A2
whereLp(Jülich) is the cutoff mass used in the Ju¨lich po-
tential @44#, since we adopt the global~single! monopole
form factor while Ref.@44# employs the double monopol
type. This relation holds valid whenq2 and mp

2 are small
compared withLp

2 .

FIG. 3. The1S0 NN potentials of the OBEPVr
OBEP(r ) and 2p/r

exchangeV2p/r
NN (r ) with two cases of meson massmr5770 and 400

MeV and with parametersL15700 MeV andL252000 MeV.
03461
n

g

e

The adopted strong coupling constants, parameters
the exchanged meson masses are listed in Table II.
ranges of the 2p/r and 2p/s exchange potentials are dete
mined by exchanged meson massesmp , mr, and ms and
also the effective massesr0 , rA , rB , r̃0 , r̃A , and r̃B as
defined in the Appendix.

Notable features of the correlated 2pÕr
and 2pÕs exchange and 1v exchange potentials

The correlated TPE potentials due to the diagrams of F
1~a! V2p/r(A) and 1~b! V2p/r(B) work additively for their par-
ity conserving pieces. Similarly it holds for the~A! and ~B!
type potentials of the 2p/s exchange. This is assured for th
explicit potential forms of the 2p/r and 2p/s exchange
potentials as shown in the Appendix. On the other hand,
additivity does not always hold for the parity violating par
of the potentials. It is noticed that the fact that the weak a
strong vertices appear in the reversed order on theL→N
line in the diagrams~a! and~b! in Figs. 1 and 2 has an effec
on the latter potentials.

FIG. 4. The tensor-type weak transition potentials of the 1p
exchangeVp , the 2p/r exchangeV2p/r(A) , V2p/r(B) and the
summedV2p/r(A1B) , and the 1v exchangeVv for the (3S1)Lp

→(3D1)np channel.

TABLE II. Strong coupling constants in the Hamiltonians an
parameters adopted in this paper.

gNNp513.26,mp5138 MeV, Lp5920 MeV,
gLSp57.66,
gNNr52.99, mr5400 MeV, L15700 MeV,
L252000 MeV,
f NNr514.76,
gppr526.0,
gNNs56.30, ms5600(400) MeV,
gpps522680 (21230) MeV,
gNNv511.24,mv5782.8 MeV,Lv51129.5 MeV,
f NNv50.0
7-6
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NONMESONIC DECAYS AND LIFETIMES OF HYPERNUCLEI PHYSICAL REVIEW C65 034617
The 2p/r exchange potential has a tensor force who
sign is opposite to that of the OPE potential while the ten
force of thev exchange has the same sign as that of O
The potentials ofV2p/r(A) , V2p/r(B) and the sumV2p/r(A1B)
andVv are shown and compared with one-p exchangeVp in
Fig. 4 for the (3S1)Lp→(3D1)np channel. The opposite sign
for the 2p/r exchange and one-p exchange potentials ar
expected from the known feature for the strongNN poten-
tials of the one-r exchangeVr

OBEP and the one-p exchange
Vp

OBEP. The fact that the tensor force ofV2p/r has a sign
opposite to and a comparable strength to that ofVp at the
intermediate ranger .0.521.5 fm means to weaken th
role of the tensor force effectively in the combined use of

FIG. 5. The central-type weak transition potentials of the 1p
exchangeVp , the 2p/r exchangeV2p/r , 2p/s exchangeV2p/s

and the 1v exchangeVv for the (1S0)Lp→(1S0)np channel.
pi
in

r

03461
e
r
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two potentials, which is anticipated to have an improv
Gn /Gp ratios of the nonmesonic decay rates.

The 2p/s exchange potential has a central force mu
stronger than those of the 2p/r and one-p exchange poten-
tials. The central force of thev exchange potential is als
strong and, however, has an opposite sign to that of
2p/s exchange. Thus the combination ofV2p/s andVv due
to the isoscalar mesons induces the reduced but still siz
central interaction. The potentials are displayed in Fig. 5
the (1S0)Lp→(1S0)np channel. Strong central nature is als
favorable for improving then/p ratio because the centra
force works in the neutron-stimulated (1S0)Ln→(1S0)nn
TNN51 channel efficiently.

It is notable that the 2p/r exchange andv exchange
potentials have bothLS and antisymmetric-LS (ALS) forces
while the 2p/s exchange one has only theLS force. TheLS
andALS forces work in the nonmesonic decay from theLN
relativep state.

The parity-violating potentials ofVp , V2p/r , V2p/s , and
Vv for the (3S1)Lp→(1P1)np channel are compared in Fig
6. All the potentials work additively for this channel. Amon
those theV2p/r is the strongest forr .0.521.0 fm. The
2p/r exchange potential has two types of components w
different spin-isospin dependencies, that is,i @(s13s2)• r̂#
3(t1•t2) and (s1• r̂)(t1•t2). Among them the former-type
VV1

(r ) i @(s13s2)• r̂#(t1•t2) potential is stronger than th

latter typeVV2
(r )(s1• r̂)(t1•t2) one. It is also noted that the

i @(s13s2)• r̂#(t1•t2)-type potential does not work for th
(3S1)Lp→(3P1)np channel.

III. NONMESONIC DECAY RATES AND WEAK DECAY
LIFETIMES

The nonmesonic decay rate for the processL
AZ(Ji ,Ti)

→ (A22)Z8(Jf ,Tf)1N1N is given by
Gnm5
2p

2Ji11 (
J18M18a18

(
T18MT1

8
(

S28MS2
8

(
T28MT2

8
(
Mi

E d3k

~2p!3E d3K

~2p!3
d~Ef2Ei !

3U K A22FJ
18M

18a
18 ,T

18M
T1
8

1

A2
@12~21!S281T28Px#e

ik•reiK•Rx
MS28

S28 j
MT28

T28 U(
i ,k

V~ i ,k!U L
AC;JiM i ,TiMTiL U2

, ~26!
e
n
,
tate
where the outgoing two nucleons are coupled to s
(S28MS2

8 ) and isospin (T28MT2
8 ) states and assumed to be

plane wave. The operatorPx exchanges the radial vecto
between two nucleons. Thed(Ef2Ei) function which en-
sures the energy conservation is expressed as

d~Ef2Ei !5dS Ex~A22,J18T18a18!1
k2

MN
1

K2

4MN

1MN2ML2eN2eLD , ~27!
nwhereEx(A22,J18T18a18) means the excitation energy of th
final (A22) nucleus andeN andeL are the minus separatio
energy of a nucleon and aL hyperon in the hypernucleus
respectively. It is assumed that the hypernuclear s
uL
AC;JiM i ,TiMTi

& is written as

uL
AC;JiM i ,TiMTi

&5u@A21FJcTcac
•f j LtL

#;JiM i ,TiMTi
&

~28!

and the nuclear core partA21FJcTcac
is described in the
7-7
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harmonic oscillator~HO! shell model or in the density de
pendent Hartree-Fock~DDHF! one. TheL hyperon state
f j LtL

is obtained as the solution of the DDHF equation

the core-nucleus1 L system.
The L hyperon wave function is expanded in the H

basis with the size parameterbL5A(MN /ML)bN , bN being
a nucleon wave function size parameter, as
-

th

e

de

e

03461
f
f l L50,j L51/2,tL

~r !5(
nL

c~nL!wnL ,l L50,j L51/2~r ,bL!. ~29!

Then the nonmesonic decay rateGnm can be expressed in
terms of theLN→NN two-body interactions in case of th
L hyperon insL-orbit and the core-nucleus being in the H
shell model state as follows:
Gnm54MN (
J18 ,T18 ,a18

(
S28 ,T28 ,nN

(J,L
(
J2

S T18MT
18
1/2nNUTcMTcD 2(

l 0
E

0

Kx
dKK2kU (

l a , j a

~21! j a11/22J2

3S JcTc ,J
18T

18a
18

1/2
~ j a ,t51/2!A~2Jc11!~2J211!W~J18 j aJis1/2

L ;JcJ2!(
S

A~2 j a11!~2S11!W~ j al a1/2S;1/2J2!

3(
nL

(
nN

(
l

~21!L2 l aMl5 l a
~nal anLl L50;nlNL;MN ,ML!c~nL!A~2J11!~2l a11!

3W~SJl aL; lJ2!~21!N~2 i !LfNLS K,
1

bR
D ^ j l 0

~k,r !Yl 0S
28Jj

nN11/2
T28 uVnm~r !ufnl~r ,br !YlSJjnN

T251/2
&U2

, ~30!
.

-
s

unt

o a
where

k5
1

2
AKx

22K2, ~31!

Kx52AMN@ML2MN1eL1eN2Ex~A22,J18T18a18!#.
~32!

The S JcTcac ,J
18T

18a
18

1/2
( j a ,t51/2) is a nucleon pick-up spectro

scopic amplitude which connects the core-nucleus and
final nuclear stateA22FJ

18T
18a

18
. The generalized Talmi-

Moshinsky braket is used, because theL and nucleon have
different masses. The following conditions must be satisfi
on the quantum numbersnl andNL as

lWa1 lWL5 lW1LW ~33!

and

2na1 l a12nL1 l L52n1 l 12N1L. ~34!

The br(bR) is a size parameter of theLN relative ~center-
of-mass! wave function. In case that the core nucleus is
scribed as the DDHF shell model state, theGnm is given in
the similar formula as Eq.~30! with minor modifications.

One sees in Eq.~30! that the decay rateGnm consists of
contributions from interactions betweenL and nucleons in
various shell orbits. The nonmesonic decay ofs-shell hyper-
nuclei proceeds through the interactions betweenL in thesL

state and nucleons in the (0s)N state and the decay from th
LN relative s state predominates ifc(nLÞ0) is small. For
p-shell hypernuclei, theL hyperon insL interacts not only
with nucleons in the (0s)N orbit but also with the nucleons in
the (0p)N orbit. In this case the decays both from theLN
e

d

-

relatives state and from theLN relativep state are possible
Actually in the case where the nucleons are in (0p)N orbit
andL is in sL state (nL ,l L50) with nL<1, the following
combinations are possible:

~ l ,L !5~1,0!,~012,1! and ~1,2!. ~35!

We take only combinations (l ,L)5(0,1) and (1,0) and ne
glect others in this case because the coefficient
(21)L2 l aMl5 l a

(nal anL0,nlNL;MNML)c(nL) are small for

( l ,L)5(1,2) and (2,1) and the decay interaction forl>2
should be less important. In this paper we take into acco
the two decay modes, i.e., the decays from theLN relative
s( l 50) and theLN relative p( l 51) states for thep shell
and the heavier-mass system above thep shell hypernuclei.
The nonmesonic decay rate is written as

Gnm5G (s)1G (p), ~36!

whereG (s)(G (p)) denotes the decay rate from theLN rela-
tive s(p) state. When the initialLN is in a relatives state,
there exist six decay channels starting from either1S0 or
3S1, while in the case where the initialLN is in a relative
p-state fourteen decay channels starting from3P0 , 1P1 ,
3P1, and 3P2 are possible.

The nonmesonic decay rate can also be divided int
proton-stimulated decay rate forLp→np and a neutron-
stimulated one forLn→nn. This is guaranteed in theGnm
expression in which one can choosenN521/2 ~proton! for
the former process ornN51/2 ~neutron! for the latter one.
Gnm can be written as

Gnm5Gp1Gn5~Gp
(s)1Gp

(p)!1~Gn
(s)1Gn

(p)!. ~37!
7-8
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NONMESONIC DECAYS AND LIFETIMES OF HYPERNUCLEI PHYSICAL REVIEW C65 034617
The ratio of the neutron-stimulated decay rateGn and the
proton-stimulated oneGp , i.e., Gn /Gp is widely discussed
both from the experimental and theoretical viewpoints.

The hypernuclear weak decay lifetimes are evaluated
the relations

t5
\

G tot
, G tot5Gp1Gnm, ~38!

whereG tot signifies the total weak decay rate. The meso
decay ratesGp have been studied, for example, in Re
@1–4#.

IV. CALCULATIONS AND RESULTS

A. Initial and final state wave functions

We discuss the nonmesonic decays of hypernuclei wi
wide range of mass number such as thes-shell (A54,5),
p-shell (A511,12,16),sd-shell (A528), p f-shell (A556),
and heavier-mass (A589,139,209) hypernuclei. Following
wave functions are adopted.

~i! For s-shell hypernuclei asL
4 H and L

4,5He the core-
nucleus part wave functions are described as the simple
monic oscillator wave functions and theL wave functions
relative to the core nucleus are obtained as the solution
the cluster model equations.

~ii ! For thep-shell hypernuclei asL
11B, L

12C, and L
16O, the

ground states are known to be described by the shell m
in a good approximation as the product wave functions of
core-part nuclear wave functions in their ground states
the L wave function in its lowest orbital state, which is a
sured from the analyses of the (p1,K1) and (K2,p2) re-
actions and thep-mesonic weak decays@45,1,3#. In the
present study, theL wave function is a bit carefully treate
since the extension of theL wave function is very influentia

FIG. 6. The parity-violating vector-type weak transition pote
tials of the 1p exchangeVp , the 2p/r exchangeV2p/r , the 2p/s
exchange V2p/s and the 1v exchange Vv for the (3S1)Lp

→(1P1)np channel.
03461
y
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on the nonmesonic decay rate. We obtain theL wave func-
tion as the solution of the DDHF equation for the hype
nuclear system with use of the Skyrme type effective int
actionsS III for NN @46# and Rayet No. 13 forLN @47#.

~iii ! For heavy-mass hypernuclei above thep shell, the
ground state wave functions are obtained by solving
DDHF equations for nucleons and forL. The obtained single
particle orbitals for the nucleons andL are expanded in the
HO basis.

Adopted nuclear size parametersbN arebN51.65 fm for

L
4 H and L

4 He, 1.358 fm forL
5 He, 1.65 fm for L

11B and L
12C,

1.75 fm for L
16O, 1.865 fm forL

28Si, 2.004 fm forL
56Fe, 2.094

fm for L
89Y, 2.177 fm for L

139La, and 2.258 fm forL
209Bi. In

the nonmesonic decay process theL hyperon and the
nucleon interact and they are converted into a pair of nu
ons through the weak decay potentials. The decay ma
elements are calculated with a help of the Talmi-Moshins
transformation. Now we must treat the initialLN and the
final NN states more elaborately by taking into account b
the initial-state and the final-state correlations. This is
cause the short range part behavior of the interbaryon s
should have very important effect on the nonmesonic de
rate due to the high momentum transfer process. In the in
state there act the residual strong interactions betweenL and
N under the influence of the nuclear medium. We thus so
the Bethe-Goldstone equation for theLN relative state with
use of the Nijmegen model-D LN interaction@48# as in Ref.
@22#. The LN wave functionsfnl(r )YlSiJ in Eq. ~30! are
then replaced as

fn0~r !Y0SiSi
→ f Si

~r !fn0~r !Y0SiSi
1dSi1

f 2~r !Y211

~39!

for the s( l 50) wave and

fn1~r !Y1SiJ→gSiJ~r !fn1~r !Y1SiJ1dSi1
dJ2g3~r !Y312

~40!

for the p( l 51) wave, respectively. Thef Si
(r ) and gSiJ(r )

are the correlation functions fors andp wave, respectively.
The f 2(r ) is an inducedd wave andg3(r ) is an inducedf
wave due to theLN tensor interaction. Thef (r )’s andg(r )’s
depend on the hypernucleus but not on the radial numbn
for simplicity.

The NN final state correlations are taken into account
solving the two nucleon scattering state according to the o
going momentumk. The Nijmegen model-D is adopted fo
the NN interaction @48#. Then in evaluation of the deca
matrix element in Eq.~30!, j l 0

(k,r )Yl 0SfJ is replaced by the
scattering eigenstate as

j l 0
~k,r !Yl 0SfJ →c l 0SfJ~k,r !Yl 0SfJ1dSf1

dJ1

3$d l 00x2~k,r !Y2111d l 02x0~k,r !Y011%

1dSf1
dJ2$d l 01h3~k,r !Y312

1d l 03h1~k,r !Y112%. ~41!
7-9
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TABLE III. Nonmesonic decay rates andGn /Gp ratios of L
12C, L

5 He, L
4 He, andL

4 H for various combina-
tions of the 1p, the correlated-2p and 1v exchange potentials. The coupling constantgpps5
22680 MeV and the parameterms5600 MeV are used inV2p/s . The decay rates are given in units ofGL .

Gp Gn Gnm Gn /Gp

L
12C

Vp 0.595 0.063 0.659 0.106
V2p/r 0.275 0.028 0.303 0.100
V2p/s 0.495 0.259 0.754 0.523
V2p/s1Vv 0.178 0.119 0.297 0.665
Vp1V2p/r 0.375 0.066 0.441 0.176
Vp1V2p/s1Vv 1.115 0.221 1.326 0.190
Vp1V2p/r1V2p/s1Vv 0.775 0.285 1.060 0.368
Exp. @7# 1.1420.20

10.20 1.3320.81
11.12

Exp. @8# 0.3160.0720.04
10.11 0.8960.1560.03 1.8760.5921.00

10.32

L
5 He

Vp 0.252 0.027 0.279 0.107
Vp1V2p/r 0.144 0.029 0.173 0.202
Vp1V2p/s1Vv 0.458 0.085 0.542 0.185
Vp1V2p/r1V2p/s1Vv 0.305 0.118 0.422 0.386
Exp. @11# 0.4160.13
Exp. @7# 0.2160.07 0.2060.11 0.4160.14 0.9360.55
Exp. @8# 0.1760.04 0.5060.07 1.9760.67

L
4 He

Vp 0.204 0.010 0.214 0.048
Vp1V2p/r 0.105 0.005 0.109 0.045
Vp1V2p/s1Vv 0.360 0.047 0.407 0.130
Vp1V2p/r1V2p/s1Vv 0.223 0.081 0.303 0.363
Exp. @11# 0.1460.03 0.4320.18

10.24

Exp. @9# 0.1660.02 0.0160.05 0.1760.05 0.0620.06
10.28

Exp. @10# 0.1660.02 0.0460.02 0.2060.03

L
4 H

Vp 0.005 0.020 0.025 4.119
Vp1V2p/r 0.002 0.022 0.024 9.250
Vp1V2p/s1Vv 0.023 0.064 0.087 2.724
Vp1V2p/r1V2p/s1Vv 0.040 0.088 0.128 2.171
Exp. @11# 0.2960.14
Exp. @9# 0.1760.11
c

a

a
en

eed

to

e

The x2 ,x0 ,h3, andh1 are the inducedd, s, f, andp wave,
respectively, in theNN scattering states due to theNN tensor
force.

B. Decay rates ofL
12C and s-shell hypernuclei and roles

of correlated-2p and v exchange

To see the role of the correlated TPE and 1v exchange
potentials on the nonmesonic decay rates, the partial de
ratesGp , Gn , the total decay rateGnm and the ratioGn /Gp of

L
12C ands-shell hypernucleiL

4,5He andL
4 H are calculated for

the various combinations of the 1p and the correlated-2p
and 1v exchange potentials. The calculated decay rates
shown in Table III in units of the freeL decay rateGL

5\/(263 ps) and are compared with the experimental d
@7,8,11,9,10#. First we discuss the roles of the adopted pot
03461
ay

re

ta
-

tials based on the calculations forL
12C. The Table III shows

that the one-pion exchangeVp gives smallGnm compared
with the experimental data and it gives theGn /Gp ratio as
small as 0.11 for which the experimental data seem to exc
1. The smallGn /Gp is attributed to a largeGp to which the
(3S1)LN→(3S1)NN channel contributes predominantly due
the final state tensor correlation and theLN→NN tensor
force of the weak process since the final (3S1)NN is modified
as (3S1)NN19(3D1)NN9 as seen in Eq.~41!. This has already
been pointed out by Bando¯et al. @22#.

If the 2p/r exchangeV2p/r alone is employed, it gives
the small decay rate as 0.30GL . When one considersV2p/r
in addition to Vp , the proton-stimulated decay rateGp is
reduced compared with that ofVp alone case due to th
weakened tensor force while the neutron-stimulatedGn re-
7-10
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NONMESONIC DECAYS AND LIFETIMES OF HYPERNUCLEI PHYSICAL REVIEW C65 034617
mains in the same as that ofVp case. The neutron-stimulate
decay channels are free from the tensor force as long as
LN s-state decay is concerned. This works to make then/p
ratio to be enhanced though not enough. This is partly du
the fact that theV2p/r potential has another role. TheV2p/r
has two types of parity violating forces of rather stro
VV1(r ) i @(s13s2)• r̂# and weakVV2(r )(s1• r̂). Then the
combined action of the parity violating forces ofVp and
V2p/r induces the (3S1)LN→(1P1)NN transition to be en-
hanced and makesGp large. See Fig. 6 for this point. Thes
two competing roles played by the weakened tensor for
and the strong parity violating forces produce the calcula
Gn /Gp for which the improvement remains to be modera

The V2p/s alone gives the decay rate as 0.75GL which is
large. It is noticed, however, in Fig. 5 that the isoscalarv
exchange potentialVv is strong in the central and has a
opposite sign to that ofV2p/s potential. Therefore the com
bined use ofV2p/s1Vv yields the reduced rate as 0.30GL .
Since this combination of the potentials has central domin
character, it induces then/p ratio as large as 0.67. Furthe
the combination of three potentialsVp , V2p/s , andVv , has
both strong tensor and strong central interaction and indu
the enhanced (1S0)LN→(1S0)NN and (3S1)LN→(3S1)NN
transitions, which results in the largeGnm as 1.33GL but a
little improvedn/p ratio compared withVp alone.

Finally, we include the four potentialsVp , V2p/r , V2p/s ,
andVv simultaneously in the calculations. The proper ro
of those potentials can be seen in the calculated decay r
The V2p/r potential primarily works to weaken the stron
tensor force ofVp and theV2p/s1Vv potentials work to
increase the central-force induced transitions. CalculatedGp
is increased by 30% of that evaluated in theVp alone while
Gn is increased by 4.5 times that ofVp case. TheGn /Gp ratio
is obtained as 0.37. A fair improvement for then/p ratio is
obtained but the calculated value is still considerably de
ated from the experimental data. The nonmesonic decay
Gnm is calculated as 1.06GL which lies between the two ex
perimental data from BNL@7# and KEK @8#.

It must be added that in our calculations the decays
only from the LN relative s state but also from theLN
relativep state are considered. The contribution of the de
rates from theLN relative p state remains to be 4–13%
~depending on the combinations of the potentials! of the total
rates for L

12C hypernucleus, which is small but is nonneg
gible.

Calculated decay rates for thes-shell hypernuclei ofL
4,5He

and L
4 H are also shown together with the existing data

Table III. Essentially the same roles and features of the
tentials are seen in the decay rates of thes-shell hypernuclei
of L

4,5He as in theL
12C case. However the situation is differe

for L
4 H case. This is because the proton-stimulated de

occurs only from theLN 1S0 state and therefore the tens
force does not directly take part in this decay. The calcula
decay ratesGnm of the s-shell hypernuclei in the combine
use of the 1p, the correlated-2p and 1v exchange potentials
are found to be close to the experimental data@7,8,11,9,10#.
The calculatedn/p ratio of L

5 He is still small, at least a facto
2, compared with the experimental data@7,8#.
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Importance and the effect of the final state correlation
the decay rate are widely discussed@22,24#. Concerning the
initial state correlation betweenL andN, we obtain the rela-
tive wave function by solving the Bethe-Goldstone equati
Short-range and tensor correlations are naturally incor
rated. The mixing of the tensor-induced3D1 wave in the
major 3S1 is not large, since theLN tensor force is weak.
The initial state correlation including the short-range a
tensor ones totally reduce the decay rates by 10% inL

12C and
13% in L

5 He compared with the value of no initial-state co
relation but with the final-state correlation. If the induce
3D1 wave is switched-off, the reduction of the decay ra
turns out to be 5% inL

12C and 9% inL
5 He. This shows that

the two correlations, the tensor and the short range corr
tions, play approximately comparable role to reduce the
cay rate. In so far as then/p ratio is concerned, the shor
range correlation reduces it while the tensor correlation te
to enhance the ratio.

C. Decay rates of light-to-heavy hypernuclei

We extend our calculations of the decay rates to hyper
clei with a wide range of mass numberA by adopting the
1p, correlated 2p and 1v exchange potential model. It is a
another object of this paper to study anA dependence of the
nonmesonic decay ratesGnm and also to study an almos
constant behavior of the hypernuclear lifetimes of hea
mass systems for the weak decay process. Calculations
done forA542209 hypernuclei;L

4 H, L
4,5He, L

11B, L
12C, L

16O,

L
28Si, L

56Fe, L
89Y, L

139La, and L
209Bi.

Calculated decay rates ofs-shell,p-shell and medium and
heavy hypernuclei are listed in Table IV. Adopted we
decay interaction parameters inV2p/s are gpps5
22680 MeV andms5600 MeV in Table II. The decay rate
data of L

11B is listed at the note of Table IV to be compare
with the calculation.

In Fig. 7 calculated partial decay ratesGp and Gn are
shown as a function of mass numberA and they are com-
pared for the two potential cases of adopting theVp

1V2p/r1V2p/s1Vv and theVp only. CalculatedGp andGn
continue to increase up toA.60 and then they behave rath
stable asA increases. The solid line ofGp(Gn) of adopting
the all potentials shows the enhanced decay rate comp
with the corresponding dash-dotted one ofGp(Gn) of adopt-
ing Vp only. The enhancement is larger forGn than forGp .
This shows the roles and importance of the correlated T
and 1v exchange potentials in the nonmesonic weak de
as discussed in Sec. IV B.

Table V lists the evaluatedn/p ratios ofGn
(s)/Gp

(s) ~abbre-
viated ass only!, Gn

(p)/Gp
(p) (p only! andGn /Gp (s1p) for

the LN relative s-state decays,p-state decays, and th
summed (s1p)-state decays, respectively. The obtain
Gn /Gp ratios vary and continue to increase from 0.4 for lig
hypernuclei exceptL

4 H to 0.5 for heaviest hypernucleu
when the 1p, the correlated-2p and 1v exchange potentials
are adopted in the calculations. This growing tendency
understood in the following way. First the neutron numbe
are more exceeding the proton numbers asA increases which
7-11
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TABLE IV. Calculated hypernuclear weak decay rates and lifetimes fors-shell, p-shell, medium, and
heavy hypernuclei. The decay rates are given in units ofGL . The lifetimes are given in units of picosecond
Experimental data of nonmesonic decay rate and lifetimes are listed for comparison. See the text.

Gp Gp Gn Gnm Gp1Gnm t t @exp#

L
4 H 0.891 0.040 0.088 0.128 1.019 258.3 194226

124 @9#

L
4 He 0.658 0.223 0.081 0.303 0.961 273.9 256627 @9#

L
5 He 0.608 0.305 0.118 0.422 1.030 255.5 256621 @7#

L
11B 0.316 0.654 0.285 0.939a 1.255 209.7 192622 @14#

211613 @13#

L
12C 0.228 0.775 0.285 1.060 1.288 204.3 211631 @14#

231615 @13#

L
16O 0.074 0.847 0.324 1.171 1.245 211.4 86226

133 @15#

L
28Si 0.088 1.110 0.446 1.556 1.644 160.1 206612 @13#

L
56Fe 0.02* 1.154 0.525 1.679 1.699 154.9 215614 @13#

L
89Y 0.005* 1.164 0.546 1.710 1.715 153.5

L
139La 0.005* 1.141 0.582 1.723 1.728 152.3

L
209Bi 0.005* 1.108 0.612 1.720 1.725 152.6 2502100

1250 @16#

aGnm
exp(L

11B)50.9560.1360.04 @8#.
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bringsGn to be increased. Secondly theA dependence of the
n/p ratios are different forGn

(s)/Gp
(s) of the s-state decay and

Gn
(p)/Gp

(p) of the p-state decay and the latterGn
(p)/Gp

(p) have
tendency to increase more than the formerGn

(s)/Gp
(s) as A

increases. This feature can be related to the different nat
of additivity of various potentials in the proton-stimulate
and neutron-stimulated decays depending on the channe
the s-state decays andp-state decays. Especially the tens
interaction does not play a role much in thep-state decays. It
is noted that for theL

4 H case theGp is small because theLp
pair takes only the1S0 state and thus the proton-stimulate
weak decay is limited, while theLn pair takes both1S0 and
3S1 states.

In Fig. 8, the calculatedn/p ratios are shown and com
pared as a function of mass numberA for the two potential
cases employed. TheGn /Gp are much enhanced when th
1p, the correlated-2p and 1v exchange potentials ar
adopted~solid line! compared with the case when theVp

FIG. 7. The mass-numberA dependence of the calculated dec
ratesGp and Gn for the two potential cases ofVp1V2p/r1V2p/s

1Vv andVp only. The decay rates are shown in units ofGL .
03461
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potential only is adopted~dash-dotted line!. From this figure
one should note the special roles of correlated TPE
v-exchange potentials of improving then/p ratios con-
cerned.

Comparison of the evaluatedn/p ratios with the experi-
mental data@7–11# is made in Table V. Our model works t
improve the calculatedGn /Gp in the right direction. How-
ever the obtainedGn /Gp remain still less than 1, which ar

TABLE V. The n/p ratios for theLN s-state decaysGn
(s)/Gp

(s) ,
thep-state decaysGn

(p)/Gp
(p) and the summed (s andp)-state decays

Gn /Gp . Calculations are shown for the interactionVp only and the
Vp1V2p/r1V2p/s1Vv cases. Experimental data are shown f
comparison.

Vp only Vp1V2p/r1V2p/s1Vv SGn

Gp
Dexp

(s1p) (s only! (p only! (s1p)

L
4 H 4.119 2.171 2.171

L
4 He 0.048 0.363 0.363 0.4320.18

10.24 @11#

0.0620.06
10.28 @9#

0.2560.13 @10#

L
5 He 0.107 0.386 0.386 0.9360.55 @7#

1.9760.67 @8#

L
11B 0.128 0.422 0.844 0.436 1.0420.48

10.59 @7#

2.1660.5820.95
10.45 @8#

L
12C 0.106 0.359 0.561 0.368 1.3320.81

11.12 @7#

1.8760.5921.00
10.32 @8#

L
16O 0.114 0.360 0.914 0.382

L
28Si 0.126 0.381 0.717 0.402

L
56Fe 0.148 0.424 0.930 0.455

L
89Y 0.158 0.436 1.048 0.469

L
139La 0.173 0.475 1.108 0.510

L
209Bi 0.187 0.516 1.196 0.552
7-12
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contrary to the data of lights-shell andp-shell hypernuclei.
TheGn /Gp puzzle is thus left unsolved in the present mod
which necessitates more ingredients to be incorporated in
nonmesonic weak decay mechanism.

Figure 9 shows the mass-numberA dependence of the
calculated nonmesonic decay ratesGnm together with the de-
compositions ofGnm into the partial decay ratesG (s) and
G (p), which are the decay rates from theLN relatives andp
states, respectively. The nonmesonic decay ratesGnm are in-
creasing for increasing mass-numberA up to A.60. The
nonmesonic decay rate reachesGnm51.7GL for L

89Y. It is
remarkable that the nonmesonic decay ratesGnm tend to be
rather stable for hypernuclei withA*60, such asL

56Fe, L
89Y,

L
139La, and L

209Bi. See also Table IV. This feature may b
intimately connected with the short range character of
decay interaction compared with the nuclear size and
decreasingLN relatives probabilities betweenL in sL-orbit
and nucleon in higher shell orbits for large mass syste
The A dependence ofGnm and especially the mechanism
the almost constant behavior ofGnm at largeA are discussed
in Ref. @34#.

FIG. 8. The mass-numberA dependence of the calculatedn/p
ratios for the two potential cases ofVp1V2p/r1V2p/s1Vv andVp

only.
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One also sees in Fig. 9 that the decays from theLN
relative s state contribute predominantly to the totalGnm
while the decays from theLN relativep state contribute less
than 10% of the total, though not negligible for the heav
mass systems. The small contribution ofG (p) is primarily
due to the fact that the weak decay matrix elements conn
ing the initial LN relativep state and the finalNN state are
much smaller than those connecting theLN s state and the
NN state. This is because thep-wave amplitudes at shor
distancer are smaller than thes-wave ones and the deca
interaction is short range. It is noted, however, that the pr
abilities of finding theLN relativep state in the product stat
of L hyperon insL and nucleon in higher orbitals are no
necessarily small compared with those of theLN relatives
state for the heavy-mass systems. The decay rateG (p) of L

12C,
which is about 10% of the total, has been discussed
Bennhold and Ramos@49#.

Table VI lists the partial contributions to the nonmeson
decay rate ofL

139La as divided into the nucleon orbits and th
initial LN s andp states. It is notable that the partial contr
butions are distributed over many orbitals and, especially,
important contributions come from the lower and midd
shell orbits such as (0p), (0d•1s), and (0f ) orbits. This is
understood as follows. First theL wave function is extended

FIG. 9. The mass-numberA dependence of the calculated no
mesonic decay ratesGnm together with the partial decay ratesG (s)

andG (p). The decay rates are shown in units ofGL .
s
lumns,
TABLE VI. Partial contributions to the nonmesonic decay rate ofL
139La, as divided into the nucleon orbit

and the initialLN states. The proton and neutron occupations are listed in the first and second co
respectively. All decay rates are given in units ofGL . (Gp5Gp

(s)1Gp
(p)51.141GL , Gn5Gn

(s)1Gn
(p)

50.582GL .!

Protons Neutrons InitialLN s-state InitialLN p-state
(nl)Zi (nl)Ni G (s) (Gp

(s) , Gn
(s)) G (p) (Gp

(p) , Gn
(p))

(0s)2 (0s)2 0.114 ~ 0.082, 0.032!
(0p)6 (0p)6 0.237 ~ 0.171, 0.067! 0.007 ~ 0.004, 0.003!

(0d•1s)12 (0d•1s)12 0.368 ~ 0.265, 0.103! 0.022 ~ 0.012, 0.009!
(0 f )14 (0 f )14 0.274 ~ 0.197, 0.077! 0.027 ~ 0.015, 0.012!
(1p)6 (1p)6 0.204 ~ 0.147, 0.057! 0.010 ~ 0.006, 0.005!

(0g9/2)
11 (0g)18 0.177 ~ 0.109, 0.068! 0.031 ~ 0.016, 0.015!

(1d)6 (1d•2s)11 0.185 ~ 0.107, 0.078! 0.023 ~ 0.010, 0.013!
(0h11/2)

12 0.030 ~ 0.0, 0.030! 0.013 ~ 0.0, 0.013!

Z557 N581 1.589 ~ 1.077, 0.512! 0.134 ~ 0.063, 0.070!
7-13
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K. ITONAGA, T. UEDA, AND T. MOTOBA PHYSICAL REVIEW C 65 034617
in L
139La and, therefore, theLN s-state probabilities are larg

between theL and the nucleon in (0p), (0d•1s), and (0f )
orbits. Second theLN pair ~bond! numbers are large for th
above-quoted orbitals. These two facts bring the largeLN
s-state partial decay rates for these orbitals. It is noticed
the LN p-state partial decay rates are also distributed o
many nucleon orbitals. It is mentioned that these feature
the partial distributions of the decay rates can be seen in
medium and heavy hypernuclei.

We add and discuss the calculations ofGnm in which we
employ the correlated 2p/s exchange potential with use o
parameters ofgpps521230 MeV andms5400 MeV as
in Table II. The calculated decay ratesGnm are almost un-
changed fors-shell hypernuclei but are a little increasing f
the p-shell to heavy-mass hypernuclei compared with val
in Table IV. The increases ofGnm are 2% for L

11B and L
12C

and are reaching 4% forL
56Fe andL

89Y and 5% for L
139La and

L
209Bi compared with values in Table IV. Then/p ratios are
obtained to be increasing by 4% fors-shell, 7% forp-shell
hypernuclei to 10% forA>56 mass systems compared wi
those in Table V. It is known from these results that t
V2p/s potential with gpps521230 MeV and ms

5400 MeV is a little long-ranged and has stronger cen
nature in comparison with the 2p/s exchange one with
gpps522680 MeV andms5600 MeV. Since theV2p/s
potentials with two set of parameters ofgpps and ms give
essentially the same decay rates, we confine most of the
cussions to the case where the calculations are done
2p/s exchange potential withgpps522680 MeV and
ms5600 MeV.

D. Mass-number dependence of hypernuclear lifetimes

The hypernuclear weak decay lifetimes are evaluated
the formula Eq.~38!. For the mesonic decay ratesGp , the
theoretical values are adopted and are taken from Ref.@2# for

L
4 H and L

4,5He and those forp-shell,sd-shell hypernuclei and
the ones beyond are taken from Ref.@3#. Adopted values are
listed in Table IV. It is noted that we substitute theGp num-
bers of L

57Ni, L
91Zr, L

139Ba and L
209Pb for those ofL

56Fe, L
89Y,

L
139La, andL

209Bi, respectively, in this paper. To indicate suc
substituted numbers, the asterisks are attached toGp values

FIG. 10. The calculated lifetimes of light-to-heavy hypernuc
are compared with experiments. See the text.
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of A556,89,139, and 209 hypernuclei in Table IV. We u
the calculated values forGnm with use of the 1p, the
correlated-2p and 1v exchange potentials as shown in Tab
IV and Fig. 9. We obtain the lifetimes as listed in the seve
column of Table IV and those are shown by the solid line
Fig. 10 together with the experimental data@9,7,14,13,16#.

Calculated lifetimes are generally acceptable but a li
overshoot for thes-shell hypernuclei, which is mainly due t
the underestimates of thep-mesonic decay ratesGp for L

4 H
and L

4 He in Table IV. Lifetimes ofL
11B and L

12C are calcu-
lated in agreement with the experimental data within the
ror bars. The lifetime ofL

16O is calculated to be longer tha
that of L

12C. The re-measurement ofL
16O lifetime is highly

desirable. For medium-heavy hypernuclei, the lifetime d
of L

11B, L
12C, L

27Al, L
28Si, and LFe are newly reported by

Bhanget al. @13#. Concerning the lifetime data ofLFe, the
mass number of the Fe isotope is not identified. The d
show the striking feature that the hypernuclear lifetimes
almost constant for those nuclei. Furthermore these data
the massA511;56 and the data forLBi @16–18# and LU
@17,19# may suggest the hypernuclear lifetimes are alm
constant for medium-to-heavy mass systems. Calculated
times of L

28Si and L
56Fe are 160 and 155 ps, respective

which are shorter than the experimental data. Deviations
the evaluated lifetimes from the data are 20–28 % in
model. It is interesting, however, to realize that our 1p,
correlated-2p and 1v exchange interaction model can pr
dict the almost constant behavior of the hypernuclear l
times for the massA*28 hypernuclei, although the evalu
ated lifetimes are a bit shorter than the existing data. Thi
a direct consequence of the fact that the stable nonmes
decay rates are obtained for heavy-mass hypernuclei in
model, since the mesonic decay rates are already dampe
such heavy systems.

V. SUMMARY

As the main objectives of this paper, first we have co
structed the typical correlated two-pion exchange~TPE!
weak potentials by extending the knowledge for the stro
NN potentials, and then we have made extensive estima
of nonmesonic weak decay rates of light-to-heavy hyper
clei within the framework of the one-pion plus correlate
two-pion plus one-omega exchange potential model. The
culated results have been presented in detail with an em
sis of the two-pion exchange and one-v meson exchange
effect on hypernuclear weak decay observables such as
times and the ratioGn /Gp which shows up as an interestin
puzzle in the recent experiments.

First of all, we emphasize that the correlated TPE pot
tials were originally introduced in order to eliminate th
phase ambiguity between one-pion exchange
r-exchange diagrams. In the present paper we concentr
on the 2p/r and 2p/s exchange potentials which typicall
represent correlated and uncorrelated two-pion exchange
the I 51 and I 50 states, respectively. Having the assum
tion of theDI 51/2 rule, these two types of potentials ha
been constructed together with such necessary elabora

i
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NONMESONIC DECAYS AND LIFETIMES OF HYPERNUCLEI PHYSICAL REVIEW C65 034617
that a S as well as a nucleon has been introduced as
intermediate baryon. These TPE weak decay potentials
classified into various types such as the centrals•s tensor
LS, ALS, and two kinds of parity violating forces. The
explicit forms are presented in this paper for the first tim
Also the one-v exchange potential is introduced which h
an opposite sign to the 2p/s exchange one and, therefor
plays a role to have a counter-balance with the latter po
tial and to reduce the central-type strong 2p/s-exchange
force in the short and intermediate interaction range.

Here we note general trends found for these potenti
The 2p/r exchange potential has a strong tensor fo
whose sign is opposite to that of the one-pion exchange
tential. Therefore the sum ofVp andV2p/r leads to weaken
tensor interaction, which is favorable in reducing the b
discrepancy between theoretical and experimentalGn /Gp ra-
tios. On the other hand the 2p/s exchange potential is ba
sically of central type and it acts strongly at the intermedi
interaction range. When the 2p/s exchange potential work
in combination with the 1v exchange one, these potentia
produce mild repulsion at the short and intermediate rag
interaction. These potential generally works to enhance b
the nonmesonic decay rate and theGn /Gp ratio.

In the actual evaluation of the nonmesonic decay ra
the following several factors have been carefully taken i
account in view of the baryon many-body aspects: First
hypernuclear and nuclear wave functions were microsc
cally constructed. For thes-shell hypernuclei theL wave
functions were calculated with the cluster model variatio
equation, while the DDHF solutions were used for mediu
and heavy hypernuclei. Second, the realistic initial state c
relation for LN has been taken into account properly
solving the Bethe-Goldstone equation, while the final st
correlation forNN by solving the scattering state equatio
Thus, in the present calculation, the tensor correlation
naturally incorporated both in the initial and final state
Third, the spectroscopic amplitudes of picking-up nucleo
involved in Eq. ~30! have been evaluated microscopica
with use of the parent and daughter wave functions. Fou
the nonmesonic decay rates starting with theLN relative
p-state as well as thes-state have been fully evaluated for a
the light-to-heavy hypernuclear decays.

The major results are summarized as follows.
~1! The calculated decay rates are in consistent with

existing data, for thes- and p-shell hypernuclei, within the
experimental error bars in the present model.

~2! As the mass-number dependence, the calculation
dicts thatGnm(A) increases gradually up toA.60 and then it
tends to be almost constant with the value ofGnm51.7GL for
heavier hypernuclei. It is remarked that theL interaction
with the nucleons in the higher orbits (nl j )N contribute ap-
preciably to the total decay rate.

~3! In combination with the theoretical mesonic dec
ratesGp , the calculated hypernuclear lifetimes are in agr
ment with the experiment fors-shell hypernucleiL

11B and

L
12C, while the theory underestimates by 20–28 % forL

28Si,

L
56Fe, and heavier cases, although the theory explains
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general trend ofA-dependence found in the recent expe
ment.

~4! One of the most interesting results is that the cor
lated TPE together with onev exchange contributions give
rise to the increases of about 400–450 % forGn and 20–
30 % for Gp with respect to the standard estimate within t
OPE model and consequently that the ratiosGn /Gp are cal-
culated to be.0.4 for s- andp-shell hypernuclei exceptL

4 H
and ;0.5 for heavier systems. Thus the great improvem
has been obtained with TPE, as these numbers are se
times larger that the previous value (;0.1) predicted in the
one-pion exchange model. However, the experimental d
for L

5 He and L
12C suggestGn /Gp*1, so that substantial dis

crepancy still remains and other new mechanisms should
further taken into account for the explanation.

In this paper we have shown the important role of t
correlated-2p and 1v exchange contributions to the hype
nuclear nonmesonic weak decays. However, the diagr
adopted here together with the effective parametrizat
could be representative diagrams among possible contr
tions from various 2p exchanges. It is remarked therefo
that the other types of two-meson exchanges in gen
should be further investigated from a wider viewpoint so
to establish their whole contribution. It is also noted that t
strangeK-meson exchange should be properly considered
view of its importance in accounting for then/p ratios
@25,29,30# in future works. Furthermore one should keep
mind that the two-nucleon induced process has been sh
to give sizable contributions to the decay rates over the w
mass range of hypernuclei@31,32#. Along with these theoret-
ical efforts in establishing the hyperon weak decay inter
tion mechanism, sufficient and higher-resolution measu
ments of partial weak decay rates are eagerly awaited.
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APPENDIX

Explicit radial forms of the correlated two-pion exchan
potentials are given below.
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1. The 2pÕr exchange potential ofV2pÕr„A…
„r…

The V2p/r(A)(r) is composed of the parity-conservin
V2p/r(A)

pc (r) and the parity-violatingV2p/r(A)
pv (r). The parity

conserving part consists ofVC , VS , VT , VLS , and VALS
03461
pieces in Eq.~9!, while the parity violating part consists o
two vector pieces ofVV1 and VV2 in Eq. ~9!. They are ex-

pressed as follows. The notationsM̄5(ML1MN)/2 andl
5lL2

and the function forms such as
Y~x!5
e2x

x
, T~x!5

1

3
1

1

x
1

1

x2
, V~x!511

1

x
~A1!

are adopted.

VC
2p/r(A)~r !5VC,1

2p/r(A)~r !1VC,2
2p/r(A)~r !, ~A2!

VC,1
2p/r(A)~r !52

gLNp
w gNNp

4p

gpprgNNr

4p
l2E

0

1

dx1E
0

x1
dx2

1

x2~x12x2!
E

0

1

dt
~12t2!

~11t2!4
@16t21~12t2!2#

1

4p
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2
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2~x1 ,x2 ,t !

3FrAY~rAr !2mrY~mrr !1S 11
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D 1
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¹ r
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4p
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4p
l2E

0

1

dx1E
0

x1
dx2

12~12x1!2

@x2~x12x2!#2

3E
0

1

dt
~12t2!3

~11t2!4

1

4p FF~mr ,r0 ,rB ;r !1S 11
f NNr

gNNr
D 1

4MNM̄
¹ r

2F~mr ,r0 ,rB ;r !G , ~A4!

where

F~mr ,r0 ,rB ;r !5
M̄2L2

2

~mr
22r0

2!~rB
22r0

2!
r0Y~r0r !1

M̄2L2
2

~r0
22rB

2 !~mr
22rB

2 !
rBY~rBr !1

M̄2L2
2

~rB
22mr
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2!
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2p/r(A)~r !52
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4p
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4p
l2S 11
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3E0
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dx1E
0

x1
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x2~x12x2!
E

0

1

dt
~12t2!

~11t2!4
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1
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2
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2~x1 ,x2 ,t !
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2
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2

2MNM̄
mrY~mrr !G , ~A6!
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l2S 11
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gNNr
D E

0

1
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0
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1
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~11t2!4
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3
1
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F rA

2
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2
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mrY~mrr !T~mrr !G , ~A7!

VLS
2p/r(A)~r !5VLS,1

2p/r(A)~r !1VLS,2
2p/r(A)~r ! ~A8!

VLS,1
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4p
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4p
l2S 31
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D E

0

1
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1
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0

1
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3
1
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2
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2MNM̄
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r
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1

r
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VLS,2
2p/r(A)~r !52

gLNp
w gNNp

4p

gpprgNNr

4p
l2S 11

2 f NNr

gNNr
D

3E
0

1

dx1E
0

x1
dx2

12~12x1!2

@x2~x12x2!#2E0

1

dt
~12t2!3

~11t2!4

1

4p

M̄2

2MNM̄
F2~mr ,r0 ,rB ;r !, ~A10!

where

F2~mr ,r0 ,rB ;r !5
L2

2r0

~mr
22r0

2!~rB
22r0

2!

1

r
r0Y~r0r !V~r0r !1

L2
2rB

~r0
22rB

2 !~mr
22rB

2 !

1

r
rBY~rBr !V~rBr !

1
L2

2mr

~rB
22mr

2!~r0
22mr

2!

1

r
mrY~mrr !V~mrr !, ~A11!

VALS
2p/r(A)~r !5VALS,1

2p/r(A)~r !1VALS,2
2p/r(A)~r !, ~A12!

VALS,1
2p/r(A)~r !52

gLNp
w gNNp

4p

gpprgNNr

4p
l2S f NNr

gNNr
D $same integral form as the corresponding part of Eq.~A9 !%, ~A13!

VALS,2
2p/r(A)~r !5

gLNp
w gNNp

4p

gpprgNNr

4p
l2S 11

f NNr

gNNr
D $same integral form as the corresponding part of Eq.~A10!%, ~A14!

VV1
2p/r(A)~r !52
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4p

gpprgNNr

4p
2S 11

f NNr
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D E

0

1

dx1E
0

x1
dx2

1

x2~x12x2!
E

0

1

dt
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~11t2!4
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3
1

4p
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2
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2~x1 ,x2 ,t !
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VV2
2p/r(A)~r !5

gLNp
w gNNp

4p

gpprgNNr

4p
2E

0

1
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0

x1
dx2

12$~12x1!222~12x1!~12x2!%

@x2~x12x2!#2
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0

1
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~12t2!3
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1

4p

M̄

2
rF 2~mr ,r0 ,rB ;r !. ~A16!

In the above, following notations are used (m5mp):

r0
25r0

2~x1 ,x2!5
M̄2~12x1!21m2x1

x2~x12x2!
, ~A17!

rA
25rA

2~x1 ,x2 ,t !5r0
21

L1
2~12t2!2

4t2x2~x12x2!
, ~A18!

rB
25rB

2~x1 ,x2 ,t !5r0
21

L2
2~12t2!2

4t2x2~x12x2!
. ~A19!

2. The 2pÕr exchange potential ofV2pÕr„B…
„r…

VC
2p/r(B)~r !5VC,1

2p/r(B)~r !1VC,2
2p/r(B)~r !, ~A20!

VC,1
2p/r(B)~r !52

~g
S

1
1

w
lS

1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p

3$same integral form as the corresponding part in Eq.~A3 ! except r̃A in place ofrA%, ~A21!
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VC,2
2p/r(B)~r !5

~g
S

1
1

w
lS

1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p E
0

1

dx1

3E
0

x1
dx2

12$ML~12x1!21~MN2ML!~12x1!~12x2!1~MS2MN!~12x1!%

M̄ @x2~x12x2!#2

3E
0

1

dt
~12t2!3

~11t2!4

1

4p FF~mr ,r̃0 ,r̃B ;r !1S 11
f NNr

gNNr
D 1

4MNM̄
¹ r

2F~mr ,r̃0 ,r̃B ;r !G , ~A22!

VS
2p/r(B)~r !52

~g
S

1
1

w
lS

1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p S 11
f NNr

gNNr
D1

3

3$same integral form as the corresponding part in Eq.~A6 ! except r̃A in place ofrA%, ~A23!

VT
2p/r(B)~r !5

~g
S

1
1

w
lS

1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p S 11
f NNr

gNNr
D

3$same integral form as the corresponding part in Eq.~A7 ! except r̃A in place ofrA%, ~A24!

VLS
2p/r(B)~r !5VLS,1

2p/r(B)~r !1VLS,2
2p/r(B)~r !, ~A25!

VLS,1
2p/r(B)~r !5
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S

1
1

w
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1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p S 31
2 f NNr
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D

3$same integral form as the corresponding part in Eq.~A9 ! except r̃A in place ofrA%, ~A26!

VLS,2
2p/r(B)~r !52
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S

1
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w
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1
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0

1
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0
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3E
0

1

dt
~12t2!3

~11t2!4

1

4p

M̄2

2MNM̄
F2~mr ,r̃0 ,r̃B ;r !, ~A27!
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2p/r(B)~r !5VALS,1

2p/r(B)~r !1VALS,2
2p/r(B)~r !, ~A28!
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w
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1
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S
2
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w
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2
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D $same integral form as the corresponding part in Eq.~A26!%,

~A29!
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1
1

w
lS

1
12g

S
2
2

w
lS

2
2!gLSp

4p

gpprgNNr

4p S 11
f NNr
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D $same integral form as the corresponding part in Eq.~A27!%,

~A30!

VV1
2p/r(B)~r !5

~g
S

1
1

w
2g

S
2
2

w
!gLSp

4p
•

gpprgNNr

4p S 11
f NNr

gNNr
D

3$same integral form as the corresponding part in Eq.~A15! except r̃A in place ofrA%, ~A31!
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VV2
2p/r(B)~r !52

~g
S

1
1

w
2g

S
2
2

w
!gLSp
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4p E
0

1

dx1

3E
0
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dx2
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0

1

dt
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~11t2!4

1

4p

M̄

2
rF 2~mr ,r̃0 ,r̃B ;r !. ~A32!

In the above,r̃0 , r̃A, and r̃B are defined as

r̃0
25 r̃0

2~x1 ,x2!5
ML

2 ~12x1!21m2x11~ML
2 2MN

2 !x2~12x1!1~MS
2 2ML

2 !~12x1!

x2~x12x2!
, ~A33!

r̃A
25 r̃A

2~x1 ,x2 ,t !5r0
21

L1
2~12t2!2

4t2x2~x12x2!
, ~A34!

r̃B
25 r̃B

2~x1 ,x2 ,t !5r0
21

L2
2~12t2!2

4t2x2~x12x2!
. ~A35!

3. The 2pÕs exchange potential ofV2pÕs„A…
„r…

TheV2p/s(A)(r) is composed of the parity-conservingV2p/s(A)
pc (r) and the parity-violatingV2p/s(A)

pv (r). The parity conserv-
ing part consists ofVC andVLS pieces in Eq.~14!, while the parity violating part consists of a vector piece ofVV in Eq. ~14!.
They are expressed as follows:
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2p/s(A)~r !5

gLNp
w gNNp

4p

gppsgNNs

4p
lE

0

1

dx1E
0

x1
dx2

M̄ ~12x1!

x2~x12x2!

1

4p

1
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22r0

2~x1 ,x2!

3Fr0Y~r0r !2msY~msr !2
1

4MNM̄
¹ r

2$r0Y~r0r !2msY~msr !%G , ~A36!

VLS
2p/s(A)~r !5
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w gNNp

4p
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4p
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0

1

dx1E
0
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1
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1
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1
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1
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4p
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0

1
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0

x1
dx2
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1
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1
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2~x1 ,x2!
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msY~msr !V~msr !G . ~A38!

4. The 2pÕs exchange potential ofV2pÕs„B…
„r…
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2p/s(B)~r !5
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1
11g
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w
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1

4p

1

ms
22 r̃0

2~x1 ,x2!
F r̃0Y~ r̃0r !2msY~msr !2

1
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VLS
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1
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