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Nonmesonic decays and lifetimes of hypernuclei
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The nonmesonic decay rates and the lifetimes of hypernuclei of Arags- 209 are extensively calculated
based on the &, correlated-2r, and 1w exchange potentials. Two types of new hyperon-nucleon potentials
have been constructed in which the two pions are correlated and coupjedunad/or o in the exchange
process. The roles of these potentials andekchange potential are discussed. The theoretical decay rates are
consistent with the existing data fershell andp-shell hypernuclei within the present model. The calculated
decay rate increases gradually upAe-60 and then tends to be almost constantAer60. TheA-dependent
behavior of the hypernuclear lifetimes tends to be constant over the mass Aegi@h of hypernuclei in our
model. It is most remarkable that the cooperative effect of the correlatedr?l 1w exchanges enhances the
neutron-stimulated decay rat&, (proton-stimulated ond’;) by 400—450 %(20—-30 % with respect to the
standard Fr-exchange estimate foh>5. As a result the',,/T", ratios for light-to-heavy hypernuclei are
calculated to be 0.4-0.5, which values are several times larger thanrtexchange estimate. Although the
experimental ratios seem still about two times larger than these theoretical values, it has revealed that the
representative 2-exchange and @& exchange mechanisms give rise to a clear improvement ofr {tE
ratios.
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. INTRODUCTION involved in the nonmesonic decay is of the order 400 MeV/
so that the produced nucleons are almost free from the Pauli
The hypernucleus eventually decays via strangenessuppression, and thus this decay mode prevails over the me-
changing weak interactions, emitting either a pionspnic one except for very light hypernuclei. The modern co-
(7-mesonic procegsor nucleons (nonmesonic process incidence counter technique has opened a new possibility of
Among the elementary interactions underlying these promeasuring separately the proton-stimulated nonmesonic de-
cesses, the rggsonic decay of theparticle in the free space, cay ratel’ ,(Ap—np), the neutron-stimulated ong,(An
A—p7~,n7°, is well known and the rele;ased moment_um IS_.nn) and/or the total decay rate,,=I,+ T, in light s-
~100 MeV/. In the nuclear medium this momentum is far and p-shell A hypernuclei[7—10. Further the asymmetry

below the Fermi momenturkr=270 MeV/c so that the
mesonic decay is subjected to the Pauli suppression, esp ?rameters of the decay proton have been measure}d(tor

cially in the heavy-mass systems. Since the decay interactiof B, gnd iHe [12]. Hovv.ever', the' understandmg of the un-
is well established empirically, the mesonic decay has beefl€rlying decay mechanism is quite controversial. ,
studied extensively in connection with the in-medium pion Recently the lifetime measurements have been systemati-
behavior and the hypernuclear structure effects. This deca§@lly carried out at KEK for medium-heavy mass systems
mode has been utilized not only as a signal of hypernucleasuch asy’C, \'B, 3°Si, {’Al, and ,Fe[13] and there exist
formation but also as a spectroscopic tool. In fact many thealso the on-going and planned experiments for much heavier
oretical calculations have been carried out for hypernucleasystems up t/A=209, which aim to investigate the mass-
mesonic decayfsl—5] and some of the predictions have beennumber dependence of hypernuclear lifetime. The experi-
successfully confirmed by the following experimefst]. mental datd9,13—-19 suggest that the hypernuclear lifetime
On the other hand, the nonmesonic decap—np and tends to be almost constant for medium and heavy mass
An—nn, is very unique in that it occurs only in the hyper- systems.
nucleus but not in the free space because it is based on the In this paper we focus our attention to a new potential
hyperon-nucleon two-body interaction and the unstable approach with two-pion exchanges and one omega meson
cannot be used as either a beam or a target. The momentusmchange. The problems we like to emphasize here are the
following: The weak decay interaction itself is not yet well
understood. It is still problematic whether the decay interac-
*Permanent address: Laboratory of Physics, Electrotion can be understood in terms of various meson exchanges,
Communication University, Neyagawa, Osaka 572-8530, Japan. since the two-meson exchange effects have not been fully
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examined yet. Then this problem leads to the next question ibrief reports[33—34. In this paper we present the full con-
one needs to incorporate the quark degrees of freedom in thent of our study performed with this model together with the
decay interaction mechanism. Another basic question isewly inclusion of the omega exchange potential. Concern-
whether or not theAl=1/2 rule holds in the nonmesonic ing the treatment of the correlated two-pions, the present
decay process while the rule is empirically established in thevork is an alternative approach to Jiéo al. [30] for the
mesonic one. The fourth is how one can resolve the bigwo-pion-coupled-tar piece to study the same physical ef-
discrepancy between theoretical and experimdntdl’, ra-  fects on the nonmesonic decay. In the following we summa-
tios. rize the major motivations of our approach.

In relation to these problems many works based on the As the first motivation we emphasize important physical
meson exchange picture have been devoted to understand ttentents that are inherent in the correlated two-pion ex-
nonmesonic decay interaction. The weak decay potentiathange (TPE) process: One feature is that the=1, J”
based on the one-pion exchan@PB V. was initiated a =1~ part of correlated TPE process gives rise to a strong
long time ago by Adamg20], while thep exchange potential tensor force whose sign is opposite to thalgf. Note that
(V,) was introduced by McKellar and Gibsg¢@a1]. Bando the tensor force ol has been proved to be too strong
et al. [22] evaluated the nonmesonic decay rates of light except the long range part. Another feature is that Ithe
and p-shell hypernuclei by adoptiny . andV, for the first =0, JP=0" part of correlated TPE process produces the
time and they pointed out that thé, gives very small force of a central type which is strong enough in the inter-
I',/T', (n/p) ratios, contrary to experiments. This theoretical mediate range. Both of these contents should be favorable in
result was attributed to the cooperative effects of the domiaccounting for the absolute decay rates andrthe ratios.
nating tensor force in the weak interaction and the strondhus it is important to investigate roles of correlated TPE
tensor correlation between the final nucleon pairs. The rol@rocesses. Furthermore it is also interesting to get numerical
of V, was not fully investigated in Ref22] because of the estimates of the correlated TPE intermediate range interac-
ambiguity of the relative phase betwe¥n andV,,. tion, because there are two competing factors in this range.

In view of the failure ofV, in accounting for the large Note that so-called short-range properties of batN and
experimental [',/I",) P ratios, it has long been thought that NN interactions might play a certain role because of the
the potentials due to the heavy meson exchange might pldarge momentum transfer~400 MeV/c) involved in the
an important role. With such an anticipation Dubasthal. = AN—NN weak process. In a competing manner, however,
[23] and Parrea et al. [24] employed the full octet pseudo- the strongA N interaction having a repulsive part at the small
scalar and vector+#,p,K, ...) meson exchange potentials. distance controls the average baryon field so that the play-
They found, however, that the heavy meson exchange did nground of the initialAN weak interaction is not necessarily
bring drastic effect on the decay rates and ttie ratios. confined in the small region.

Very recently the phase error in the strange meson exchanges As the second motivation in treating TPE process, we can
in Ref. [24] was found and the important role & meson make full use of the successful framework of double meson
exchange in improving tha/p ratios was newly addressed exchanges for the strong nucleon-nucledi\j forces. It is

by Parrelm and Ramo$25]. Okaet al. [26,27] investigated well known for the strong nuclear forces that the OPE
theoretically the direct quark mechanism allowing bath  mechanism dominates in the long range part and plural-
=1/2 andAl=3/2 transitions. They conclude that tid meson exchanges both in correlated and uncorrelated states,
=3/2 transition is significant in théS, decay channel and or effectively heavy-meson exchanges, play essential roles in
has the contribution to the largep ratios. Combining this the intermediate force range. A realistic and simplest descrip-
quark interaction model with the one-pion exchange, tion of the NN forces is provided by one-boson-exchange
considerable improvement has been obtained in explainingotential (OBEP. For example, an OBEP due to Ueda and
both the decay rates and thép ratios for thes-shell hyper-  Green describes the forces including the short range part in
nuclei [28]. Sasakiet al. [29] have noticed the new role of terms of thew, 7, o, p, o, §, and S* exchanges where
the K meson exchange, which together with the quark interboson-nucleon-nucleon vertex form factors are introduced
action brings the enhancetlp ratios for the light hypernu- [36]. Therefore, by replacing one strong bodehtvertex in

clei. In recent work, Jidet al. [30] have studied the weak this OBEP model by one weak boson-hypersh{\ vertex,
decay interaction due to the correlated and uncorrelated 2 it is easy to have the weak interaction version analogously.
exchanges in a chiral perturbation approach and obtained tHéne problem remained in this approach is that we do not
improvedn/p ratios by including theK-exchange potential have enough theoretical or experimental information on the
in addition. Thus one should keep in mind that fieneson  weak vertex for the heavy bosons. Then we consider a model
exchange is important in understanding the nonmesonitor the weak vertex as follows. The heavy bosons make the
weak decay. Alberico and othef31,32 evaluated the con- strong vertex form factors such as they dissociate into two
tributions of two-nucleon induced decay width using the pions or one-pion and one heavy-boson and then each of
OPE interaction within the propagator method. They showedhem couples with nucleon. Then replacing the stragN

that such contributions are sizable. vertex by the known weak vertex efY N, we have a weak

Already since 1994 the present authors have proposed\e&ertex for boson¥ N vertex. As the first step to this approach
new model in which the correlated two-piop Gnd o) ex-  the present paper concentrates on gheand o exchanges
change potentials have been employed in additiovio  which represent effectively the correlated and uncorrelated
Some of the calculated results have been published in severyo-pion exchanges ih=1 and O states, respectively.
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Two types of correlated TPE potentials are introduced N N N N
[33-35. One is a 2 pion/rho (2/p) exchange potential in
which the exchanged two pions are coupleht the ex-

“T
change process, and we denote iVgg,,. The other is a 2 N n |
pion/sigma (2r/0) exchange potential denoted &6, g P P
where the exchanged two pions are coupledstoAs the

intermediate baryon propagating in between the two-pion ex- A N A N

change, we take a nucledd and/or aX. Thus theA-X
coupling effect is taken into account helf@7]. The weak (a) (b)
process takes place at théN or theX N7 vertices, assum- FIG. 1. The F di ¢ 2 bionirh h
ing Al =1/2 rule. Shmatikov has taken the similar correlated, ' >: +- 'N€ Feynman diagrams of = plon/rho exgnange process,
TPE model and applied it to light hypernucl@g]. But his in which (a) contains a nucleon as the intermediate baryon (and

. o C a2 as the intermediate baryon.
calculation procedure is different from ours. Shmatikov em-

ployed the model in which the exchanged two pions are con- o . .
nected directly to the nucleon line, while in our model the —Nm process is involved at the weak vertex in the one-pion

exchangeAN—NN process. Secondly, the one-pion ex-
and o mesons are coupled to the nucleon and therefore W& - naev. must work at least for the medium and lond range
think that the present model has a firm basis to have the closg 9&n grang

connection with the strong nuclear force model involving part of the decay interaction. TR&, potential has a feature

and o exchanges. One of the merits of this approach is tha?f having a strong tensor and a weak centraly forces and

we can remove the ambiquity of relative phase betwéen & sizable parity-violating force. Th¥ . potential alone is,
gurty vep i however, found to yield small,,/T", ratios which contradict

and the correlated TPE potentials, which leads us to get NUL o exoerimental data @ and -shpeII hvoernuclei. Accord-

merically reliable estimates. P P yp '

It must be mentioned here that hitherto we have studieépgly some improvements or other mechanisms for the non-
A o : mesonic decay have been searched for over the years.
the effective 2r/o exchange potential in which themo

coupling parameter is determined so as to fit the decay rates We propose the correlated two-pion exchange weak decay

e interaction as the next extension to the one-pion exchange.
of p-shell hypernuclei in the & and correlated-2 exchange The exchanged two pions are correlated jomeson and/or
model [33—39. In this paper we include, in addition, the 9 P

o a o meson(quantum number of a meson in the exchange
omega meson exchange contribution to the weak decay po- i ; .

. : . . process. We call the above-stated interaction model as the
tential. Since it is well known in th&IN force that thes and

. , . . tZq-r/p meson exchange andm20 meson exchange model,
@ MEsons play_ Important rol_es n the central Interaction arespectively The following features are anticipated. The
the short and intermediate interaction range, it should b% ' . -
natural to take the isoscalar and w exchanges simulta- m/p exchange potentiaV,,, has a tensor force which
9 might modify the strongv/, tensor and the 2/0 exchange

neously in the weak decay interaction. Accordingly we takev . ;
the one-pion, correlated two-pions coupledptand o, and 2/ NAs a strong central force at the intermediate range.
' ' In connection to the 2/0 meson exchange, we consider

w exchanges into account in the weak decay interactions iglso thew meson exchanae interaction as well. since the
the present work. 9 ’

The paper is organized as follows. The basic model iésoscalarcr and w mesons would contribute strongly but in

presented in Sec. Il where the correlated TPE potentials angjpOSIte signs In the central force as expected from the

lw exchange potential for the weak nonmesonic decay ar BEPNN force. Thus our model of the weak decay interac-
constructed together with description of the adopted param-Ion consists of the one pion, cprrelated—@oupled top and
eters. The formulas necessary to evaluate the nonmesonic and onéw exchange_ potentials. .
decay rate and the weak decay lifetime are given in Sec. Ill. The diagrams in which tht—:-=.1 and 0 parts of two pions
The numerical results on the decay rates and lifetimes arg'® coupled tg anda,_respe_:ctlv_ely, and are exchar_lged be-
eenA andN are depicted in Figs. 1 and 2. In the interme-

presented and discussed in Sec. IV. The summary is given it . .9 .
Sec. V. diate baryonic state propagating in between the two virtual

pions, either a nucleoN or a sigmas, are taken into account

Il. CORRELATED-2 7 AND @ EXCHANGE POTENTIALS
A. 2@/ p and 27w/ o and 1w exchange potentials

Since theAN—NN is a weak process and involves a N _':Zi D) I
large momentum transfer, it is generally expected that the R R
physics of the nonmesonic decay is intimately related to the
short range part of the baryon system. The one-pion ex-
change potential is, however, studied first for the weak decay
interaction. This is because the mesonic decay of ay-
peronA— N is really observed and the one-pion exchange FIG. 2. The Feynman diagrams of 2 pion/sigma exchange pro-
is a natural and simple extrapolation of the mesonic decagess, in whicha) contains a nucleon as the intermediate baryon and
mechanism ofA to the nonmesonic process, where the (b) a3 as the intermediate baryon.

>
=2
>
=z

(a) ®)
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as the lightest-mass nonstrange and strange baryons, respgence factor of a monopole type with a cutoff massas

tively, as shown in Figs. (&8 and 2a) and Figs. 1b) and
2(b). The weak processes take place at Ad# vertex in
the (a) diagrams of Figs. 1 and 2 and at tA&l 7 in the (b)
diagrams of Figs. 1 and 2.

We adopt theAl =1/2 rule in theA—N# andX — N
weak transitions. The Hamiltonian for tike— N7 weak pro-
cess is written in the isospin basis as

W _.w 0
Hanz =19 AN N1+ Ny ¥s5) 1 VNP 1

where ) represents a spurion to ensure the=1/2. The
Hamiltonian for theX — N is expressed in the charge
basis as
H¥N =105+ ¥n( 1+ Ns  vs) s+ @
+

+i9\§g$p(l+)\zg ¥5) s+ @70

+igy - Yn(1+Ns-ys)hs-@n

+ig§”8$n(1+kzgys) 50 70

+igY0 p( L+ Ns0 ¥5) Phs0@ 1+ 2
It is because the coupling constaif$ and the parameters
Ay are determined depending on the chargeHyperon de-

cays.
The strong interaction Hamiltonians are written as

Hne = I ONN N Y5 TONG ©)
HﬁNp:gNNpEN'yMT(pN(ﬁp,p,
fNNp_ w
+ AM Ir/INO- T(/lN(aM(ﬁp,V_&V(ﬁp,M)! (4)
HS 0= 0rmp @1 (0,65 X 0= €5 X (0,0,)],  (5)
HﬁN(r: gNN(rEN wN ¢(r ' (6)
H 787770': gwwa¢o—( O ‘Pﬂ')! (7)
and
HiZﬂ': igAZW{ZE+ 75¢A§D7T+ +J2075¢A(P770
+ s VoA @} (8)

Notations are standard and would be obvious.
In constructing the Z/p exchange potentials, the invari-
ant transition amplitudes are evaluated from Figs) and

AZI(AZ+K?), wherek is an intermediate momentum. The
second problem occurs in the loop integral for diagfajnin

Figs. 1 and 2. The anomalous threshold arises inAher
vertex which contains the intermediate nucleon because the
relationM3 >M?Z+m? holds[39,3§. This induces a singu-
larity in the propagator, or it may be expressed that the
anomalous threshold causes an “effective exchanged-meson
mass”p(X1,X,) to be imaginary at certair; andx, (Feyn-

man parameteysand makes the potential complex. To cir-
cumvent the singularity we adopt the procedure of making
use of the average baryon mask=(M,+My)/2 for a
nucleon and aA hyperon in the propagator part and the
defining expression 05%(x;,X,). The form of p?(x;,x,) is
given in the Appendix. A similar approximation has been
used in Ref[38].

The potential is then obtained as the Fourier transform of
the invariant amplitude. Specifically the potential based on
the diagram Fig. () [Fig. 1(b)] with an intermediate baryon
being a nucleonN (a hyperon ) is called V,,,(n)
(V2r10(8))- The potential consists of the parity conserving
pieces and the parity violating ones. The potenig};, a) is
expressed in the isospin basis as

Vomipa) (N ={Vc(r) +Vs(r) (o 0,) + V(1) S,
+Vis(r)(L-S)+Vadr)[L- (o= 0y)]
+iVya(Di[ (01X 07) - T]

+iVyo(r) (o1 D7y 7). (9)

The particle 1 refers to & hyperon and the last two terms
correspond the parity violating potentials. The potential
Vanipe) IS expressed in the charge basis as
Vaa10(8) (1) =1{same potential types except
(71 %) asin Eq(9)}03 ;@ (AN—NN).
(10)

The operatorO T refers to the isospin-dependent factor for
the final two nucleon stat&, which reads

OF oy (AN—nN)=1 (T=1), (11)

T 3
Ozw/p(B)(AP*np):—g (T=0), (12
:E (T=1). (13

1(b). Two problems must be resolved. First the loop integralThe termsV., Vs, Vt, Vis, VaLs andVy in Eq. (9) are
on the momentum variable in ther2p exchange diagram is referred as the centraFr- o, tensorLS, antisymmetrickS,
divergent since thermp coupling Hamiltonian of Eq(5)
contains the derivative part of the pion field and this inducegorms of the potential terms in Eq&) and(10) are given in
an extra momentum. For this case we introduce the convethe Appendix.
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The 27/o exchange potentials are similarly constructed TABLE 1.

based on the diagrams Figgajland Xb) and they are called
Variea) @NAVa (s , respectively. The potentials are given
as

Vo (N ={Ve(r) +Vis(N)(L-S) +iVy(r) (a1 D} (7)?,
(14

Va.10(8)(1) ={same potential types except;)? as in
Ed. (14)}03/0(8)(AN—NN). (15

The operato(’);w,g(B) reads as
O nto(@(An—nm=1 (T=1), (16
- 1
Ozn1og)(AP—NP) = ﬁ (T=0), (17
= ! (T=1) (18
N :

Explicit forms of the potential terms in Eq&l4) and(15) are
given in the Appendix.

Next we consider the one exchange wealkA\ N— NN
interaction. The weak Hamiltonian for th& —Nw is ex-
pressed ap24]

_ 0
awwNyﬂ( 1) ¢A¢w,p,

w 2
HANw_ GFm’IT

Bo,—
+—1¢NO"U'V

0
AM (1) ¢A(au¢w,v_av¢w,ﬂ)

(19

— 0
+8w¢N’yM75( 1) ¢A¢w,,u,

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

HﬁNw: gNNwEN’y'uwN(ﬁw,,u

fNNa)

J’_
aM

wNO- ll/N(§ ¢o)v V¢(u,p.)' (20)

The onew meson exchange weak potential is expressed a
Vo (N={VE(r)+V5(r) (o 02) +VT(r) S+ Vig(r)(L-S)
+VRLNIL- (o~

+iIVE (D[ (01X 03) - TTTOT(AN—NN).

05)]

(21)

The isospin dependent factCSIl(AN—>NN) is numerically
the same as of Eq$16)—(18) for O3, g (AN—NN).

PHYSICAL REVIEW ®5 034617

Weak coupling constants and parameters in the
m-mesonic decays o\ and 3, hyperons(upper parnt and weak
coupling constants foA Nw vertex (lower parj.

g"(107° A Ag"(107°)
Ao -0.233 -6.87 1.727
A 0.233x 2 —6.87 —2.443
5Z 0.426 0.374 0.159
pI 0.013 —337.26 —4.384
35 —-0.344 9.151 —-3.151
50 0.220 -9.285 -2.031
30 0.344 9.136 3.145

=-3.69 B,=—804 &,=—133

B. Strengths and ranges of the weak decay potentials

The potential strength and range are determined basically
from the coupling constants of the weak and strong Hamil-
tonians in Egs(1)—(8) and Egs.(19) and (20) and the ex-
changed meson masses, respectively. The weak coupling
constantglly,, and the parameter, are determined from a
lifetime and aw-decay asymmetry parameter of Aa hy-
peron. The coupling constangy and parameteray are
similarly determined from data of lifetimes and-decay
asymmetry parameters &, =7, andE "~ and with a help
of the Lee-Sugawara relati¢a0,41. The coupling constants
a,, B,, ande, in Eqg. (19) are employed from the work of
Parrém et al. [24]. Adopted coupling constants and param-
eters are listed in Table I.

As for the strong coupling constantgn. , Inne» Fang s
ONNe» OnNe s and fyn, We adopt the values used in the
nuclear force in the one-boson exchan@BE) model by
Uedaet al.[36]. Theg,,, is determined so as to be consis-
tent with thep— 77 decay[42,43. The cutoff mass param-
etersA; and A, and the exchanged meson mass are deter-
mined so that the stron§!N force version of the Z/p
exchange modeVZW,p(r) can simulate the ong-exchange
NN force VY®5(r) in Ref.[36]. When thep meson mass is
fixed to 770 MeV, we cannot reproduce #8°*(r) well. In
view of our simple model that we do not employ the vertex
form factor corresponding to the momentum trangjein
constructing the Z/p exchange potential to avoid the nu-
merical complexity, we search the parametgfsand A, and
the exchangeg meson mass as stated above. We are then
forced to adopt a smafi-meson mass,=400 MeV. Fig-
é,ll'e 3 compares the singlet-evelE] centraINN potentials

of VOP¥(r) and Vb, (r) with two cases of meson mass

—770 and 400 MeV and with parameters\ ;
=700 MeV andA,=2000 MeV.

The coupling constarg .., and the mass,, are treated
as free parameters. We take two cases forothmeson mass
m, =600 and 400 MeV. Thg. . is determined in the fol-
lowing way. The strong NN force version of the
27/ o-exchange modevz,,,a(r) is first constructed. Then
the integral of the'S, potential

034617-5



K. ITONAGA, T. UEDA, AND T. MOTOBA

PHYSICAL REVIEW C 65 034617

400 TABLE II. Strong coupling constants in the Hamiltonians and
15, parameters adopted in this paper.
300
Central Oune=13.26,m_=138 MeV, A_=920 MeV,
Oas~=7.66,
~ 200 Oun,=2.99,m, =400 MeV, A;=700 MeV,
E Vamp (np=400 MeV) A,=2000 MeV,
— e
< 100 e e fan,=14.76,
= R (fm) 9mp=—6.0,
= 0= — Onne= 6.30, m,=600(400) MeV,
0J2: 1.4 1)8 Ormo=—2680 (~1230) MeV,
oo Onne=11.24,m,=782.8 MeV,A,=1129.5 MeV,
Var/p (mp=770 MeV) funo=0.0
-200

The adopted strong coupling constants, parameters and
the exchanged meson masses are listed in Table Il. The
ranges of the Z/p and 27/ o exchange potentials are deter-
mined by exchanged meson masses, m,, and m, and
also the effective massesy), pa, pg. po. pa, andpg as
defined in the Appendix.

FIG. 3. The'S; NN potentials of the OBER'Y*(r) and 2r/p
exchange/}), (r) with two cases of meson mass =770 and 400

MeV and with parameterd ;=700 MeV andA,=2000 MeV.

| Totknvat, Csinrar 22

gives a similar value to that of the OB&-exchange poten-
tial VOBEF(1Sy;r) in Ref. [36]. The Jo(k,r) is a I=0
nucleon-nucleon scattering wave with k=360
—380 MeV/c, which correspond to the released momenta in
the nonmesonic decay pfshell hypernuclei. The fitted val-
ues are g,,,=—2680 MeV (m,=600 MeV) or
—1230 MeV (m,=400 MeV).

The strong coupling constagt,s , is determined by us-
ing the SU3) relation

Notable features of the correlated 27/ p
and 27/ o exchange and In exchange potentials

The correlated TPE potentials due to the diagrams of Fig.
1(@) Vo/(a) and Xb) V,,,e) Work additively for their par-
ity conserving pieces. Similarly it holds for tH&) and (B)
type potentials of the 2/ exchange. This is assured for the
explicit potential forms of the 2/p and 2mx/o exchange
potentials as shown in the Appendix. On the other hand, the
additivity does not always hold for the parity violating parts
of the potentials. It is noticed that the fact that the weak and
strong vertices appear in the reversed order onAheN
line in the diagramsa) and(b) in Figs. 1 and 2 has an effect
on the latter potentials.

2
gAEW:ﬁ(l_a)gNNW (23)

and «=0.5 is adopted. In obtaining thes exchange

potential, we adopt the form factor at the weak and strong 400
vertices as
2 2 —~ i
2 2y _ ) = 200 |-
Fane(0) Frne(a7) A2+ (24) o(g
s
according to Uedat al. [36]. -
The one-pion exchange potential involves the single . 0 v
monopole form factor given by = 2mp (B)
| £
z Varsp (1) =
Z-m; S 200 f e
Fana( @) Fanal( @) =—5——". (295 = ar/p (AB)
AT+
The cutoff massA ,=920 MeV is employed and, in the -400 T — .
present case, the relation holds as,=A _(Juich)/\2 0.2 06 L0 L4 L8

where A _(Juich) is the cutoff mass used in thélibh po- R (fm)

tential [44], since we adopt the globakingle monopole FIG. 4. The tensor-type weak transition potentials of the 1
form factor while Ref.[44] employs the double monopole eychangev., the 2a/p exchangeVy,/m » Vampe and the
type. This relation holds valid wheg? and me are small summedV,,,a+p), and the b exchangeV, for the (351)Ap
compared withAZ2 . —(®D1)np channel.
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200

two potentials, which is anticipated to have an improved

‘;"«(180)1\ _(150)rl I',/T', ratios of the nonmesonic decay rates.

P P The 27/ o exchange potential has a central force much
Y stronger than those of thenZp and ones exchange poten-
100 tials. The central force of the exchange potential is also
‘ strong and, however, has an opposite sign to that of the
27/ o exchange. Thus the combination\§ ., andV, due
to the isoscalar mesons induces the reduced but still sizable
central interaction. The potentials are displayed in Fig. 5 for
the (*Sp) xp— (*So)np Channel. Strong central nature is also
favorable for improving then/p ratio because the central
force works in the neutron-stimulatedS) An— (*So)nn
Tyn=1 channel efficiently.

It is notable that the 2/p exchange andv exchange
potentials have bothS and antisymmetri¢-S (ALS) forces
-900 while the 27/ o exchange one has only thé force. Thel S
0.9 0.6 1.0 1.4 1.8 andAL Sforces work in the nonmesonic decay from thél
R (fm) relative p state.
The parity-violating potentials 0¥ ., V,,, Vor,, and
FIG. 5. The central-type weak transition potentials of the 1 V,, for the (Ssl)Ap—>(1P1)np channel are compared in Fig.
exchangeV,,, the 2m/p exchangeV,,,,, 2m/c exchangeV,,, 6. All the potentials work additively for this channel. Among
and the  exchangeV,, for the (*Sp) »p— (*Sp)np Channel. those theV,,, is the strongest for=0.5-1.0 fm. The
27/ p exchange potential has two types of components with

_ The 2m/p exchange potential has a tensor force whosgyifferent spin-isospin dependencies, thatilg,o;X 07) -]
sign is opposite to that of the OPE potenyal while the tensorX(Tl_ 7,) and (o F)(Tl' 7,). Among them the former-type
force of thew exchange has the same sign as that of OPE. ) - c
The potentials oW, ,ay » Van/y and the SUM/, . s Vvl(l‘)l[(a'lx 02)~r](j-1- 7,) potential is stronger than the
andV,, are shown and compared with omeexchange/ . in latter typeVy, (r) (o r)(7 - 7) one. Itis also noted that the
Fig. 4 for the £S;) ,,— (*D1)np channel. The opposite signs
for the 27/p exchange and one-exchange potentials are
expected from the known f%%téjge for the straxddyl poten-
tl%lgng the onep eXChangeVP and the onew exchar!ge IIl. NONMESONIC DECAY RATES AND WEAK DECAY
V,~"". The fact that the tensor force &f,,,, has a sign LIEETIMES
opposite to and a comparable strength to thaVgpfat the
intermediate range=0.5—1.5 fm means to weaken the = The nonmesonic decay rate for the proc@s&(\]i T
role of the tensor force effectively in the combined use of the—*~2)7"(J; , T;) + N+N is given by

Central

-100

V(AN-NN) (10 19Gev)

i[(0,X 05) - ](7,- 7)-type potential does not work for the
(®S1) Ap— (®*P1)np channel.

r - 2
23,41

Ef dgkf d3K SE—E)
—E,
Mial TiMg spmg Tomp M0 ) (2m)*) (2m)° |

, 2
3 . (26)

X
M
T,

. 1 U
<A Zq)JiMiai,TiM-'l— _2[1_(_1)82+szx]e|k~re|K»R 2 g ﬁ\P;JiMi!TiMTi>

1 \/— XMSé

_Ek V(i k)

where the outgoing two nucleons are coupled to spirwhereE,(A—2J;T;a;) means the excitation energy of the
(S;M ’32) and isospin UM’TZ) states and assumed to be in final (A—2) nucleus andy ande, are the minus separation
plane wave. The operatd?, exchanges the radial vector energy of a nucleon and & hyperon in the hypernucleus,
between two nucleons. Th&(E;—E;) function which en- respectively. It is assumed that the hypernuclear state
sures the energy conservation is expressed as AWM, ,TiM<r,) is written as
2 2
S(Ei—E;)= 6| E(A—2JT,a))+ K, K AWM TiMp) = (A7 1 - 0, MG TiM )
My 4My (28

+My—My—en—€n ], (277 and the nuclear core paft '®, 1 , is described in the
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harmonic oscillatofHO) shell model or in the density de-

pendent Hartree-FockDDHF) one. TheA hyperon state 1, =0j, =2, (1)= 2 C(MA)@n 1 o), —1T,bx). (29

é; 1, is obtained as the solution of the DDHF equation of a

the core-nucleus- A system. Then the nonmesonic decay rdfg,, can be expressed in
The A hyperon wave function is expanded in the HO terms of theAN—NN two-body interactions in case of the

basis with the size paramete = (My/M )by, by being A hyperon ins*-orbit and the core-nucleus being in the HO

a nucleon wave function size parameter, as shell model state as follows:
|
\ K ]
Fom=4My 2, > > (TiMT,1/2vN T M7 )22 f "dKK2K| S (—1)latl2
‘Ji’Ti’ai Sé'Té'VN JL ! ¢ Ty Jo la.ja

1/2

XSy 1 armaait=112) V(23+1)(23,+ 1)W(J}] aJisf,z;Jch)ES‘, V(2j 4+ 1)(25+ 1)W(j 4l 11/2S;1/23,)

X2 2% 2 (=DM (Nl any L= 0inINL My, M) e(n) 27+ 1) (210 + 1)

ny nN
><W<smaL;lJz>(—1>N<—i)L¢NL(K,bi)<j|o<k,r>y|osfy§5ﬂ,2|vr‘m<r>|¢m<r,br>y|3j€2‘”2> ) (30
R 277N N
|
where relatives state and from thé N relativep state are possible.
1 Actuall_y i_n trle case where_ the n.ucleois ar(ra1 npf)X'l‘(I‘.) or_bit
=YKk @D nbinations are possilb L o
Ky=2VMy[M,—My+ ey +en— Eg(A—23,T]a})]. (1,L)=(1,0),(0+2,2) and (1,2). (35)
12 % We take only combinationsl L)=(0,1) and (1,0) and ne-

The 8,5 o arrier(1a,t=1/2) is a nucleon pick-up spectio- glect others in this case because the coefficients
scopic amplitude which connects the core-nucleus and thé— 1)L_'aM>\=|a(ﬂa| anAONINL;MyM )c(n,) are small for
final nuclear stateA*ZQJiTiai. The generalized Talmi- (I,L)=(1,2) and (2,1) and the decay interaction for2

Moshinsky braket is used, because theand nucleon have should be less important. In this paper we take into account
different masses. The following conditions must be satisfiedhe two decay modes, i.e., the decays from At¢ relative

on the guantum numberd andNL as S(' :0) and theAN relative p(| :1) states for thEp shell
and the heavier-mass system above grghell hypernuclei.
ra+ FA: i+ (33)  The nonmesonic decay rate is written as
and Coy=T®+T®), (36)
2n,+1,+2n,+1,=2n+1+2N+L. (34

whereI'®(I"(P) denotes the decay rate from theN rela-

The b, (bg) is a size parameter of th&eN relative (center- tive s(p) state. When the initiaA N is in a relatives state,

of-masg wave function. In case that the core nucleus is de_tshere exist six decay channels starting from eithgy or
scribed as the DDHF shell model state, Thg, is given in S, while in the case where the mmal.N isin a rellatlve
the similar formula as Eq:30) with minor modifications. rs)-state fosurteen decay channels starting fréfy, Py,
One sees in Eq30) that the decay rat€ ,, consists of F1, and“P; are possible. o _
contributions from interactions between and nucleons in The nonmesonic decay rate can also be divided into a
various shell orbits. The nonmesonic decaysshell hyper- ~ Proton-stimulated decay rate fotp—np and a neutron-
nuclei proceeds through the interactions betwaein thes®  Stimulated one forAn—nn. This is guaranteed in thE,,
state and nucleons in the €' state and the decay from the €XPression in which one can choosg= —1/2 (proton for
AN relative s state predominates i(n,#0) is small. For ~the former process ory=1/2 (neutron for the latter one.
p-shell hypernuclei, theé\ hyperon ins” interacts not only I'nm €@n be written as
with nucleons in the (§)N orbit but also with the nucleons in
the (Op)N orbit. In this case the decays both from thé\ Fom=Lpt D= P+ P)+@TP+TP). (37
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300 ¢ 7 on the nonmesonic decay rate. We obtain shevave func-
Gs)y -dp) tion as the solution of the DDHF equation for the hyper-
"Ap = 17np nuclear system with use of the Skyrme type effective inter-

200 Vector actionsS Il for NN [46] and Rayet No. 13 foAN [47].

(iii) For heavy-mass hypernuclei above theshell, the
ground state wave functions are obtained by solving the
DDHF equations for nucleons and far. The obtained single
particle orbitals for the nucleons ard are expanded in the
HO basis.

Adopted nuclear size parametdrg areby=1.65 fm for
4H and {He, 1.358 fm foriHe, 1.65 fm for}'B and }°C,
1.75 fm for 1°0, 1.865 fm for3®si, 2.004 fm for3°Fe, 2.094
fm for 8%, 2.177 fm for }*La, and 2.258 fm fori’®Bi. In

100

V(AN-NN) (1071%GeV)

Vonyo the nonmesonic decay process the hyperon and the
nucleon interact and they are converted into a pair of nucle-
~100 ' ' ' ons through the weak decay potentials. The decay matrix
0.2 0.6 1.0 1.4 1.8 elements are calculated with a help of the Talmi-Moshinsky

R (fm) transformation. Now we must treat the initiAIN and the

FIG. 6. The parity-violating vector-type weak transition poten- final NN states more elaborately by taking into account both
tials of the Ir exchange/,,, the 2m/p exchange/s,,,, the 2m/o  the initial-state and the final-state correlations. This is be-

exchangeV,,,, and the I exchangeV, for the (Sy),, cause the short range part behavior of the interbaryon state
—(*Py)np channel. should have very important effect on the nonmesonic decay
rate due to the high momentum transfer process. In the initial
The ratio of the neutron-stimulated decay ratg and the  state there act the residual strong interactions betweand
proton-stimulated on&',,, i.e., I', /T, is widely discussed N under the influence of the nuclear medium. We thus solve

both from the experimental and theoretical viewpoints.  the Bethe-Goldstone equation for theN relative state with
The hypernuclear weak decay lifetimes are evaluated byse of the Nijmegen modé- AN interaction[48] as in Ref.
the relations [22]. The AN wave functionséy,(r) Vs 7 in Eg. (30) are
then replaced as
h
T T Fio=T 7+ Lm, (38) ®no(1) Voss— 5, (1) éno(r) Voss + s1fa(r) Vo

(39
whereTl,; signifies the total weak decay rate. The mesonic
decay rates, have been studied, for example, in Refs.for thes(I=0) wave and

[1-4].
n1(r)Vis 7= 9s A1) Pna(1) Vis 7+ 6516 7293(1) Var2
IV. CALCULATIONS AND RESULTS (40
A. Initial and final state wave functions for the p(I=1) wave, respectively. Thés,(r) and g%j(r)

We discuss the nonmesonic decays of hypernuclei with are the correlation functions farand p wave, respectively.
wide range of mass number such as thehell (A=4,5), The fy(r) is an inducedd wave andg;(r) is an induced
p-shell (A=11,12,16),sd-shell (A=28), pf-shell (A=56), wave due to the\N tensor interaction. Th&(r)’s andg(r)’s
and heavier-massA(=89,139,209) hypernuclei. Following depend on the hypernucleus but not on the radial number
wave functions are adopted. for simplicity.

(i) For s-shell hypernuclei asiH and 1°He the core- The NN final state correlations are taken into account by
nucleus part wave functions are described as the simple hagolving the two nucleon scattering state according to the out-
monic oscillator wave functions and the wave functions ~going momentunk. The Nijmegen model-D is adopted for
relative to the core nucleus are obtained as the solutions dhe NN interaction[48]. Then in evaluation of the decay
the cluster model equations. matrix element in Eq(30), j (k,r)) s,z is replaced by the

(i) For thep-shell hypernuclei a$'B, }°C, and}°0, the  scattering eigenstate as
ground states are known to be described by the shell model
in a good approximation as the product wave functions of thg, (k,r))) s 7 — #1,s, AK. NV s s+ I510.7
core-part nuclear wave functions in their ground states and

the A wave function in its lowest orbital state, which is as- X{6ij0x2(K,1) Vo1t 01 2x0(K,T) Vor1)
sured from the analyses of ther{,K*) and K™, 7") re-

actions and ther-mesonic weak decayg45,1,3. In the +85,10.72{ 61 ;1 m3(K, 1) Va1z

present study, thé wave function is a bit carefully treated

since the extension of th&e wave function is very influential + 03 71(K,1) 1zt (42)
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TABLE IIl. Nonmesonic decay rates art, /I', ratios of °C, 3He, {He, and}H for various combina-
tions of the 4r, the correlated-Z2z and 1w exchange potentials. The coupling constant,,=
—2680 MeV and the parametar, =600 MeV are used iV, . The decay rates are given in unitslof .

r, T, Tom r./T,
§e
V., 0.595 0.063 0.659 0.106
Vo, 0.275 0.028 0.303 0.100
Vaule 0.495 0.259 0.754 0.523
VootV 0.178 0.119 0.297 0.665
V4 Vau, 0.375 0.066 0.441 0.176
Vot Voret+V, 1.115 0.221 1.326 0.190
Vo4 Vot Varet+V, 0.775 0.285 1.060 0.368
Exp.[7] 1.14°3% 133551
Exp. [8] 0.31+0.07" 3 0.89+0.15-0.03  1.87+0.59'%32
SHe
V., 0.252 0.027 0.279 0.107
Vo Voo, 0.144 0.029 0.173 0.202
Vo + VootV 0.458 0.085 0.542 0.185
VoAV, Vamet+V, 0.305 0.118 0.422 0.386
Exp. [11] 0.41+0.13
Exp. [7] 0.21+0.07 0.20:0.11 0.41-0.14 0.93-0.55
Exp. [8] 0.17+0.04 0.5@-0.07 1.970.67
1He
V., 0.204 0.010 0.214 0.048
V4 Vau, 0.105 0.005 0.109 0.045
Vo t+Voret+V, 0.360 0.047 0.407 0.130
Vo4 Vot VametV, 0.223 0.081 0.303 0.363
Exp.[11] 0.14+0.03 0.43"3%3
Exp. [9] 0.16+0.02 0.01-0.05 0.17-0.05 0.06' 528
Exp. [10] 0.16+0.02 0.04-0.02 0.26:0.03
tH
V., 0.005 0.020 0.025 4.119
Vo4 Vau, 0.002 0.022 0.024 9.250
Vot VootV 0.023 0.064 0.087 2.724
VoA Vo, Vamet+V, 0.040 0.088 0.128 2.171
Exp. [11] 0.29+0.14
Exp. [9] 0.17+0.11

The x2. X0, 73, and 7, are the induced, s, f, andp wave, tials based on the calculations f4fC. The Table Ill shows

respectively, in théNN scattering states due to theN tensor  that the one-pion exchangé, gives smalll',,,, compared

force. with the experimental data and it gives thg/I', ratio as
small as 0.11 for which the experimental data seem to exceed

B. Decay rates of °C and s-shell hypernuclei and roles 1. The smalll', /T, is attributed to a largé’, to which the
of correlated-27r and @ exchange (3S)) an— (3S;) nn Channel contributes predominantly due to

To see the role of the correlated TPE and &xchange the final state tensor correlation and thé\—NN tensor
potentials on the nonmesonic decay rates, the partial decd9rce of the weak process since the finé{) yy is modified
ratesl’,, I';,, the total decay ratE, and the ratid",/T’", of  as (381)NN+”(3D1)K,N as seen in Eq41). This has already
2C ands-shell hypernuclei}®He and%{H are calculated for been pointed out by Bandet al. [22].
the various combinations of themland the correlated2 If the 27/p exchangeV,,,, alone is employed, it gives
and lw exchange potentials. The calculated decay rates arie small decay rate as 013Q. When one considerg,,,
shown in Table IIl in units of the free\ decay ratel’, in addition toV, the proton-stimulated decay ralg, is
=h/(263 ps) and are compared with the experimental dataeduced compared with that &f . alone case due to the
[7,8,11,9,10Q First we discuss the roles of the adopted potenweakened tensor force while the neutron-stimuldigdre-
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mains in the same as that\gf. case. The neutron-stimulated  Importance and the effect of the final state correlation on
decay channels are free from the tensor force as long as thibe decay rate are widely discusd@®,24]. Concerning the
AN sstate decay is concerned. This works to makerthe  initial state correlation betweeh andN, we obtain the rela-
ratio to be enhanced though not enough. This is partly due ttive wave function by solving the Bethe-Goldstone equation.
the fact that thev,,, potential has another role. Thé,,,  Short-range and tensor correlations are naturally incorpo-
has two types of parity violating forces of rather strongrated. The mixing of the tensor-inducetD,; wave in the
Vy1(N)i[(o1X 05)-r] and weakVy,(r)(oy-r). Then the major 33, is not large, since thd N tensor force is weak.
combined action of the parity violating forces . and  The initial state correlation including the short-range and
Va1, induces the {S;) ,y— (*P1)nn transition to be en-  tensor ones totally reduce the decay rates by 10%@nand
hanced and makés, large. See Fig. 6 for this point. These 13% in 3He compared with the value of no initial-state cor-
two competing roles played by the weakened tensor forceelation but with the final-state correlation. If the induced
and the stron-g parity violating forces prpduce the calculatedp ., wave is switched-off, the reduction of the decay rate
Iy /T, for which the improvement remains to be moderate. ,-ns out to be 5% inkZC and 9% in‘rA’He. This shows that

| Thelv?”"f a!ong gt:ves the d_ecz;\y ra5te r?s QE]KSWh'Cha'JSa the two correlations, the tensor and the short range correla-
argﬁ. tis nottlc?_ ‘V o_we\{[er, n '%h t af[ t Ie |sdosr<]: " tions, play approximately comparable role to reduce the de-
exchange potentia¥,, 1S strong in the central and has an cay rate. In so far as the/p ratio is concerned, the short

gﬁ%%s'seses'g:/ 0 tia\t/ dvzigflglsp?;:nrté%lﬁ;r:der:;ft%rzsthgg om- range correlation reduces it while the tensor correlation tends
2als " Vo Y 0. o enhance the ratio.

Since this combination of the potentials has central domina
character, it induces the/p ratio as large as 0.67. Further
the combination of three potentidls,, V,.,,, andV,, has
both strong tensor and strong central interaction and induces We extend our calculations of the decay rates to hypernu-
the enhanced &) \n— (*So)nn and €Sy an—(3S))nn  clei with a wide range of mass numbérby adopting the
transitions, which results in the lardg,,, as 1.3%, buta 1, correlated 2r and 1w exchange potential model. It is an
little improvedn/p ratio compared with/ . alone. another object of this paper to study Ardependence of the

Finally, we include the four potentialé,., Vo, , Vaor/ss nonmesonic decay ratds,,, and also to study an almost
andV, simultaneously in the calculations. The proper rolesconstant behavior of the hypernuclear lifetimes of heavy
of those potentials can be seen in the calculated decay ratevass systems for the weak decay process. Calculations are
The V,,,, potential primarily works to weaken the strong done forA=4-209 hypernuclei{H, 1*He, }'B, ¥’C, \’O,
tensor force ofV, and theV,,,,+V, potentials work to  38Sj, 3°Fe, 8, 13%a, and 3"Bi.
increase the central-force induced transitions. CalculBtgd Calculated decay rates sfshell, p-shell and medium and
is increased by 30% of that evaluated in ¥ig alone while  heavy hypernuclei are listed in Table IV. Adopted weak
', isincreased by 4.5 times thatéf, case. Thd',/T',ratio  decay interaction parameters iV, are g,,,=
is obtained as 0.37. A fair improvement for thép ratio is  —2680 MeV andn,=600 MeV in Table Il. The decay rate
obtained but the calculated value is still considerably devidata ofils is listed at the note of Table IV to be compared
ated from the experimental data. The nonmesonic decay ratgith the calculation.

I'\m is calculated as 1.06, which lies between the two ex- In Fig. 7 calculated partial decay ratds, and I', are
perimental data from BNIL7] and KEK[8]. shown as a function of mass numbgrand they are com-

It must be added that in our calculations the decays n%ared for the two potentia| cases of adopting ﬂj@
only_from the AN relati_ve s state but al_so from thé\N +V,1,+Vame+V, and thev, only. Calculated”, andl',
relativep state are considered. The contribution of the decayontinue to increase up #®=60 and then they behave rather
rates from theAN relative p state remains to be 4-13% staple asA increases. The solid line df,(I',) of adopting
(depending on the combinations of the potenjiafsthe total  the all potentials shows the enhanced decay rate compared
rates forfC hypernucleus, which is small but is nonnegli- with the corresponding dash-dotted onelpfT",) of adopt-
gible. ing V., only. The enhancement is larger by, than forT",.

Calculated decay rates for tseshell hypernuclei off®He  This shows the roles and importance of the correlated TPE
and 4AH are also shown together with the existing data inand 1w exchange potentials in the nonmesonic weak decay
Table Ill. Essentially the same roles and features of the poas discussed in Sec. IV B.
tentials are seen in the decay rates of stehell hypernuclei Table V lists the evaluated/p ratios of I'?/T'$Y (abbre-
of +°He as in thej?C case. However the situation is different viated ass only), PP (p only) andT' /T, (s+p) for
for 4H case. This is because the proton-stimulated decathe AN relative s-state decaysp-state decays, and the
occurs only from theAN 1S, state and therefore the tensor summed §+ p)-state decays, respectively. The obtained
force does not directly take part in this decay. The calculated’,/I", ratios vary and continue to increase from 0.4 for light
decay rated,, of the s-shell hypernuclei in the combined hypernuclei exceptiH to 0.5 for heaviest hypernucleus
use of the 1, the correlated-z and lw exchange potentials when the 1r, the correlated-z and 1w exchange potentials
are found to be close to the experimental dat8,11,9,10.  are adopted in the calculations. This growing tendency is
The calculateah/p ratio of 3 He is still small, at least a factor understood in the following way. First the neutron numbers
2, compared with the experimental da#8]. are more exceeding the proton numberé\ascreases which

C. Decay rates of light-to-heavy hypernuclei

034617-11



K. ITONAGA, T. UEDA, AND T. MOTOBA PHYSICAL REVIEW C 65 034617

TABLE |V. Calculated hypernuclear weak decay rates and lifetimessfehell, p-shell, medium, and
heavy hypernuclei. The decay rates are given in uniis of The lifetimes are given in units of picoseconds.
Experimental data of nonmesonic decay rate and lifetimes are listed for comparison. See the text.

T, r, T, Tom T+ T 7 [exp]
AH 0.891 0.040 0.088 0.128 1.019 258.3 194" % [9]
1He 0.658 0.223 0.081 0.303 0.961 273.9 2557 [9]
SHe 0.608 0.305 0.118 0.422 1.030 255.5 2581 [7]
1B 0.316 0.654 0.285 0.939 1.255 209.7 192 22 [14]
211+13[13]
ic 0.228 0.775 0.285 1.060 1.288 204.3 2131 [14]
231+15[13]
%0 0.074 0.847 0.324 1.171 1.245 2114  86'33[15]
283 0.088 1.110 0.446 1.556 1.644 160.1 208 [13]
Fe 0.02 1.154 0.525 1.679 1.699 154.9 2454 [13]
By 0.003 1.164 0.546 1.710 1.715 153.5
Y a 0.005 1.141 0.582 1.723 1.728 152.3
209 0.005 1.108 0.612 1.720 1.725 152.6  250°333[16]

apexp11g) — 0,95+ 0.13+0.04[8].

bringsT', to be increased. Secondly thedependence of the Potential only is adoptettash-dotted line From this figure
n/p ratios are different fol“ff)/l“(s) of the s-state decay and ©ON€ should note the special roles of correlated TPE and

-exch tentials of i ing the/ ti -
IP/T P of the p-state decay and the lat@{?/T'(?) have ~ @ €Xchange potentials of improving therp ratios con

tendency to increase more than the fornid? /TS as A cerned. o :
increases. This feature can be related to the diffrérent naturerﬂﬁeﬁ?arrgg,[:{sgflcﬁ itsh(ranz\ézllijr??:bﬁ)ere/u%su\;wrzho:jlel v?/glralfs”;o
of additivity of various potentials in the proton-stimulated . . ; S
and neutron-stimulated decays depending on the channels ifprove the qalculatedfnll“p n the right direction. _HOW'
the s-state decays anp-state decays. Especially the tensor €Ver the obtained’',/I", remain still less than 1, which are
interaction does not play a role much in fstate decays. It
is noted that for thé H case thd", is small because th&p
pair takes only the'S, state and thus the proton-stimulated ~ TABLE V. The n/p ratios for theAN sstate decay& /T,
weak decay is limited, while thdn pair takes both'S, and  thep-state decayF P/T'(”’ and the summeds(andp)-state decays
381 states. I',/T,. Calculations are shown for the interactigy only and the

In Fig. 8, the calculated/p ratios are shown and com- V+Va,+Vaoy,+V, cases. Experimental data are shown for
pared as a function of mass numbffor the two potential ~comparison.

cases employed. ThE,/I", are much enhanced when the

17, the correlated-2 and lw exchange potentials are Vyonly  Vi+Vor,+Vor,+V, L\
adopted(solid line) compared with the case when the, (s+p) (sonly (ponly (s+p) (r_p)
LB ‘ itH 4119 2171 2.171

F—— Vet Varsp + Vans + Vo “He 0.048 0.363 0.363  0.43'5%[11]

[ 3 0.06" 556 [9]
= - 0.25+0.13[10]
=} L.or 2He 0.107 0.386 0.386  0.930.55[7]
=) 1.97+0.67[8]
= B 0128 0422 0844 0436 1.04353[7]
= 05 2.16+0.58 552 [8]
= “C 0106 0359 0561 0.368 1.33:i2[7]

1.87+0.59'232[8]

3 Yo 0114 0360 0914 0.382

0.0

®si 0126  0.381  0.717 0.402
¥Fe 0.148 0424 0930 0.455
% 0158 0436 1.048 0.469

FIG. 7. The mass-numbérdependence of the calculated decay 11\39La 0.173 0.475 1.108 0.510
ratesT', andT',, for the two potential cases &f ,+Vy./,+ Vo, 12\°9|3i 0.187 0.516 1.196 0.552
+V, andV_ only. The decay rates are shown in unitslof.

MASS NUMBER A4
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1.0 . 2.00
A VatVor,p + Vor/o + Voo Leol
0.8 < 1
= 120
S ~ s
E 0.6 £ 0.80
[=]
= 0. 40 I
Q 0.4} :
£ o R Y
[=] 0. 00 L ek Ll 1
0.2F 10 100
A (Mass)
0.0 —— =1 30 50 100 200 FIG. 9. The mass-numbé dependence of the calculated non-

mesonic decay ratds,,, together with the partial decay ratE$®

MASS NUMBER 4 andT'P). The decay rates are shown in unitsIof .
FIG. 8. The mass-numbek dependence of the calculatedp
ratios for the two potential cases 6. + V5, + V., +V, andV, One also sees in Fig. 9 that the decays from A
only. relative s state contribute predominantly to the tot},,

while the decays from thA N relativep state contribute less

contrary to the data of lighg-shell andp-shell hypernuclei. than 10% of the total, though not negligible for the heavy-
Thel',/T', puzzle is thus left unsolved in the present model,mass systems. The small contribution 0¥ is primarily
which necessitates more ingredients to be incorporated in théue to the fact that the weak decay matrix elements connect-
nonmesonic weak decay mechanism. ing the initial AN relativep state and the findN state are

Figure 9 shows the mass-numb&rdependence of the much smaller than those connecting th&l s state and the
calculated nonmesonic decay ratgg, together with the de- NN state. This is because theewave amplitudes at short
compositions ofl",, into the partial decay rateE® and  distancer are smaller than the-wave ones and the decay
(P which are the decay rates from the\ relativesandp interaction is short range. It is noted, however, that the prob-
states, respectively. The nonmesonic decay rBfgsare in-  abilities of finding theA N relativep state in the product state
creasing for increasing mass-numbgrup to A=60. The of A hyperon ins" and nucleon in higher orbitals are not
nonmesonic decay rate reachBg,=1.7", for 8. It is  necessarily small compared with those of th&l relative s
remarkable that the nonmesonic decay rdtgs tend to be  state for the heavy-mass systems. The decaylté&leof kZC
rather stable for hypernuclei with=60, such asiFe, 8%,  which is about 10% of the total, has been discussed by
% a, and 3Bi. See also Table IV. This feature may be Bennhold and Ramat9].
intimately connected with the short range character of the Table VI lists the partial contributions to the nonmesonic
decay interaction compared with the nuclear size and theecay rate of;>%a as divided into the nucleon orbits and the
decreasing\ N relatives probabilities between in s*-orbit  initial AN sandp states. It is notable that the partial contri-
and nucleon in higher shell orbits for large mass systemsbutions are distributed over many orbitals and, especially, the
The A dependence df ,,,, and especially the mechanism of important contributions come from the lower and middle
the almost constant behavior bf,,, at largeA are discussed shell orbits such as (@), (0d-1s), and (Cf) orbits. This is
in Ref.[34]. understood as follows. First th'e wave function is extended

TABLE VI. Partial contributions to the nonmesonic decay ratéfaf_a, as divided into the nucleon orbits
and the initial AN states. The proton and neutron occupations are listed in the first and second columns,
respectively. All decay rates are given in units Bf,. (Iy)=I'P+T{P=1.14T,, T',=I'P+1{P

=0.581",.)
Protons Neutrons InitiaA N s-state Initial AN p-state
(nhZ (nhNi re (Fés’, r') r® (I’%”), )
(0s)? (0s)? 0.114 (0.082, 0.032
(0p)® (0p)® 0.237 (0.171, 0.06Y 0.007 (10.004, 0.003
(0d-1s)1? (0d-1s)*2 0.368 (0.265, 0.103 0.022 (0.012, 0.009
(0f)4 (0f)4 0.274 (0.197, 0.07Y 0.027 (0.015, 0.012
(1p)® (1p)© 0.204 (0.147, 0.057 0.010 (0.006, 0.005
(0gg) (0g)*® 0.177 (0.109, 0.068 0.031 (0.016, 0.015
(1d)® (1d-2s)** 0.185 (0.107, 0.078 0.023 (0.010, 0.013
(Ohy1)*? 0.030 (0.0, 0.030 0.013 (0.0,0.013
Z=57 N=81 1.589 (1.077, 0.512 0.134 (0.063, 0.07
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350 of A=56,89,139, and 209 hypernuclei in Table IV. We use
' the calculated values fof',, with use of the Zr, the
correlated-2r and 1w exchange potentials as shown in Table
IV and Fig. 9. We obtain the lifetimes as listed in the seventh
column of Table IV and those are shown by the solid line in
Fig. 10 together with the experimental d§€7,14,13,16
Calculated lifetimes are generally acceptable but a little
overshoot for thes-shell hypernuclei, which is mainly due to
the underestimates of the-mesonic decay ratds,, for 1H
and {He in Table IV. Lifetimes of{'B and }°C are calcu-
N S i . lated in agreement with the experimental data within the er-
5 10 30 50 100 200 ror bars. The lifetime of°0 is calculated to be longer than
MASS NUMBER A4 that of }°C. The re-measurement dfO lifetime is highly
desirable. For medium-heavy hypernuclei, the lifetime data
of 1B, ¥C, %’Al, 3%Si, and ,Fe are newly reported by
Bhanget al. [13]. Concerning the lifetime data ofFe, the
in 2% a and, therefore, thAN s-state probabilities are large mass number of the Fe isotope is not identified. The data
between the\ and the nucleon in (), (0d-1s), and (Of) show the striking feature that the hypernuclear lifetimes are
orbits. Second th N pair (bond numbers are large for the almost constant for those nuclei. Furthermore these data for
above-quoted orbitals. These two facts bring the laig¢  the massA=11~56 and the data fogBi [16-1§ and ,U
s-state partial decay rates for these orbitals. It is noticed thdfl 7,19 may suggest the hypernuclear lifetimes are almost
the AN p-state partial decay rates are also distributed ovefonstant for medium-to-heavy mass systems. Calculated life-
many nucleon orbitals. It is mentioned that these features dimes of 3°Si and Fe are 160 and 155 ps, respectively,
the partial distributions of the decay rates can be seen in th&hich are shorter than the experimental data. Deviations of
medium and heavy hypernuclei. the evaluated lifetimes from the data are 20—-28 % in our
We add and discuss the calculationsIf, in which we model. It is interesting, however, to realize that ous,1
employ the correlated 2/ o exchange potential with use of correlated-2r and 1w exchange interaction model can pre-
parameters ofy,..,=—1230 MeV andm,=400 MeV as dict the almost constant behavior of the hypernuclear life-
in Table IIl. The calculated decay rat&s,, are almost un- times for the mas@\=28 hypernuclei, although the evalu-
changed fos-shell hypernuclei but are a little increasing for ated lifetimes are a bit shorter than the existing data. This is
the p-shell to heavy-mass hypernuclei compared with valueg direct consequence of the fact that the stable nonmesonic
in Table IV. The increases df,,, are 2% for}'B and }°C  decay rates are obtaine_d for heavy-mass hypernuclei in our
and are reaching 4% fa’Fe and®Y and 5% for :*_a and model, since the mesonic decay rates are already damped for
2098j compared with values in Table IV. The/p ratios are ~ SUCh heavy systems.
obtained to be increasing by 4% fershell, 7% forp-shell

300
250 |

200 F

Lifetime (ps)

150 F

100

FIG. 10. The calculated lifetimes of light-to-heavy hypernuclei
are compared with experiments. See the text.

hypernuclei to 10% foA=56 mass systems compared with V. SUMMARY
those in Table V. It is known from these results that the
V,,,, potential with g,.,=—1230 MeV and m, As the main objectives of this paper, first we have con-

=400 MeV is a little long-ranged and has stronger centrastructed the typical correlated two-pion exchan@é’E
nature in comparison with the 7o exchange one with Weak potentials by extending the knowledge for the strong
U,..=—2680 MeV andm,=600 MeV. Since theV,,,, NN potentials, and then we have made extensive estimation
potentials with two set of parameters @f ., andm, give of nonmesonic weak decay rates of light-to-heavy hypernu-
essentially the same decay rates, we confine most of the di§lei within the framework of the one-pion plus correlated

cussions to the case where the calculations are done wiil/0-pion plus one-omega exchange potential model. The cal-
2mlo exchange potential withy,.,=—2680 MeV and culated results have been presented in detail with an empha-

m.=600 MeV. sis of the two-pion exchange and owemeson exchange

7 effect on hypernuclear weak decay observables such as life-
times and the ratid’,/T", which shows up as an interesting
puzzle in the recent experiments.

The hypernuclear weak decay lifetimes are evaluated by First of all, we emphasize that the correlated TPE poten-
the formula Eq.(38). For the mesonic decay ratés,, the  tjals were originally introduced in order to eliminate the
theoretical values are adopted and are taken from[R:bfor phase amb|gu|ty between one_pion exchange and
H and {*He and those fop-shell,sd-shell hypernuclei and ,-exchange diagrams. In the present paper we concentrated
the ones beyond are taken from Ref]. Adopted values are  on the 27/p and 27/ exchange potentials which typically
listed in Table IV. It is noted that we substitute the num-  represent correlated and uncorrelated two-pion exchanges in
bers of 3'Ni, {'Zr, *Ba and{*Pb for those ofFe, Y,  thel=1 andl=0 states, respectively. Having the assump-
39 a, and3%Bi, respectively, in this paper. To indicate such tion of the Al =1/2 rule, these two types of potentials have
substituted numbers, the asterisks are attachdd twalues been constructed together with such necessary elaboration

D. Mass-number dependence of hypernuclear lifetimes
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that aX as well as a nucleon has been introduced as ageneral trend ofA-dependence found in the recent experi-
intermediate baryon. These TPE weak decay potentials arment.

classified into various types such as the cenirab tensor (4) One of the most interesting results is that the corre-
LS, ALS, and two kinds of parity violating forces. Their lated TPE together with one exchange contributions give
explicit forms are presented in this paper for the first time.rise to the increases of about 400—-450 % Fgr and 20—

Also the onew exchange potential is introduced which has 30 % forI", with respect to the standard estimate within the
an opposite sign to the7@ ¢ exchange one and, therefore, OPE model and consequently that the rafigsT", are cal-
plays a role to have a counter-balance with the latter poterfculated to be=0.4 fors- andp-shell hypernuclei _excepth

tial and to reduce the central-type strongr/2-exchange and ~0.5 for h_eawer systems. Thus the great improvement
force in the short and intermediate interaction range. has been obtained with TPE, as these numbers are several

Here we note general trends found for these potentialdiMes larger that the previous value-0.1) predicted in the

The 2m/p exchange potential has a strong tensor fc)rceone-pion exchange model. However, the experimental data

5 12, : H
whose sign is opposite to that of the one-pion exchange pd®" AHe a“‘?‘"A C su_ggesﬂ“gll“ﬁzl, SO thathsub_stantlarl] dIIS(; )
tential. Therefore the sum &f,. andV,,,, leads to weaken ]E:rr-zt[r)]anc;yksn .re;mams ant fOt t?\r new Imect_ anisms shouid be
tensor interaction, which is favorable in reducing the big urther taken Into account for the expianation.

: . . In this paper we have shown the important role of the
discrepancy between theoretical and experimeiyl’, ra- correlated-2r and 1w exchange contributions to the hyper-
tios. On the other hand thenZo exchange potential is ba- g yp

) . : . nuclear nonmesonic weak decays. However, the diagrams
sically of central type and it acts strongly at the intermediate, o yteq here together with the effective parametrization
interaction range. When therZo exchange potential works - ¢qq be representative diagrams among possible contribu-
in combination with the & exchange one, these potentials tjons from various 2 exchanges. It is remarked therefore
produce mild repulsion at the short and intermediate rage ohat the other types of two-meson exchanges in general
interaction. These potential generally works to enhance bothould be further investigated from a wider viewpoint so as
the nonmesonic decay rate and fig/I",, ratio. to establish their whole contribution. It is also noted that the
In the actual evaluation of the nonmesonic decay ratesstrangeK-meson exchange should be properly considered in
the following several factors have been carefully taken intoview of its importance in accounting for the/p ratios
account in view of the baryon many-body aspects: First th¢25,29,3Q in future works. Furthermore one should keep in
hypernuclear and nuclear wave functions were microscopimind that the two-nucleon induced process has been shown
cally constructed. For the-shell hypernuclei the\ wave to give sizable contributions to the decay rates over the wide
functions were calculated with the cluster model variationaimass range of hypernuclgd1,32. Along with these theoret-
equation, while the DDHF solutions were used for mediumical efforts in establishing the hyperon weak decay interac-
and heavy hypernuclei. Second, the realistic initial state cortion mechanism, sufficient and higher-resolution measure-
relation for AN has been taken into account properly by ments of partial weak decay rates are eagerly awaited.
solving the Bethe-Goldstone equation, while the final state
correlation forNN by solving the scattering state equation.
Thus, in the present calculation, the tensor correlation is
naturally incorporated both in the initial and final states. ACKNOWLEDGMENTS
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1. The 27/ p exchange potential ofV ;. ,a) (1) pieces in Eq(9), while the parity violating part consists of
The V.1, (r) is composed of the parity-conserving two vector pieces o¥\; andVy, in Eq. (9). They are ex-

VZW,p(A)(r) and the parity-violatingvh;,, »)(r). The parity pressed as follows. The notatioWs= (M ,+My)/2 and\
conserving part consists ofc, Vs, Vi, Vig, andV, s =M and the function forms such as

—X

e 1 1 1 1
Y(x)=7, T(x)— +— + , V(x)=1+; (A1)

are adopted.

Ve A () =V N+ VER ), (A2)
/ gE/IXVNﬂ'gNNW gﬂ"lTpgNNp 1 X1 1 1 (1_ 1 Ai
V(Z:TTlp(A)(r):_ 2 2 )\ZJ dxlf dx, f 2 4[16[2+(1 2)2]4_ —
™ w 0 0 Xo(X1—X2) (1+1?) T m2—pa(Xq.Xp,t)
NNp 2
X Y(par)—mY(mr)+| 1+ —— —V Y(par)—m. Y(m r)}|, A3
paY(par)—m,Y(m,r) ZgNNp)ZMNM APAY(par)—m,Y(m,r)} (A3)
27/p(A) _g\/,\VNﬂ'gNN’TT g’JT’ITpgNNp ld X1 12(1_)(1)2
Ve (r) = 2 7 A2 X1 S
™ ™ [X2(X1—X2)]
><flo|t(1_t2)3 ! F( )+| 1+ f”“”) _v2F( )1, (A4)
——— —| F(m,,pg,pg ;T m,, ;T
o (1+12)44m| | wPoPe INNo/ 4M M Po-pe:
where
F(m,,po,pB;l)= MEAZ poY(pol) + MEAZ peY(pgr)+ MEAZ m,Y(m,r)
'yP0OIMB - 0 0 B B 1
g (M5—pd)(pa—pd) (p5—pB)(M>—pR) (pg—m2)(pg—m2) " "
(A5)
gAngNNn rmpINN faunp | 1 (2 X1 1 1 (1-1?)
V2P (p p ’sz(l ”)—J de dx fdt
s (= 4 A nnp/ 3Jo Yo T Xa(X1— %) (1+12)4
A2 p2 m2
X[16t24(1— t22— P _mY(mr)l, (A6)
[ ( ) ]477 m pA(Xl Xo, t) ZMNM =—PA (PA ) ZMNM p ( p )
IANZINNT DrmpINN fan 1 X1 1 1 (1-1?)
V2P p sz( ”)J de dx f dt 16t24 (1—12)2
T ("= A A InNp/ Jo Yo TP xa(x1—%2) Jo (1+t2)4[ ( ]
! Al PR ¥ (oar T(oaF )~ — T (e () (A7)
—_— — r r)— —Mm m.r m.r)|,
47 m2— p2(xy X t) | AMGM AT P PR g e e T
VEEPA () =VEEPA (r) + VEEEM(r) (A8)
IANZINNT DrmpINN fan t?)
V2TIp(A) () — P "xz(s P)f dxf dx f 16t2+ (1—12)2
LS1 ( ) A A gNNp 1 2X2(X1 X2) (1+ 2)4[ ( ) ]
! Al PA_ 2 N (par VAl )~ —2— = m Y (myr)V(m, 1) (A9)
r r)— — —M m_r m.pr)|,
4T m?— A (X, Xp,1) oMM T AT AP AT S e b
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gAN INN7 DampOINN 2fnn
27l p(A) 77 TP P P
Vs ™(r)= = = \N2| 1+ gNNp)
led jxld 12(1—x,)? jldt(l_tZ)s M?2 ( . Al0
X X m,, N
o P4 o Vo TP o e Am o 2 PoPe
where
ASpo 1 ASpg
Fa(m,,po.pe;l)= =poY(pol)V(por) + peY(psr)V(psr)
’ (m2—p3)(pa—p3) ' (p—p3)(M2—pB) T
A3m 1
2 2 —m,Y(m,r)V(m,r), (A11)
(pB m )(po my) '
VAT = VATV (N + VAT ), (A12)
27T/p(A) g\;\VNﬂ'gNNW g’]T’?TpgNNp fNNp . .
Valdr '(r)=— yp = \2 N {same integral form as the corresponding part of 8®)}, (A13)
27T/p(A) gAN'n'gNN‘IT g7T7TpgNNp p . .
Vards '(r)= ype yp \N2| 1 {same integral form as the corresponding part of(Aqd.0)}, (Al4)
NNp
gAngNNw O7rmpONN fNN 1 *1 1 1 (1-1%)
VTP A (r 21 ”)f dxf dx fdt 162+ (1—t?)?
vit = 4m 4 gNNp o o TPxa(xi—x2) Jo (1+t2)4[ ( ]
2
- A— p—PA Y(par)V(par)— mimpY(mpr)V(mpr) : (A15)
ar M= pa(X1.Xz,1) | 2 2M
~ONNT O 12{(1—x1)?>—2(1—x;)(1—x
V\Z/g/p(A)(r) gAN O ININES) pgNszj f dx X {( l) ( 12)( 2)}
4m [X2(X1—X2)]
xfld wiErF (m ir) (A16)
o (1+12)4 4w 2 2w PoPet)
In the above, following notations are used=m_.):
M2(1—X1)?+ u?%,
2 2
=po(Xq,X0)= Al7
Po=Po(X1,X2) Xo(X1—Xo) ( )
Af(1-1%)?
2 2 2 1
=palXy,X2,t)=pg+ , A18)
Pa=Pa(X1,X2,1)=pg 412X, — Xy) (
A2(1_t2)2
2_ 2 2 2
=pg(Xy, X ) =pg+t——. (A19)
Pe=Pa(X1.X2,1) = pg A2X(X1— Xy)
2. The 2m/p exchange potential ofV;,,(g)(r)
Ve =V N+ VeR ), (A20)
w w
As+—0s-A 7) T
VZW/p(B)(r):_(gEi R JrmpINNp
cl 4 4
x {same integral form as the corresponding part in(BQ) exceptp, in place ofp,}, (A21)
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(Elz+7\2+ gz As-)OAs 7 gmpgNNpJ' "
X

V(Z;Tz/p(B)(r)— .

0 "2 M[X(X; —X2) ]2

1 (1-t%)° 1
xf dt——— —|F
0 (1+t%)44m

w w
(9 +Asr =05 -As7)Onsn gmgNNp( fNNp)l

Xfxld 12{M 5 (1= %)%+ (My=M ) (1=x1) (1= %p) + (Mg = M) (1—xy)}

_Vrzl:(mp lBOl’Z)B;r) ’ (AZZ)

m . po,pe.l)+
(M, ,po,pe;l) AM oM

f
1+ NN”)
INNp

Véﬂ/p(B)(r): _

4 41 gNNp §

X{same integral form as the corresponding part in(B&.) except pa inplace ofpal, (A23)

w w
(gzi)‘zi gz)\z_)gAszmpgNNp(l fNNp)

V$WIP(B)(r): 4ar iy

INNp
x {same integral form as the corresponding part in(&J.) except p, in place ofp,}, (A24)

VEZPE () =VEZPE (1) + V2T B (1), (A25)

Vigr®(n)=

w w
(95+Ast=05-As7)Oxss gmpgNNp( 2wy
3+
4 A

INNp

X{same integral form as the corresponding part in(B§) except pa inplace ofpal, (A26)

VEEs®(r) =

w w
Ns+—0s¢-As— -
(921 s+ 05-As)0as gﬂwpgNNp(l+ ZfNNp)flXm
0

4 4 gNNp

le 12{M 5 (1=X1)2+ (M= M 1) (1= X1) (1= Xp) + (Ms = M) (1=X1)}
X | dx, —
M[X2(X;1—Xp)]?

Xf L M ) (A27)
m,, T
0 (1+12)4 47 2M M Fa(m, po.Po;
VARE® () = VAT () + VATE (), (A28)
(9V2V+7\2+—9g7)\2:)9uw f
VATE® ()= — — . i ng?TNNP(g::Z {same integral form as the corresponding part in([B@6)},
(A29)
(g§“+>\z+—g§”7>\z;)guw f
VATEE) (r)=—— M oI 4, T {same integral form as the corresponding part inB@7)},
iy 41 INNp
(A30)
w w
0" )Ghsn
VZWIP(B)(T)Z(92+ gz— g/\z -gﬂ"ﬂpgNNp 1+ fNNp
vi 4 41 INNp
X{same integral form as the corresponding part in(Bd.5) except pa in place ofpal, (A31)
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(gz+ gz JIAS 7 Drrp gNpr dx
X1

VP ®(r)= - i

fX1dX 12[M 5 (1=x1)? = (My+ M) (1=%1) (1=%p) + (Mg + M) (1—x)}
2

M[Xz(xl_xz)]z

1 (1-t)% 1 M -~
XJod rEo(m,,po,p8;1). (A32)

(1+13)% 4w 2
In the abovepg, pa, andpg are defined as

M3 A(L—xq)%+ pu? X1+(MA MN)X2(1 x1)+(M2 M3 D (1—Xy)

~2_"~2
=po(X1,Xo)= , A33
Po Po( 1,X2) Xo(Xq— XZ) ( )

Az(l_tz)z

~2_~2 2 1

= X1,X,t)=pg+——"""", A34
Pa=Pa(X1,X2,1)=pg A1, (X,— Xy) (A34)

— - AZ(1—1t%)?
pE=Pp3(Xy X t) = pit— (A35)

At2X( X1~ X7)

3. The 27/ o exchange potential 0fV ;5 (a)(r)

TheV,,4a)(r) is composed of the parity- conservwgﬂ,g(A)(r) and the parity- V|0Iat|ng/2,T,g(A)(r). The parity conserv-
ing part consists oY andV, g pieces in Eq(14), while the parity violating part consists of a vector piece/gfin Eq. (14).
They are expressed as follows:

2l a(A) gANngNN-n' g7T7T(TgNNO' M(l—Xl) 1 1
vertin=Ty O = %) 47 M= o2
i 2 X1 X2) T mi— pp(X1.X2)
X pOY(pOr)_m(rY(m(rr)_ —Vrz{poY(pOr)—m(rY(m(rr)} , (A36)
N
2l a(A) gANWgNNﬂ' g‘ITﬂTngNNO' M(l_Xl) 1 1
Vis ") = 4 X(x %) A 2
T 2 X1 X2) AT m — pg(X1,X2)
| =L ¥ (Vo )~ T, Y (m, )V (1) (A37)
— r r — —m,Y(m,r m,r) |,
My, M rPo Po Po MM T
V2T (1) = IAN-INNT gfrrmrgNNtrf f M(l—xl)—zﬁ(l—xz)i 1
’ 4 Xa(X1~X2) AT M3 — pj(X1,%2)
m("
X p—iPoY(Pof)V(pof)——_ng(mgr)V(mgr) . (A38)
2M 2M
4. The 2m/ o exchange potential oV, ,g)(r)
As++ A0+ gy
- (gz+ st 920 3070y -Ax” )IAS 7 gWWgNNU My (1= x0)+ (My—M ) (1= %) + Ms — My,
Ve (r)= A
am Xa(X1—X2)
- = PoY(por)—m,Y(m,r) — VoY (por) —m,Y(m,r)}|, (A39)
=5 | PoY(pol) —m,Y(myr)— poY(por) —m,Y(m,r
4T mj—pg(x1,%2) MM
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w w w
(Oy st HOyoMsd Oy M DOasm g g r1 . ML= x)+(My—=My)(1—x2)+ My — My
- dx; | dx,
0 0

27/ o(B) —
Vis 7(r) e 4 Xa(X1=X2)
X . P GV Gar) -~ LY (m,rV(m) (A40)
— = = — r r)y— ——m,Y(m,r)V(myr)|,
AT m2—pa(xyx) [ 2MM 1O OO o T
w W w
As++ AsO0+ Q0o —As -
V27T/(r(B)(r): . (921 2: gzg EO gz— 2’)91\2” 97ac9NNe
v 4 4
1 X1 MA(l_Xl)_(MN+MA)(l_X2)+ME+ MN
X | dxqg [ dx,
0 0 X2(X1—X3)
X . PO o V(o) T, Y(my V() (A41)
— | = r ry———m,Y(mg,r)V(mgr)|.
4T M2 pa(xax) [ 2M O P o
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