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The nonmesonic weak decay & hypernuclei is studied in a shell model framework. A complete
strangeness-changing weddN— NN transition potential, based on one boson exchange, is constructed by
including the exchange of the pseudoscalar mesans, z as well as the vector mesopsw, andK*, whose
weak-coupling constants are obtained from soft meson theorems a6, SWeneral expressions for nucle-
ons in arbitrary shells are obtained. The transition matrix elements include redlistishort-range correla-
tions and\ N final state interactions based on the Nijmegen baryon-baryon potential. The decay rates are found
to be especially sensitive to the inclusion of the strange mekoasd K* even though the role of kaon
exchange is found to be reduced with recent couplings obtained from one-loop corrections to the leading order
in chiral perturbation theory. With the weak couplings used in this study the rates remain dominated by the
pion-exchange mechanism since the contributions of heavier mesons either cancel each other or are suppressed
by form factors and short-range correlations. The total decay rate therefore remains in agreement with present
measurements. However, the partial rates which are even more sensitive to the inclusion of heavier mesons
cannot be reconciled with the data. The proton asymmetry changes by 50% once heavier mesons are included
and agrees with the available daf80556-281®7)05807-X]

PACS numbd(s): 21.80+a, 13.75.Ev, 25.80.Pw

[. INTRODUCTION momentum of about 400 Me¥/ As a result, this process has
a much larger phase space relative to the mesonic one, and
In single A hypernuclei, aA hyperon can occupy any the outgoing nucleons are not Pauli blocked.
orbital in the hypernucleus since it is free from the Pauli This was recognized more than 40 years Bgjowhen it
exclusion principle due to its additional quantum numberwas suggested that the novel two-baryon decay mode
strangeness. Hypernuclei are typically produced in some exAN—NN could be understood in terms of the free-space
cited state through hadronic reactions sudh (7~) or  decay mechanismh — 7N with the exception that the pion
(7*,K™) but can reach their ground state through electro-now has to be considered virtual and is absorbed on a second
magneticy and/or nucleon emission. Eventually, they will nucleon bound in the hypernucleus. However, the large mo-
decay through weak interaction processes which involve thenentum transfer involved in the reaction leads to a mecha-
emission of pions or nucleons but are nonleptonic in naturenism that is sensitive to the short-distance behavior of the
A free A hyperon has a lifetime of about 260 ps and amplitude and thus raises the possibility that the exchange of
decays almost totally into a pion and a nucldon—pm7~ heavier mesons may play an important role. The production
(~64%), A—n7°® (~36%)], with a release of kinetic en- of these mesons would be below threshold for the free-space
ergy of about 5 MeV to the nucleon along with a correspond-A decay, but they can contribute through virtual exchange in
ing final momentum of about 100 Me&// When theA is  atwo-baryon decay channel. As discussed further below it is
embedded in the nuclear medium, the phase space for thbe kinematic freedom of these additional boson exchanges
mesonic decay is greatly reduced since thes bound by that provides part of the motivation for this study. The fairly
some 10 MeV fop-shell hypernuclei and up to 30 MeV in large momentum transfer also raises the hope that this reac-
heavy hypernuclei. The final-state nucleon with its very lowtion turns out to be insensitive to nuclear structure details
momentum thus becomes Pauli blocked, leading to a supnd thus creates a suitable channel to investigate the weak
pression of the mesonic rate by several orders of magnitudéecay mechanism.
for heavy hypernuclei such a?spb. Experimentally, how- We would like to point out that there is another possible
ever, one finds the lifetimes of hypernuclei to be roughlynonmesonic decay channel, the two-nucleon induced process
independent oA (see, e.g., Fig. 14-1 in Rdf1]), though the ANN—NNN, where the virtual pion emitted at the weak
data base is very poor, especially for systems with12.  vertex is absorbed by a pair of nucleons which are correlated
Therefore, the nuclear medium surrounding the boAnaf-  through the strong force. This mechanism was first investi-
fects its weak decay by introducing new, nonmesonic decagated in Ref[3] where it was suggested that its magnitude
modes, such as\N—NN. Thus, hypernuclei larger than could be comparable td N—NN. However, a reanalysis
iHe decay mainly through these nonmesonic channelsyith more realistic assumptiori#,5] reduced its contribu-
where theA mass excess of 176 MeV is converted intotion to 10—15 % of the total nonmesonic decay rate. Its rel-
kinetic energy of a final state of nucleons emerging with aevance lies mainly in its potential to renormalize the experi-
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mentally measured partial ratios; we will return to this point[7,8]. The group at KEK used thes(",K*) production re-
later when discussing results. action to not only measure total and partial decay rf®és

The main goal in studying the weak nonmesonic decayut also to use the induced polarization}ﬁc to determine
channel is to gain insight into the fundamental aspects of théor the first time the difference in the number of protons
four-fermion, strangeness changing weak interaction. Mos¢mitted along the axis of polarization compared to the num-
of the earlier work on nonleptonic weak processes proceedeuer ejected in the opposite directift0]. This asymmetry is
directly from some model weak Hamiltonian and computeda direct consequence of the presence of parity-violating com-
experimental observables that could then be compared tponents in the weak decay mechanism.
measurements. More recently the approach has been divided Parity violation in hadronic systems represents a unique
into a two-stage process. The first step starts with the starieol to study aspects of the nonleptonic weak interaction be-
dard model electroweak Hamiltonian at the subhadronid¢ween hadrons. The nonmesonic process resembles the weak
level and takes into account QCD corrections at short disAS=0 nucleon-nucleon interaction that has been explored
tances, yielding a so-called effective weak Hamiltonian. Inexperimentally in parity-violatingNN scattering measure-
relation to the mass of th&/ boson of 80 GeV, these would ments by measuring the asymmetry of longitudinally polar-
be low momentum transfer processes leading to a zero-rangeed protons. However, th& N— NN two-body decay mode
or contact interaction. The Cabbibo theory combined withcontains more information since it can explore both the
strong-interaction corrections would result\ir- A weak in-  parity-conserving(PCO) and the parity-violatingPV) sector
teraction and presumably predict the relative strength of thef the AS=1 weak baryon-baryon interaction while in the
AS=0 and AS=1 transition. Thus, hadronic weak matrix weak NN system the strong force masks the signal of the
elements of the forrdMB’|H,,|B) could eventually be cal- weak PC interaction. On the other hand, the free process
culated. The second stage involves using these weak verticdsN— NN cannot be accessed experimentally which compli-
as a starting point for effective nuclear two-body operatorsates the interpretation of the nonmesonic decay rates since
that are then implanted into the nucleus with the usuathe reaction mechanism has to be studied in the environment
nuclear many-body wave functions. It is the latter task whichof hypernuclear structure.
is the main subject of this paper. A number of theoretical approaches to thél— NN de-

The most important information regarding the nonleptoniccay mode have been developed over the last thirty years
weak interactions of hyperons comes from their free-spacehich are more extensively reviewed in REE1]. The early
decays. However, while these processes have been welthenomenological analyses by Daldizal.[12] provided the
measured and understood phenomenologically, a more bagsiyeneral nonrelativistic structure of theN— NN amplitude
understanding in terms of the underlying degrees of freedorwhich was then related to decay ratesseghell hypernuclei
is still lacking. The situation is similar for the nonmesonic using certain simplifying assumptions. TheS=0 weak
decay modes, except that the experimental data are moreicleon-nucleon interaction at low and intermediate energies
unsatisfactory. The early measurements were based dwas generally been described in a meson exchange model
bubble chamber experiments and emulsion works, who sufinvolving one strong interaction vertex and one weak one;
fered from low precision, poor statistics, and difficulties with the same basic assumption has been used for a microscopic
the identification of the particular hypernucleus, except fordescription of theAS=1 AN— NN mechanism. Early calcu-
the very light hyperfragments. These experiments were nevations based on the one-pion exchanl@®E were due to
ertheless able to establish the first limits on hypernucleaAdams[13], modifications of the OPE due to strong interac-
lifetimes, albeit with large uncertainties. Their techniquestions in the nuclear medium were suggested in Ref] to
were mostly aimed at measuring the emission of the  account for many-body nuclear structure effects. At the very
from the mesonic decay channel; the analyses of the nonméeast, the OPE mechanism can be expected to adequately
sonic decay modes were greatly inhibited by the low hyperdescibe the long-range part of theN— NN interaction. The
nuclear production rates, the limited spacial resolution offirst attempts to include heavier bosons, at first gh@eson
early detectors and the presence of one or more neutral par= again in complete analogy to teS=0 NN interaction—
ticles (especially neutronsn the final state. In recent years a were presented in Reffl5,16. There were several confer-
series of counter experiments carried out at BNL and KEKence papers by Dubaet al.[17] showing results of prelimi-
improved the quality of data on the nonmesonic decay modesary calculations with a full meson exchange potential; a
using pion and kaon beams. In contrast to these measurgnore detailed account of their calculations has recently be-
ments LEAR at CERN explored hypernuclei in the=200  come availablg18]. Finally, for completeness we mention
mass region following antiproton annihilati@]. The heavy that a study oAN— NN based on quark rather than meson
hypernuclei were identified through their delayed fissiondegrees was carried out in R§20]. Their model separates
events which were attributed to the nonmesonic decayshe process into a long-range region, to be described by OPE,
While this interpretation is fraud with difficulties it resulted and a short-range region, modeled by a six-quark interaction
in lifetimes similar to the those gf-shell hypernuclei, thus with suitably adjusted parameters. This idea was revived in
raising the intruiging possibility that thAN—NN mecha- Ref.[21]. Results for light hypernuclei showed that the total
nism saturates already in the=12 system. On the other rates preferred a relative plus sign between quark and OPE
hand, employing the ™, 7~) production mechanism with contributions, while the neutron to proton ratio was better
direct timing techniges, the Brookhaven AGS measurementseproduced with a minus sign. In the calculation of R2£]
resulted in better data on the hypernuclear lifetimes andboth OPE and OKEHone-kaon exchangeamplitudes were
branching ratios of mesonic as well as nonmesonic decayonsidered, in addition the the quark ones, and significant
channels of}°’C, 1'B and the different helium hypernuclei cancellations between OPE and OKE contributions were
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found. Finally, there have been some attempts to incorporat@,my indicates an average over the initial hypernucleus spin
the exchange of the- andp mesons from the point of view projectionsM; and sum over all quantum numbers of the
of a correlated two-pion exchang23,24, where the weak residual @& — 2)-particle system, as well as the spin and isos-
vertex was obtained through the coupling of the two pions tgyin projections of the exiting nucleons. We follow REZ6]
the o or p and intermediateN and3 baryon states. Both by assuming a weak-coupling scheme where the isoscalar
calculations find an enhancement of the central transitiong in an orbita,={n,,l,,s,,j..m,} couples to only the
leading to a moderate increase of the neutron to proton ratigyround-state wave function of the nucle#-{1) core:

The motivation for this work is twofold. First, in contrast
to most previous investigations performed in nuclear matter
this study analyses the nonmesonic hypernuclear decay in|gA)
shell model framework. Spectroscopic factors are employed
to describe the initial hypernuclear and final nuclear structure
as well as possible. Rather than constraining Al system = > (jama IcMc|IMDI(NAlaS2)Tama)
to only I =0, all possible initial and final relative orbital an- my Mc
gular momenta are included. To reduce the uncertainties re-
garding initial and final short-range correlatio(SRQO we X|IcMc T T3 ) . )
use realisticAN andNN interactions based on the Nijmegen !
baryon-baryon potential. The nuclear structure details are

thus treated with as few approximations and ambiguities as . . . ,
possible. We emphasize here that our current treatment Employing the technique of coefficients of fractional parent-

nonrelativistic, in contrast to our previous wofl@5,26. As ~ 29€, the core wave function is further decqmposed into a.set
discussed in detail in Ref§27,28, one has to pay special ©f ~states ~where the nucleon in an orbit
attention to the effects of short-range correlations in a rela@n={"n.In.Sn.in.My} i coupled to a  residual
tivistic treatment of two-body matrix elements. Secondly,(A—2)-particle state:

our calculations are performed in a full one-boson-exchange

model that includes not only the long-ranged pion but also

contributions from the other pseudoscalar mesonsythed

K, as well as the've'ctor mesopsw, a_nd'K*. Since nuclga_r |[JcM¢ T|T3I>: E (IcTH{|IR Trodntn)

structure uncertainties have been eliminated or are minimal, JRTRIN

we can use our framework to draw conclusions regarding the

sensi'Fivity to the underlying wgak baryon-baryon-meson ) IcMe
couplings. The many-body matrix elements and two-body X[Fr: TRy X (Nl st 7T,
amplitudes are evaluated in Secs. Il and Ill, respectively. The '
form of the meson exchange potential is presented in Sec. IV

for the pseudoscalar and vector mesons. Section V discusses

our calculation of the coupling constants. Our results are = 2 (IcTH{IIRTr.ntn)

given in Sec. VI, where we discuss the influence of each IRTRIN

meson on the total and partial rates and the proton asymme-

try. Our conclusions are presented in Sec. VII.

M

J
Tll '|'?|’| = | aA>|A_ 1>

X ME TE; (JIrMgjnmy[IcM c)
Il. DECAY RATE AND ASYMMETRY RN T3q'3
The nonmesonid N— NN decay rate is given bj26]
X(TrT3 tnts | Ti T3 )| JrMR) TRT3,)

d3P d3k

L' om= (2m)3) (2m)3 X[ (Nt nsn) I nmn) [t ), )

X (2m)8(My—Egr—E —Ex)|M|?, (1) where  ty=1/2. The spectroscopic factors
S=(A—1){Jc T\{|Jr Tr.jn tn)? appropriate for the decay
A of 1°C, are taken from Ref29] and are listed in Table 4 of
where M=(yr;Pk S Mg T M1|O n_nn[2A) is the am-  Ref. [26]. Taking into account that tha decays from a
plitude for the transition from an initial hypernuclear state to| , =0 state and working in a coupled two-body spin and

a final state which is divided into a two-nucleon state and dsospin basis, the nonmesonic decay rate in @y.can be
residual A—2)-particle state. The quantitied,, Eg, E;, written as

andE, are the mass of the hypernucleus, the energy of the

residual @— 2)-particle system, and the total asymptotic en-

ergies of the emitted nucleons, respectively. A transforma- Fom=TntDy (4)
tion to the center of mag$) and relative momenturtk) of

the two outgoing nucleons is already implied in E). The  where
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d*P [ d% 1
= —E,—E.— - 1 2
r f—g(h) 2P 2mOMu— B BBy 20 2 2 5532 (TRTs 316/ TiTa)

s JRMR TrT3,

X2 (TTgl 3ty 3t) 2 (jamy ‘JCMC|‘JIMI>Z VA=1(3c T{|Ir Truin th) 2 (IrMg inmy|IcMc)
T3 myM¢ IN Mgrmy

X 2 (inmyllymy g mg ) > (SoMg, |z My 3 M) > (ToTa,|z— 7 3t3)
N N SOMSO N T0T30 i

m NmSN

XtANHNN(S!MS!T!MTvSOiMsovTOvT3oapik)|21 (5)

with t3i=1/2, t,=-—1/2, t,=1/2 for the p-induced rate whereJ; is the spin of the nuclear core. It is convenient to
(Ap—np) and ty=—1/2, t;=—1/2, t,=—1/2 for the introduce the intrinsic\ asymmetry parameter

n-induced rate An—nn). Equation(5) is written in terms J+1 1
of the elementary amplitudg \_,nn, Which accounts for the - TAP if J=Jc— >
transition from an initialAN state with spin(isospin S, a,= 9)
(Tp) to a final antisymmetridNN state with spin(isospin _ 1
S (T). The details on how this two-body amplitude is calcu- Ap if J=Jc+ 20

lated are given in the next section. Note that théas been
assumed to act as H/2 —1/2) isospin state which is such thatP,A,=p,a,, which is then characteristic of the
coupled to the nucleon to total isospli. As explained in  elementaryA decay process&N—>NN, taking place in the
the next section, this is the way to incorporate the change iRuclear medium.
isospinAl =1/2 induced by the weak transition operator.

At the kinematic conditions of thex*,K™) reaction car- Ill. TWO-BODY AMPLITUDES
ried out at KEK, the hypernucleus is created with a substan-
tial amount of polarization in the ground state. Due to the In this section we describe how we evaluate the elemen-
interference between the parity-conserving and paritytary two-body transition amplitudg y_.nn Which, as shown
violating amplitudes, the distribution of the emitted protonsin Eq.(5), contains the dynamics of the weak decay process.
in the weak decay displays an angular asymmetry with reln the first place, it is necessary to rewrite the product of two

spect to the polarization axis given by single particle wave function@ ;| a,) and(r,|ay) in terms
of relative and center-of-mass coordinateand R. In the
o(x)=oo1+PyAxX)] , (6)  present work, the single particle and N orbits are taken to

be solutions of harmonic oscillator mean field potentials with
whereP, is the hypernuclear polarization, created in the pro-Parameters, =1.87 fm andoy = 1.64 fm, respectively, that
duction reaction, such asm(",K*) at KEK and BNL or have been adjusted to experimental separation energies and

(y,K*) at CEBAF[30], and the expression for the asymme- the 12C charge form factor. Assuming an average size pa-
try rameter b= (b, +by)/2, using Moshinsky brackets and

working in the LS representation, the product of the two
harmonic oscillator single particle statebﬁ|m(rl) and

3 Tr(MéyM*) 3 E Mi‘T(Mi)Mi CDE,l,m,(rz) can be transformed to a linear combination of
Ap(X):J+l THMAMT) “Ir1 COsy products of relative and center-of-mass wave functions.
E MiU(Mi) Since theA is in al =0 shell, we obtain
=A,CO0% (7) 51 ) r m| R
pEOX CDfoo(E)(D’foo(E):q)%o( \/Eb)q)ionc])( b/\/z) , (10

shown, for instance, in Ref26], defines the asymmetry pa-
rameterA, characteristic of the hypernuclear weak decaywhen the nucleon is in the shell and
process. The asymmetry in the distribution of protons is thus

determined by the producP,A,. In the weak-coupling A [Tl on (T2 1 | T em| R
scheme, simple angular momentum algebra relations relate D10 b D11m b :E 100 J2b P 1im b/\2
the hypernuclear polarization to the polarization:
r R
1 _(I)rel ( )q)c.m.( ]
L H 2b) % bry2
Je 1 ® (11
Py |f \]:JCJ"

2’ when the nucleon is in the shell.
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~As for the finaINN state, the antisymmetric state of two 7, 7, for isovector mesonsi#, p), or a linear combination of
independently moving nucleons with center-of-mass momenj 4nq 7., with the coefficients depending on the particular
tum P and relative momenturk reads spin structure piece of the potential, for isodoublet mesons

(RT|P kS MsT M) (K, K*). The radial parts/"(r) are discussed in the next
section.
1 By performing a partial wave expansion of the final two-
:_eiPR[eikr_(_1)S+Te—ikr]XfAsX'|’\'A _ (12)  nucleon wave function and working in thé& §)J-coupling
V2 T scheme, the relativA N— NN amplitudet,. can be further
decomposed:

To incorporate the effects of tHeN interaction a substitu-
tion of the plane wave by a distorted wave

1 L R
M= W(n) (13  tem s 2 X 4T (LMUSMIIMy) Yoy, (k)
a LL'J
needs to be done. Therefore, the amplitagdg_.nn Of EQ.

(5) can be decomposed in terms of amplitudes which depend
on c.m. and relative quantum numbers

X(L M SoMg |[IM3)((L'S)IM;|O,] (L So)IM,)

XTIy [ e d.nvie
tANﬂNN=NLE X(N;L NgLg, sl thier NRR,(14)
) (18

rtrNRER r
| <o 5
where X(N,L,NgLg,IAln) are the Moshinsky brackets \/E
which forl,=lIy=0are justX(1 0 1 0, 0 0)1, and for

Iyv=1 areX(1 011, 011/y2 andX(1 1 1 0, 0 1) where ®', (r//2b) stands for the radial piece of the har-

=—1/\2, as can be seen from the decompos:tLlroSR&f th&honic oscillator(H.0.) wave function. The explicit expres-

. N—NN sions for the expectation value of the spin-space piece
are given by ((L'S)IM;|O,|(L,Sy)IM;) can be found in the Appendix.
1 The function\PLJL,(k, ,I') is the scattering solution of two
t]’\\l;\II_LE?\ILR:Tf dst dsreiiPR\I,:(r)XI/ISSX‘E— nucleons moving under the influence of the strong interac-
2 tion, for which we consider the updated version of the Reid-
soft-core potentidl31], given in Ref[32], and the Nijmegen
[32] NN potential. Such a wave function is obtained by solv-
ing a T-matrix equation in momentum space and in partial
wave decomposition following the method described in Ref.
3o cm. b [33]. The tensor component of tHéN interaction couples
=(2m) 2(I)NRLR Pﬁ Lrel (15 relative orbital statesL(andL’) having the same parity and
total angular momentum as, for instance, & and °D;
with channels. Therefore, starting from an initlal orbital mo-
mentum, the weak transition potential produces a transition
s T to aL’ value, which mixes, through the subsequent action of
XM XTg , the strong interaction, with another value of orbital angular
%o o momentumL. In Table | we present all the possible final
(16) states starting from initiak N states having eithdr,=0 or 1

where, for simplicity, we have only shown the direct ampli-@nd for the central £S=0, AL=0), tensor AS=2,
tude corresponding to the first term of E@2). The function AL =2), and parity-violating 4S=1, AL=1) pieces in

em. (pp/ J2) is the Fourier transform of thaN center- which the transition po_tential can_be dec_omposed.
RR In the absence of final state interactiof#sSl), the NN

wave function in Eq(18) would reduce to a spherical Bessel
function

wave function above. The matrix elementg\

So

XMSO

r XTO
\/Eb T3

R
xvm@&-gl-R(—b/ ﬁ)fbﬁt,

1 r
b= 75 J d*rE () xixty V<r>d>fNe,'L,<—

J2b

of-mass wave function arigl, is the expectation value of the
transition potentiaV(r) betweenAN andNN relative wave
functions. In the next section it is shown how the potential

V(r) can be decomposed as ; .
WL (K ) =60 u(ker). (19
V(in=2 2 V(0. (17
I a We note that the procedure followed here to include FSI
between the two emitted nucleons differs from our previous
) i N >, works [34,35, where the noninteractingN pair, repre-
and a over the different spin operator©),e (1,010, sented by a Bessel function in the final state, was multiplied
Sir)=301ror — 0,05, o,r, [0 X 05]r), which occur by an averag@&N correlation function
in the potentialV(r). The isospin operato?g) depends on
the meson and can be eitherfdr isoscalar mesonsy, w), frs(r)=1—jo(Qcr), (20

where the index runs over the different mesons exchanged
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TABLE I. Possible?S™1L; channels obtained in the weak decaype$hell hypernuclei.

Weak decay channel ’
(AN) L’ Strong FSI

L, Central NN) (NN) L

lSO _ lSO N lSO
s, — s, — 3s,, °D;
Py - Py - Py
P, — 3P, — 3P,
p, — 3P, — 5P,
°P, - °P, - Py, °F,

Tensor
381 - 3Dl - Dy, 331
*Po - *Po - *Po
°Py - °P, - °Py
°P, - Py, °F, - *Py, °F,
PV

'Sy - *Po - *Po
’S, - Py - Py
’s, - Py - °Py
P, — 33, °D, — 3s,, °D,
3P0 _ lSO _ lSO
P, — S, °D; — S, °D;
3P2 — 1D2 — 1D2
3P2 — 3D2 — 3D2

with g.=3.93 fm~1, which provides a good description of 1(a) and Xb), the transition amplitude involves a strong and
nucleon pairs in*He [36] as calculated with the Reid-soft- a weak vertex, the later being denoted by a hatched circle.
core interactiorj31].

To account for theAN correlations, which are absent in
the independent particle model, one should replace the har-
monic oscillatorAN wave function@rNer'Lr(r) by a correlated While there exist several strong meson-exchange poten-

AN wave function that contains the effect of the strongtials which, through fits tN scattering data, provide infor-
AN interaction. Such wave functions were obtained from amation on the different stronyN-meson vertices, only the
microscopic finite-nucleuss-matrix calculation[37] using ~ Pion vertex is known experimentally in the weak sector. The
the soft-core and hard-core Nijmegen mode8]. In Ref.  Weak Hamiltonian is parametrized in the form

[27] we showed that multiplying the uncorrelated harmonic W . o— . 0

oscillator AN wave function with the spin-independent cor- Hina=1GEMZUn(A+BLys)7d"Yn(1) (22
relation function

A. Pseudoscalar mesons

f(r)=(1—e 3%y pr2e e’ (21

with a=0.5, b=0.25,¢c=1.28, n=2, yielded decay rates
slightly larger than those obtained with the numerical __zt_’n’_p_’_(f) _______________ 7
Nijmegen-soft-core correlations but slightly smaller than

those computed with the Nijmegen-hard-core potential.
Since the deviations were at most 10% the above parametri-
zation can be used as a good approximation to the full cor-
relation function. A N A N

IV. THE MESON EXCHANGE POTENTIAL (a) (b)

The transitionAN— NN is assumed to proceed via the  FIG. 1. Nonstrangéa) and strangeéb) meson exchange contri-
exchange of virtual mesons belonging to the ground-stateution to theAN— NN weak transition potential. The weak vertex
pseudoscalar and vector meson octets. As displayed in Figs. indicated by the circle.
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P n n
K K K
FIG. 2. K-meson weak vertices fquﬁo (a),
pnK* (b), andnnk?® (c).
p Y n
DY +D¥ Ys c® + ¥ Ys DWW+ cW + (DPKC+ Cpig) Ys

where Gem2=2.21x 10"’ is the weak-coupling constant. was shown explicitly that the relativistic framework together
The empirical constanta_=1.05 andB_= —7.15, adjusted With a standard nonrelativistic correlation function lead to
to the observables of the freA decay, determine the additional contributions in the correlated transition potential
strength of the parity-violating and parity-conserving ampli-which produced the larger supression of the decay rates re-
tudes, respectively. The nucleon, lambda, and pion fields areorted in Refs[25,2¢. For lack of relativistic correlation
given by ¢, ¥, , and ¢™, respectively, while the isospin functions we adopt a nonrelativistic formalism in this paper.

spurion €) is included to enforce the empiricAll = 1/2 rule The other mesons of the pseudoscalar octet are the isos-
observed in the decay of a frele inglet eta () and the isodoublet kaorK(). The strong and
For the strong vertex, we take the usual pseudoscalar coijeeak vertices for these mesons are
pling O —
L HRNy=1INNRUNYs DTN (26)
Hune= 19NN UNYSTO TN (23) w — o
Hiny=1Gemzin(A,+B,ys) ¢7Pa(1), (27)
which is equivalent to the pseudovector coupling when free L
spinors are used in the evaluation of the transition amplitude. HiNKz g ANKUNYsD WA, (28

The nonrelativistic reduction of the free space Feynman am-
plitude is then associated vynh the transition potential. In HKIVNK:iGquzr[ l/,N(g)(CEVJF CECYS)(¢K)T1//N+¢N¢//N
momentum space, one obtains

. X (Di"+Dg%ys) (") (D], 29
. B
V(q)= _GFmi—% A+ —o0q —2(:_2—qz, (24)  where the weak-coupling constants cannot be derived from
2M aru experiment. In the present work we adopt the approach of

) ) , ] Refs.[18,42, presented in the next section.
whereq is the momentum carried by the pion d!rected - \we note that the isospuriorf)( appearing in the former
wards the strong vertexy=gnnx Fhe strong-coupling con- equations is used to enforce the empiriddl=1/2 rule. The
stant for theNN vertex, u the pion massM the nucleon o icylar structure of th& weak couplings reproduce the
mass, and/l the average between the nucleon anthasses.  yertices shown in Fig. 2.

The operatorsA and B, which contain the isospin depen-  The corresponding nonrelativistic potentials for the tran-
dence of the potential, read sition AN—NN are analogous to Eq24) but making the
following replacements:

A: AWTsz,
g— 0NNy
BIBWTsz. (25) M_)mn,
We note that the nonrelativistic approach of the present ALA
work differs from our previous work§25,26|, which were M
based on a relativistic formalism. It was found that the su- R
pression of the matrix elements due to short-range correla- B—B, (30

tions was larger by about a factor of 2 to what was obtaine%
in standard nonrelativistic calculatiohs4,15,17,18 In Ref.

[27] it was shown that, if one uses the same nonrelativistic
correlation function, the relativistic and nonrelativistic
schemes were not giving the same correlated potential ob- L— M,
tained through the standard nonrelativistic reduction. In the

the case ofy exchange, and

g—gANk:

relativistic approach, the correlation function was applied to R CEV CEV M
the Feynman amplitude before the nonrelativistic reduction A— T+DEV+ 5 172 Vi

was carried out, whereas in the nonrelativistic procedure the
correlation function was applied after the reduction of the PC PC
free Feynman amplitude was obtained. The difference be- A (CK C_K

tween the two methods was studied in Regf8], where it B 2 Dk 2 Tsz) 3D
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in the case oK exchange, where the factd/M corrects  the central piece of the exchange is in fact larger than its
for the fact that the nonrelativistic reduction of the strongtensor interaction, an observation that can be traced to the

fact that thep-exchange diagram has a much shorter range
than thew-exchange potential. It is therefore important to
explicitly keep all pieces of the potential for the vector me-

ANK vertex gives a factor M instead of 1. Performing
a Fourier transform of the general expression given in Eq
(29 and introducing the tensor operator

S, (f)=30ro,f — a0, it is easy to obtain the corre-

sponding transition potential in coordinate space, which CaR. o<calare and the isodoublek* . for which the weak and
be divided into central, tensor, and parity-violating pieces.Strong vertices can be written aé

The explicit expressions are given at the end of this section.

The other vector mesons considered in this work are the

T
INNw

g\l\/le’y’u—i_i 2M O-#qu> d),ta/fl;bNi (36)

R —
B. Vector mesons HiNNe= ¥N

A number of theoretical studies in recent years have in-

vestigated the contribution of themeson to theAN—NN L ohrq
procesg15,16,39. The weakANp and strongNNp vertices — Hiy,=Gem2 | , v — Bui—= *£,7"vs | duibn (),
are given by[15] 2M
(37)
’]—[W -G 2—— “_ .O'quv_’_ m 0 T
ANp— Fmﬂ'l[/N a,Y IBpI ZM_ EpY Vs Tp/.Llrl/A(l)a s [ v w IS v K*
(32 Hixnkr = ¥N| Opner YT oM o q, ¢M ba, (39
— 9N
HRnp= wN(ng,,Wi ZM”quV) Toudn . (33 HwNK*=GFmi([cES'VIN<2><¢,E )Y
respectively, where the four momentum transfes directed +DPSV g K\ 10y 4| @PCT o (0
towards the strong vertex. The values of the strong- and ko INYEUN(e, ) ()] ke ¥n(2)
weak-coupling constants are given in the next section. ,
The nonrelativistic reduction of the Feynman amplitude o""q, PCT —

K*\t, s
gives the followingp-meson transition potential: Xy ) (=) g Int Dy i

0 I . O-Myqv *
V,(0)=Gem, Fl&‘%mxmwzxq) XDy dn(4)'Q)
B(Fi+Fy) 1 +[CR D) 7 ysin
H— g (o1Xo3)q Pl (34)

. (39

+ Dy Ny vsn( 65 ) (D1

with w=m,, F1=0\y,. F2=0\,. and the operators,

B, ands: Note that theK* weak vertex has the same structure as the
K vertex, the only difference being the parity conserving

contribution which has two terms, related to the vector and

ZY:CL/ T17T2, . e .. .
prLt2 tensor couplings. The nonrelativistic potential can be ob-
N tained from the general expression given in EBBfl) making
B=ByT172, the following replacements:
<:;=8p7172 (35 w—m,,
contain the isospin structure. Using the relatiowr( Fl_,g\,\/‘N
o

Xq)(0,X0q)=(010,)0°—(010)(0,0) and performing a

Fourier transform ofV,(q), one obtains the corresponding F,—gl

transition potential in coordinate space, which, asrirex- 2 9NN

change, can be divided into central, tensor and parity- N

violating pieces. Furthermore, themeson central potential a7 Ao,

can be further decomposed into a spin-independent and a .

spin-dependent paf34]. Due to the different models em- B—Bau,

ployed for the weak\ Np vertex[15,16,39, different calcu-

lations have yielded widely varying results. However, all §_>gw , (40

studies until now have only included the tensor piece of the

parity-conserving-exchange term motivated, in part, by the in the case ofs» exchange, and
observation that this is the most important contribution to the

m-exchange potential. We recently demonstrgigd] that ML— Mk,
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v PCV PCV
F1—>9ANK*, ’I‘(G):CK* + PC,V+ CK* g
C 2 K* 2 142,
F2—>91NK* ) PCV , ~PCT
cer we (Cpx TCT)
6)_1(6 PCV , PCT
I=19= 5 +(Dys” +Dps)
cPev cPeV
o — POV, X PCV | ~PCT
2 K* 2 12 (Cys"+C)
2 T172,
e cren N
— +DPS'T+ — T T, . C.. cPv

o K 2 17 |<P§}:TK+DE¥+ %fm. (44)

. [Cox .y Cr M The different piece¥!!, with a=C,SST,PV, are given

e—| 5= tD T 5T | = = (4D by

(i 0 i)
for the K* meson exchange. Ve (N=Ke' 7 =KeVelr,m), (45)
. ef,“vir i
C. General form of the potential 'gr) K(') P 5(r)}EK(s')sVss(r'Mi)a (46)

The Fourier transform of the general Eq24) and (34)

leads to a potential in configuration space which can be cast 1 — 3 3
into the form () - =k _
vP(r)=k{ 3,U~. 2 r( r +mz) K3 'Vr(r, mi),
: o (47)
V=2 2 V=2 2 v (no,i}
I 2% I 2% ) —uir 1 -

=2 {VE NI+ VEYn o100 55 V(1) SN
whereu; denotes the mass of the different mesons. It is these
+[n'oy r+(1-nH[ o1 X 03] F]VSC(r)TS& . (42 expressions that are inserted in Ef8) to computet¢ nu-
merically. The expressions fdt("), which contain factors
and coupling constants, are given in Table II.
A monopole form factolF;(g?) = (A2— u2)/(A2+0?) is
used at each vertex, where the value of the cutgfflepends
on the meson. We take the values of théchuY N interac-
tion [40], displayed in Table Il of Sec. V, since the
Numegen model distinguishes form factors only in terms of
the transition channel. The use of form factors leads to the
following regularization for each meson:

where the index runs over the different mesons exchanged
(i=1,...,6representsr,,K,p,0,K*) anda over the dif-
ferent spin operators denoted Iy (central spin indepen-
deny, SS(central spin dependenfT (tensoy, andPV (par-

ity wolatmg) In the above expression, particle 1 refers to the
A and n'=1(0) for pseudoscalafvectoy mesons. In the
case of isovector mesonsr( p) the isospin factor isr 7,

and for isoscalar mesonsy{w) this factor is justAlfor all

spin structure pieces of the potential. In the case of isodou- Ve(r;mi)—Ve(r;ui) —Ve(r;A))
blet mesons K, K*) there are contributions proportional to ) o At
1 and tor,7, that depend on the coupling constants and, _Aiu € (1_ _) (49)
therefore, on the spin structure piece of the potential denoted 2 4 Air
by «. ForK exchange we have
Vsdrmi) = Vsdriu) —VsdriAj)
130 AZ—pi2 e A 2
¢ o el 1--—|, (0
2 47T Air
CPC CPC
IQ=1F === +D S, vT(r;uva(r;m)—vT<r;A->
AZ—u? e Air 1
oy oy —A|—2 pp <1+ A—Ir), (51
@K L pPvy 7K
(IS¢ 5 +Dy '+ 5 T1T2 (43 AP— 2 e
I 1
V(T mi) = Vel ui) =Veur;Aj) — 2 an

and forK* exchange, (52
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TABLE Il. Constants appearing in weak transition potential for the different mesons.

1 KY KEY K K
m 0 B7T gNN‘n’ i gNNﬂ- A gNNﬂ-
M 2M 2M 2M 2M
7 0 B, Gy B, Oy Gy
oM 2M oM 2M 72M
K 0 igANK igANK 9ank
2M oM 2M oM 2M
v v T
P Innp¥p Zap+/3p I G _atB, Ny T IR e INnp T NN
oM 2M oM 2M A\
v
@ gNNwam ,)aw+ﬂw g\l\/leJrg-ll\—le _ aw+Bw g\l\/le+g-ll\—le —e g\’\/‘N“’J’_g-I’\—‘N“’
“ oM 2M oM 2M ¢ 2™
K* gV Vi T \/ T \ + T
ANK* 1 Gk T 9anke 1 Gank T Oanke ~ Yanks T Oank
2M oM 2M oM 2M

whereV ,(r;A;) has the same structure ¥g(r;u;), defined  1/2 rule indicates the presence of some dynamical effect re-
in Egs. (45—(48), but replacing the meson mags by the lated to QCD corrections that suppresses Ate=3/2 com-
corresponding cutoff mass; . ponents of the Hamiltonian.

In order to obtain hadronic weak matrix elements of the
kind (MB’|H,,|B), whereM can stand for pseudoscalar or
vector mesons anB for baryons, it has been convenient to

The starting point for describing the weak decay oféxpress the effective weak Hamiltonian in terms of the
strange particles has been the fundamental Cabbibo HamiBU(6),, symmetry that unites them.
tonian based on the currest current assumption The AS=1 weak nonleptonic Hamiltonian can be written

in SU(3) tensor notation:

V. THE WEAK-COUPLING CONSTANTS

GF 3y 1 T
H \/Ef AXIC0To(x) +HC., (53 HW=&cosﬂcsinﬁc{\lzl,ng}ﬂL H.c., (55)
22 ~
with where J!,;=(V,—A,)| is the weak hadronic current with
o o SU(3) indicesi andj. As shown in Refd18,42,43 the weak
Ja(x)z\lfe(x)ya(l—y5)‘lfve(x)+‘lfﬂ(x)ya vector and axial currents can be expressed in terms of
o SU(6),, currents. Since the Hamiltonian is the product of two
X(1=vy5)¥, (X)+ U(X)y (1= vs5) currents, each belonging to ti85 representation, one can
g expand
X [d(x)coshc+ s(X)sinb¢], (54)

350 35=1,® 35,® 189,® 405,® 35,® 280,® 280, (56)
where 6. is the Cabbibo angleG the weak-coupling con-
stant, and we take the Bjorken and Drell convention for thewhich allows extraction of the parity-violatingPV) and
definition of ys [41]. As is well known, terms proportional to parity-conservingPC) pieces of the Hamiltonian:
cos: describe, for instance, the neutrgndecay while the

contributions proportional to sii lead to the semileptonic Hpc:1s®35@ 1890405 , (57)
decay of hyperons and kaons. Th&=1 nonleptonic decays
are governed by terms proportional to &nosi: which con- H py:35,©280,280, . (58

sist of products of a current betweam and d quarks

(Al=1) and a current betwen ands quarks Al = 1/2). Each of the possible ways of coupling baryons to mesons
Thus, since terms in séacosd. describe transitions with within the SU6),, symmetry introduces a reduced matrix
Al = 1/2 and 3/2 with equal probability, the empirical = element that can either be fitted to experimental data or cal-
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TABLE lll. Nijmegen [38] (Juich [40]) strong-coupling constants, weak-coupling constahg, and
cutoff parameters for the different mesons. The weak couplings are in ur@srof.?=2.21x 10~ ’. For the
kaon and thep meson we also quote the weak couplings obtained by [Réf.and Ref.[16], respectively.

Meson Strong CC Weak CC A,
PC PV (GeV)
- Onng = 13.3 B,=—7.15 A_=1.05 1.30
Jas.= 120
7 Onny = 6.400) B,=—14.3 A,=1.80 1.30
gAA'r]: _656(0)
K Oank = —14.1(-13.5 Cit=-18.9 c.V=0.76 1.20
=—14.0[46] =0.40[46]
Onsk = 4.283.59 D, °=6.63 DfV=2.09
=3.20[46] =1.50[46]
p ONn, = 3-163.29 @,=—3.50 €,=1.09 1.40
=—3.39[16] =3.84[16]
O, = 13.319.8 B,=—6.11
=—7.11[16]
gXEpzo(o)
91s,=11.2(16.0)
® ONne = 10.515.9 a,=—3.69 e,= —1.33 1.50
Ilne = 3.220) B.,=—8.04
g¥,,=7.11(10.6)
Oha,=—4.04(—9.91)
K* Oy = —5:47(-5.63 croV=—361 clY-=—a.48 2.20
hnke = —11.9(-184 cheT=—17.9
Onskx = —3.16(—3.25) Do V=—4.89 D,/Y=0.60
Onskr =6.00(7.87) DFST=9.30

culated microscopically from quark models. Below we dis-wheref;; andd;, are the SUB) coefficients and= and D
cuss the PV and PC amplitudes separately. the reduced matrix elements.

With the use of these soft-meson techniques and the
SU(3) symmetry one can now relate the physical amplitudes
of the nonleptonic hyperon decays into a pion plus a nucleon
or a hyperonB— B’ + 7, with the unphysical amplitudes of
the other members of the meson octet, the kaon, andythe
One obtains relations such p42]

A. The PV amplitudes

The traditional approximation employed to obtain the PV
amplitudes for the nonleptonic decaBs~B’'+ M has been
the use of the soft-meson reduction theorem:

i
lim (B'M;(a)|Hpy|B) = — =—(B'|[F? Hpy]|B)

3 1
4—0 (NKO|Hpy|n)= 51\9__223 :

V2
[
:_F_W<B I[Fi.Hpcl|B), (59) (PKOHpyp)=—23¢
whereq is the momentum of the meson akgdis an SU3) 3 1
. . + — 0 +
generator whose action on a baryBpgives (NK*[Hp\|p)= EA_+ EEO ,
FilBj)=ifij|By)- (60)

3
Since the weak HamiltoniaH,, is assumed to transform like (ny[Hpy|A)= \[EA(1 ' (62)
the sixth component of an octet, a term such as
(By|HS| B;) can be expressed as where3; stands for(pm°|Hp|2 "), the PV amplitude of
the decays, " — p=°, which is experimentally accessible. We

(B[ HgIBj) =iFf g+ Ddgjg, (61)  have used the standard notation according to which the hy-



350 A. PARREAI(D, A. RAMOS, AND C. BENNHOLD 56

peron and meson charges appear as superscript and subscrgtyave amplitudes yields results identical to those discussed
respectively. We point out that using the isospin structure ohbove for pseudoscalar mesons. However, if one defines the
the potential defined in the previous chapter, thelowest-order chiral Lagrangian for P@r p-wave ampli-
(NK|Hpy|N) matrix elements are connected to the couplingtudes, one finds that such an operator has to vanish since it

constantCkY andDR" of Eq. (29) via has the wrong transformation properties un@é. Thus, the
only allowed chiral Lagrangian at lowest order can generate
(nK%Hp\|n)=Ci"+DiY, PV but not PC terms.
The standard method to compute the PC amplitudes is the
(pKHpy|p)=DgY, so-called pole model. As shown in R¢#4], this approach
can be motivated by considering the transition amplitude for
(nK*|Hpypy=CE" . (63 the nonleptonic emission of a meson:

As shown above, the symmetry of &) allows connecting (B’M;(q)|H,/|B)
the amplitudes of the physical pionic decays with those of
the unphysical decays involving's and kaons. S(8),,, on ; ,

the other hand, furthermore permits relating the amplitudes :f d*xé®g(x%)(B’|[ JAi(x),H,(0)]|B).
involving pseudoscalar mesons with those of the vector me- (65)
sons. For details we refer the reader to REES,47]; we just

list here the final relations in terms of the coupling constantdnserting a complete set of intermediate stg{es} one can
defined in the previous section, rather than matrix elementsgghow that

A== A0, <B’Mi<q>|HWIB>=—f d*x€¥(B’|[A?(x,0),H,(0)]|B)
V2
3 —q,M{, (66)
Ay= \[EAO’ where
3 1 — 3 ., —
c?=\éé9+032; Mf—QW)élL%m Pe’ —0)
<B |AF( 0)|n><n|H (0)[B)
DRV=—25¢, = +8(Pg—Pn—0)
pB pn
2 1 B IHW(0)|n><n|A”(0)|B>
A=e,==A°——=3]+3ar, 6
P %773 73 0 V3 T po 9o pn (67)
1 While the first term in Eq(66) becomes the commutator
A,=e,=2g— §aT, introduced in Eq.(59), the second term contains contribu-

tions from the} * ground-state baryons which are singular in
1 10 the SU3) soft meson limit. These pole terms become the
—\3A% + =34+ =ar, leading contribution to the PC amplitudes. We note in pass-
3 3 ing that in principle, such baryon pole terms can also con-
tribute to the PV amplitudes, however, more detailed studies
[44] showed that their magnitude is only several per cent of
the leading current algebra contribution.
We begin by computing thg@-wave amplitude of the
The numerical values of the constants are given in Table MA SN decay since here we can compare with experiment.
Note, that an additional parametaf is present in the cou- The contribution to the PC weak vertex coming from the

pling constants for the vector mesons. This coupling, whichharyon pole diagrams shown in FiggaBand 3b) are given
is very small in the case of pion emission due to partiallypy

conserved axial currenfPCAC), can be calculated in the

factorization approximation where the vector meson is 1

coupled to the vacuum by one of the weak currents. We use  Bz=9nnr = Anat 9 ass m——Ans (68
the numerical value ofi;=—0.953< 10’ from Ref.[42]. AN N

8
—ar. (64)

2
PV_ S+
Dis=—3%0 "3

K*

whereAy, andAys are weak baryon— baryon transition
B. The parity-conserving amplitudes amplitudes. These quantities can be determined via current

A description of the physical nonleptonic decay ampli- algebra/PCAC as before:

tudesB— B’ + 7 can also be performed by using a lowest-

order chiral analysis. Employing a chiral Lagrangian trun- |im (z° n|Hpv|A>——(n|[F > Hpyl|A)= : =—(n|HpdA),
cated at lowest order in the energy expansion for the @V g¢—o0 2F
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N N N N N N
TP 2| mp ]
" Koo T
A N A N
(a) (b)

A N

N N N N FIG. 4. Meson pole diagram contributing to theN— NN tran-
sition amplitude.

n,m» A n,o For the % contribution the PCAN» term, shown in Figs.
Nl i N 3(c) and 3d), can be written as
A N A N Bn:gNNnmANA_I'gAA nmANA (71
(c) (d) while for the kaonFigs. 3e) and 3f)], the expressions are
1
(NK*|Hpdp)=CK = 9ApK+mAnA
1
N N N N + gp2°K+ FmgAngo
KK* A K,K* > 1 1
""""""""" = gANKmANA_ gNEKmANEv
(72)
A N A N 1
K°|Hpdp)=Dg = —A
(e) (f) <p | PCI p> K ngJrKomp_mg ps*
FIG. 3. Baryon pole diagrams contributing to the PC weak ver- -5 A 73
tices in theAN— NN transition amplitude. = “Onsk Mmy— My NZ (73

) 0 LT 5 . where we have used the relations,so=—Ays and
lim (7°p[Hpy|% >:|:_<FJ|[|:7T01HF>V]|E ) Ap2+:\/§ANE'
a-0 i The expressions for the vector mesons are similar:

i
=5=—(P[Hpd2 ™). (69 v v
2F ap:gNNp—mA_mNANA+gA2p—mN_mEANEv (74)

Then assuming no momentum dependence for the baryon

S-wave decay amplitude and absorbing théactor in the Y v 1
definitions of Ay, andAys , we obtain %o ONNw mA—mNANA+gAA‘”mN—mAANA’ (79)
Ana=i(n[Hpd A)=2F (7°n[Hp\|A) cPoV_ 1 1

\% \%
* = OANK* _ Ana—0 SK* _ Ans,
= —J2F (7 p[Hp|A) “ My —my MMy my

(76)
=—4.32¢10"° MeV ,
PCV _ \%
i Dyx _ZQNEK*MANE’ (77)
AN2:E<p|HPCIE+>:\/EFﬂ—<7TOp|HPV|E+>
and the tensor coupling constang,, g, CES’T, and

PCT
D

=—-4.35<10"° MeV. (70 «+ are obtained from the previous expressions by replac-
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TABLE IV. 7 exchange contribution to th&N—NN decay rate ofy’C.

Free SRC SREFF SRC+FF+FSI
Phenom. Nijm93 Reid93
Eq. (21)
C (S9 0.282 3.410°3 1.3x 1072 4.2x1073 3.3x1073 4.0x1073
T 0.858 0.781 0.637 0.685 0.566 0.579
PC 1.140 0.785 0.650 0.689 0.531 0.547
PV 0.542 0.447 0.389 0.421 0.353 0.345
riry 1.682 1.232 1.038 1.110 0.885 0.892
r,/r, 0.182 0.113 0.120 0.118 0.104 0.100
PV/IPC 0.476 0.570 0.598 0.610 0.665 0.631
ay —0.594 —0.420 —0.506 —0.484 —0.238 —0.242
ing the strong vector couplings with the tensor ones. The VI. RESULTS
ir;]u_lnjaebr:galll Ivalues of all these coupling constants can be found A.  exchange

We point out that some studies have included meson pole We begin our discussion by presenting the results using
diagrams of the form shown in Fig. 4. The contribution of only the OPE part of the weakN— NN interaction. On one
these diagrams would be given by hand we would expect this meson to adequately describe at

the least the long-range part of the transition potential, while
on the other hand its contribution has minimal uncertainties
1 A (79) since the weak\ N7 vertex is experimentally known. It is
gANKmﬁ—mi K therefore a good starting point to assess the significance of
form factors as well as initial and final state correlations
before including the other mesons in the potential. The re-
! i _sults of our calculations with OPE only are shown in Table
can also be related via PCAC to the experimental amplitud@\; \yhere the nonmesonic decay rateﬁc is given in units

- - _ 73 2
for K_>.7”T de(_:ay, y|eld|ngAK,T—_ —2.5% 10_ MeV = [44]. of the free lambda decay rat€&' (). The uncorrelated results
There is considerable uncertainty regarding the phase bec g are compared with computations that include initial

tween the meson and the baryon poles which lead some stug—N short-range correlationéSRO, form factors(FF), and

ies to adjust it to better reproduce the data. It has been argp‘?ﬂal-state interaction¢FS) separately for the centrat,

Mensor N [adding to a total parity-conservingC) contri-

portant to fulfil the requir(_aments of the so_—called Feinberg'bution], and parity-violating PV) potentials. The free central
Kabir-Weinberg theorem in the nonleptonic decays. On th erm is reduced dramatically by the initial SRC, however,

other hand, counting powers of energy in a chiral analysisy ot of the uncorrelated central potential contribution is in

one finds that while the baryon pole terms are of omget fact due to thes function in the transition potential which is

the meson poles enter at next order, along with higher-orde(gOmpletely eliminated by SRC. Without th&function, the

chiral Lagrangians. In general, we found these contribqtion%emral part is reduced by about a factor of 2. Including SRC,
';o”be 'veryl smgll _arlld gavg therefsre neglected I'Them Im th%F, and FSI gives a negligible central decay rate. In contrast,
ollowing. In principle, SU),, can be used as well to relate o contribution of the tensor interaction is reduced only 10%
the wea.k meson— meson pseudoscalar transition ampll— by SRC and by 2035 % once FF and FSI are included as
thudesf with thc?se of the vector mesons. The results, 9Ve{Lell. Therefore, the contribution of the central term amounts
ere for completeness, are to less than 0.5% of the total-exchange rate. This behavior
has been found and discussed by other authors as well

where the mesor-» meson weak transition amplitud .

1 [15,17,39. On the other hand, our PV potential yields about
A= — —=Axm 40% of thewr-exchange rate, at variance with older nuclear
NE] matter results that reported either a 15%%] or a negligible

[15] PV contribution to the rate. The total one pion exchange
contribution to the nonmesonic decay rateiot is 0.9 — 1.1

A p= Ak ', , depending on the choice for FSI, which is a factor 1.5 —
2 smaller than the free value.
In previous paperg27,28 we have demonstrated the sen-
A A (79)  sitivity of the calculated decay rates to the form of the initial
K* @ K+

J3 SRC. In particular, we found that older calculations using a
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phenomenologicaNN correlation functior[15,2( to simu-  umng, rather than the 8 and 6 % increase obtained with the
late AN SRC in the initial state, rather than SRC based on gphenomenologicalNN correlation function of Eq(20). It is

realisticY N meson-exchange potential as is done here, tendomforting to see that the variation between different realis-
to overpredict the amount of initial correlations. We find tic NN interactions, such as the soft-core Nijmegen and a
similar results for the final-state interactions. As shown inmodern version of the Reid potential, plays essentially no
Table IV, the PV and PC rates are reduced by about 10 anwle. This behavior can also be understood from Figs. 5 and
18 %, respectively, when FSI are included via a correlatiorb, where we compare the different correlated wave functions
function based on a realistiblN potential (last two col- for several channels and a relative momentunkcf 1.97

FIG. 6. Same as Fig. 5 for the
1 uncoupled 'S,, 3P,, 'P;, and
3p, channels.

- eff. correl.
nijm93
---- reid93

0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0 4.0
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fm 1. The figures demonstrate that the phenomenologicahpproximationLDA) is performed4,14] the rate reduces to
correlated wave function overestimates the realistil I',,=1.451", for }\ZC. Although this value is further re-
wave functions at intermediate distances (0155 fm) while  duced when the sam® wave function as in the present work
it underestimates them at short distances. As a result, the used, the LDA result is still larger by about 20—40 %,
phenomenological approach overestimates the decay rate bgpending on the choice of the Landau-Migdal parameter
about 20%. Including realistic final state correlations leads tqQyhich measures the initial state correlations. The remaining
an interference between central and tensor transitions. F@fifference may not be entirely surprising since the LDA is
phenomenological FSI the central and tensor contributions texpected to work well for heavier nuclei and begins to break
the total rate can be seen in Table IV to add incoherentlygown for s- and p-shell nuclei. We also find that our PV
Once a realistiocNN potential is used this incoherence is potential yields about 40% of the-exchange rate, at vari-
replaced by destructive interference. While this is only aance with nuclear matter results that reported negligible PV
small effect for the pion due to the small size of the centralrates[lg,]_
potential term this interference is more significant for the We conclude our discussion of the OPE 0n|y by assessing
vector mesons where the central transition amplitude is largghe role of the relativeAN P-state contributions. In shell
compared to the tensor term. _ _ model calculations such terms naturally arise for nucleons in
The second quantity of interest displayed in Table IV shell and higher orbitals when one transforms from shell
which is sensitive to the isospin structure of the transitionyodel coordinates to the relativeN two-body system. For
amplitude is the neutron-to-proton—induced rafig/I'y.  s_shell nucleons, where one has @wave in both the rela-
Noticeable is the smallness of the ratio which is due to thq|ve and Center_of_maKS.m_) system motions' the transition
Pauli Principle that suppresses the fiffak1, L=2, S=1  amplitude gives a maximum contribution at the back-to-back
state with its antisymmetrization factgd—(—1)~""""].  kinematicsk,= —k,, yielding a total c.m. system momen-
That excludes the tensor transition in the neutron-induceg,m K =0. For p-shell nucleons one would expect the con-
rate, which gives rise tan (T=1) pairs, and it is precisely tripution from the initial relativeAN Sstate to be suppressed
this tensor piece which constitutes the largest part of th@ompared to that of the relatiV state since the c.m. system
OPE diagram. However, this argument holds only for relanharmonic oscillator wave function is thenPastate and thus
tive AN S states. For nucleons in tishell there exists a  zerg atk =0. Surprisingly, we find that after integrating over
relative AN P state which contributes a small but nonzero 5| kinematics withk, # —k,, this relativeL=0 term con-
amount of the tensor potential to the neutron-induced decayyi,tes about 90 % to thp-shell rate[19]. Thus, once the
Note that including initial SRC, FF, and realistic FSI reducesyhole phase space is included, most of the total decay rate of
the ' /T, further by about 40%. This is due to the elimina- _shell nucleons still comes from the relativeN S state.
tion of the central potential for which we obtain a value for g, thermore neglecting the relative-state contribution

'y /T, of about 1/3. In principle, one would expeEt/I'y  |eaves the ratid", /T, unaltered while the asymmetry pa-
=1/2 for the central term due to the statistical factor of 1/2rameteraA is reduced by 10%.

that accounts for two identical particles in the final state. For
12C this number becomes 1/2.4 since we have five neutrons
and six protons. The remaining difference comes from dif-
ferent!S, (T=1) and3S, (T=0) final state wave functions In this section we begin examining the role of additional
which enter the various spin-isospin channels and, thereforénesons. As discussed above, one is faced with the inmediate

lead to slightly differentAn—nn and Ap—np transition  difficulty that none of the weak couplings involving heavier
amplitudes. mesons can be accessed experimentally. Thus, one is re-
The suppression of the central potential term due to SRcguired to resort_ to models which in this case involve consid-
FF, and FSI also explains the difference between the uncograble uncertainty. Table V presents our results for the
related and the fully correlated ratio of PV to PC amplitudesp-meson exchange alone as well as for theand p ex-
PV/PC, shown in Table IV as well. More relevant than thischanges combined. Since both thé&l7 and theANp cou-
ratio, however, is the asymmetry parametgrdefined in Eq.  Plings are obtained within the same model there is no sign
(9). This quantity, which measures the interference betwee@Mmbiguity. As noted before, the central potential can now be
the PC and the PV part of the amplitude, can be accessedivided into a spin-independenCj and a spin-dependent
experimentally in contrast to the PV/PC ratio which is (SS piece, which are shown separately. In contrast to the
merely of theoretical interest. We find that this asymmetrypion case, the factam’ in front of the Yukawa function in
parameter is only mildly sensitive to initial SRC and FF butthe SS central part of Eq(46) enhances this contribution
changes by more than a factor of 2 when realistic FSI aravhich then becomes comparable in magnitude to the piece
included. This observable thus clearly demonstrates that fa¢ontaining thes function. The two terms interfere destruc-
its accurate prediction the use of a realigtidl potential to  tively and yield a SS central part that is about half the size of
describe the interactions in the final state is imperative. Bethe tensor contribution. In Ref34] we noted that SRC re-
low we will use realistic FSI generated with the Nijmegenduce both the centraC and theSS part of the p-meson
potential for all results that include final state correlations. contribution without asd function by almost a factor of 10,
Comparing our results obtained here with older nucleacompared to a factor of 2 in the case, reflecting the much
matter computationsl4,15,17,18we point out that the fully  shorter range of thp-exchange diagram. Similarly, the ten-
correlated total rate in nuclear matter is predicted to be in theor interaction of the is reduced by a factor of 2.5, com-
range of 1.85—-2.3, thus overpredicting our shell model calpared to a 10% reduction in the case, as soon as SRC are
culations by more than a factor of 2. When a local densityincluded. The additional inclusion of FF and FSI further re-

B. & and p exchange
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TABLE V. 7 andp exchange contribution to th&N— NN decay rate ofi’C. The values in parentheses
have been calculated using the weak-coupling constants by Narbili

ko p T+p
C (C) 0.020(0.019 0.020(0.019
C(S9 0.003 0.014(0.016 0.006(0.007
C (total) 0.003 0.045(0.047 0.028(0.030
T 0.566 0.027(0.032 0.373(0.358
PC 0.531 0.0210.023 0.445(0.428
PV 0.353 0.0080.096 0.414(0.635
Ty 0.885 0.0290.120 0.859(1.063
r,/mr, 0.104 0.076(0.097 0.095(0.063
a, -0.238 0.036 (0.046) —0.100 (~0.008)

duces both the central and tensor rates by substantiaf —1 for the weak baryon transition amplitudes and adjusts
amounts. As is evident from Table V, the final result of thethe overall coupling to the experimentally measured
centralp contribution exceeds the tensor term by almost a p-wave 7 decay rates. As pointed out in R¢#5] the most
factor of 2. Due to the strong destructive interference in-serious problem with this fit is that it employsa— = weak
duced by the FSI between the tensor and the central part theansition amplitude in itk pole graphs that is about an
total PC rate turns out to be smaller than either term alonegrger of magnitude larger than the strength extracted from
In terms _of the combinedr and p contribution we find  {he weak kaon decay mode— i [44]. TheK* pole con-
destructive interference between the two mesons for the Py, ions are calculated using a simplified factorization ap-
rate_ but constructive mteyference for the PV decay ,mOdeproach in which a number of terms are negledi¢s]. The
While the r-only PC rate is reduced by 16% when hes PV couplings of Ref[16] are computed in a pole model

- i 0,
?hdoduedr; ;Egﬁ_gg:y EQ// :2:2 I': Sgrhagfneacil b¥hzzzuégjnfefbvjf]approach that includes baryon resonance poles with negative
'gh thep-on'y y L parity, belonging to th¢70,1") multiplet of SU6). In order
ancing interferences lead to a combined-p total decay : " . .

. o to obtain the weak baryon transition amplitudes the experi-
rate that is very similar to that of the alone. The neutron to tal h d d inout. Th
proton induced ratid",/I",, on the other hand, is slightly mental hyperors-wave o decays are used as input. there-

é,ore, his approach for the PV weakNp vertex is consider-

decreased. This could be, in principle, surprising since th X X : -
tensor rate of the exchange is not as dominant as it is in theably different from the analysis used in this study. For the

7 case. As noted in Ref34], this is due to an interference S@ke of comparison, Table V also lists theerm calculated
pattern of the centra andSSamplitudes which is destruc- With Nardulli's weak-coupling constants. The PC transition
tive for the n-induced and constructive for the induced potentials turn out to be very similar in magnitude while the
mechanisms. This yields a central rate which is basically g°V rate is larger by more than a factor of 10 for fhalone.
induced. The strongest change can be seen in the asymmefijis increase enhances thetp total decay rate by about
parametera, which is reduced by more than a factor of 2. 25%, while thel’,/I", anda, are reduced by roughly the
This reduction can be traced to the above mentioned intersame amount. One should point out that the close agreement
ference pattern between the PV and PC rates which are meathe PC terms is fortuitous since the baryon resonance pole
sured by this observable. terms which are not present in our approach contribute about
The p meson was the first of the heavier meson which30% to the weakA Np tensor coupling of Ref[16]. From
was included in several earlier calculations. The first attempthis comparison it becomes obvious that there is considerable

was due to McKellar and Gibsofl5] in a nuclear matter uncertainty in the determination of the weak vector meson
framework which evaluated the weakNp couplings using yertices.

SU(6) and, alternatively, a factorization model. In their ap-
proach, which neglected the PV couplings, the phase be-
tween thewr andp amplitudes was not determined and their
final results varied dramatically with their different models ~ The results of our calculations for the exchanges of the
for the weak coupling constants. In a more recent calculatiostrange mesons andK* are shown in Table VI. The kaon
[16], Nardulli obtains the PC couplings in a pole model ap-is the lightest meson after the pion with a strong coupling
proach similar to ours. Besides the ground-state baryon poleonstanty,yx Of comparable magnitude @y, but of op-

he includes the* baryon resonance pole terms as well asposite sign. The total decay rate for theonly exchange
K* pole contributions that appear in Ref&8,42 but have diagram amounts to about 15% of tketerm which is the
been omitted here. The weak baryon-baryon transition amlargest contribution among all the heavier mesons. As dis-
plitudes for the resonance poles are taken from a pole modelssed further below the kaon therefore significantly inter-
analysis of hyperon PC pion decays which use§ D ratio  feres with them-only rate.

C. K and K* exchange
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TABLE VI. K andK* exchange contribution to th& N—NN decay rate ofi’C. The values in paren-
theses have been calculated using MK weak-coupling constants obtained when including one-loop
corrections to the leading order }PT [46].

K K* K+K*
C (C) 0.019 0.0190.019
C (S9 0.004(0.002 0.092 0.13000.122
C (total) 0.004(0.002 0.038 0.0630.058
T 0.083(0.039 0.038 0.0150.005
PC 0.093(0.044 0.037 0.082(0.050
PV 0.040(0.018 0.023 0.091(0.061)
/T, 0.133(0.062 0.060 0.1730.111
r,/T, 0.263(0.272 0.500 0.647(0.760
a, —0.080 (~0.090) -0.192 —0.426 (- 0.532)

In contrast to ther and thep which are isovector mesons work for the weak baryon-baryon-meson coupling constants
and then and w which are isoscalar, th andK* lead to  assumes the validity of S8) [and SU6) in the case of the
bothT=0 andT=1 NK coupled states and, therefore, havevector mesonis No attention has been paid to the effects of
two independent couplingSy andDy [see Eq(29)]. Dueto  SU(3) symmetry breaking which is known to be of the order
their isospin structure it was pointed out several years agef 30%. These effects have been addressed in a recent work
[47] that including the kaon exchange has the potential thy Savage and Springe46] in the framework of chiral per-
strongly influence thé', /T'; ratio. Using a simple schematic typation theory ¢PT) including one-loop corrections to the
model that ignores the spin structure it was shown that th@ading order. They point out that understanding the weak
ratio I'y/T', could be estimated with the expression NNK vertex could elucidate a problem regarding the nonlep-

T, | Ag+A, |2 tonic = decay of free hyperons. While the P\$ (vave

—_—= |, (80 amplitudes of thesA S=1 decays are adequately reproduced

Ly 1A0=3A; at tree level, the corresponding P@-Wave amplitudes can-
not be well described using coupling constants from ghe
waves as input. A one-loop calculation of the leading3U
corrections[48], performed inyPT, found that these loop
corrections can change the tree level prediction of the
+ Dy, p-wave amplitudes by a disturbing 100%, thus raising ques-
tions about the validity ofPT in this sector. As an alterna-
tive it was suggestef8] that large cancellations may occur
A=—. (81 between tree-levgd-wave = decay amplitudes which would
magnify the SW3) breaking effects. The one-loop correc-
tions to the wealkNNK vertex found in Ref[46], on the
other hand, modify the tree-levptwave amplitudes by only

ever, we obtainl",/T,=0.23 when the PC coupling con- up to 30%. If an experimental signature for thesg 3or-
stanfs of Table “l apre ljsed Our complete result Whichrections could be found in the nhonmesonic decay it would

considers the spin structure and includes both PC and p@fovide insight into the applicability ofPT to these reac-
amplitudes, turns out to b, /T',=0.26 as shown in Table tions. Taple VI shows the r.esults of our calcu[atlons per-
VI. This much smaller result suggests that one cannot draermed with the Savage-Springer weblNK couplings. As
conclusions about the ability of the strange mesons to dragxpected, the kaon rates are roughly a factor of two smaller
tically increase the neutron to proton ratio. Moreover, wesSince the improved constants are reduced by about 30%. The
have calculated this ratio using PV and PC amplitudes onlyalues of thel’,/T", ratio and the asymmetry, on the other
but retaining the spin dependence and obtain, respectiveljiand, are barely affected because all pieces of the transition
the values 1.69 and 0.03, far away from the estimates madamplitude are reduced by about the same amount.

where A, and A; are the isoscalar and isovector coupling
constants, respectively, which in our case are given by

Ck

Aoz 2

With the PV values of Table Ill, we obtaih,/T",=4.6 us-
ing Eq.(80), confirming the result quoted in R¢#7]. How-

above using Eq(80). Note that, as shown by Dalifd2], the TheK* vector meson is the heaviest meson exchanged in
Al=1/2 rule requires the ratid’,/I", to be smaller than 2 our weakAN— NN transition potential. Nevertheless, due to
for any meson exchange. its large weakNNK* and strongANK* tensor couplings it

As can be seen in Table VI, tHe, /T, ratio for the kaon  is more important than either theor thew. The central and
only is larger than the corresponding value for the pion by a@ensor potential contributions are comparable in size, how-
factor of 2.5, while the asymmetry parameter obtained isver, due again to the interference generated by the realistic
very small. As discussed in the previous section our frameFSI that mixesS andD states, the total PC rate turns out to
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TABLE VII. 7 andw exchange contribution to theN— NN decay rate ofi’C.

n w n+tow

C (C) 0.045 0.045

C (Ss9 0.001 0.009 0.016
C (Total) 0.001 0.036 0.036
T 0.005 0.004 1.51074
PC 0.006 0.024 0.035
PV 0.003 0.002 0.005
i, 0.009 0.026 0.041
r, /Fp 0.383 0.235 0.183
a, —0.114 —0.086 —-0.134

be of the same magnitude. The larger PV coupling constarttal term, the largest piece coming from the tensor potential,
yields a PV rate which is significantly greater than the cor-and a PV rate about half the size of the tensor term. Note that
responding rates for the and thew exchange contribution. in contrast to the pion there is no charge exchange term for
The totalK* -only decay rate is seen to be about half of thethe proton-induced decay, thus thg/I", for the » only is
K-only rate but twice as large as the and w-only rates. |arger than that for the pion by almost a factor of four.
Due to the relative magnitude of the central and PC potential The »-meson exchange provides an interesting contrast to
terms we find d', /T, ratio for theK™ diagram whichis 0.5, the  contribution since for the strorl§Np vertex the vector
about five times larger than that for theexchange ratio. - ¢oypling is relatively small and the tensor coupling is large,
This is a dramatic illustration of the difference in isospin nile the reverse is true for the strohgNe couplings. The
structure between the various mesons. Kiediagram also weak PC and PV coupling&ee Table 1l on the other
exhibits more than twice the asymmetry parameter ofkkhe hand, are comparable in size. This pattern of strong cou-
meson. , ; - ¢ triba i
than theK-only totfl'ra.te even though the interference be'independent central term which is about twice as large as the
tween theK and K* is important, as can be seen from the . .
orresponding term for the. The w tensor term, however, is

separate channel contributions. The PV rate is more thafi )
twice theK-only result and, as a consequence, the asymmes_maller than the tensor potential by about a factor of 7. The

try parameter is enhanced dramatically. ThgT, ratio also interference of the various terms yield a total PC rate for the
. p . .. . .

turns to be quite large, although it remains to be seen how? Meson that is very similar in magnitude to thébut gen-

the interference between all the mesons actually affects th@fates a much largdr,/I', . Similar to thep the PV rate is

final result for the observables. This is discussed in Sededligible due to the small size of the weak A\Nw cou-
VI E. pling constant. No other models are available for weak ver-

tices involving this meson.

D. » and o exchange

0.03

Table VII presents our results for the isoscalar mesons
alone. Then-meson exchange contribution is by far the
smallest of the different mesons included in our potential. 0.02 |
This may come as no surprise since it is known that includ-
ing the » in phase shift fits oNN potentials influences the
parameters only marginally. The main reason for the small
size of then exchange lies in the magnitude of the strong
NN#% coupling constant, which is not well determined but is
known to be much smaller than botfyn, andgank - We
have used the value of the Nijmegen potential which is
dnn,= 6.4 even though th&IN phase shifts are very insen-
sitive to this coupling. Recent data anphotoproduction on ;
the nucleon find a much reduced value of around -ty
dnny,=1.4[49]. Should these conclusions be confirmed then w ‘
clearly the » can safely be neglected in both the strong 0.0 10 r(szn) 8.0 4.0
NN sector as well as the weakN— NN transition potential
discussed here. As shown in Table VII, the behavior of the FIG. 7. Contribution of the different mesons to the integrand of
» contribution follows that of ther term: a negligible cen- the 3S,—3D; (T=0) correlated weak transition amplitude.
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It (r) (arbitrary units)
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@ FIG. 8. Same as Fig. 7 for the P%8,— P,
1 (T=0) and 3S,—3P, (T=1) transition ampli-
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E. The full weak one-meson-exchange potential obtained with the Nijmegen strong-coupling constants with

In this subsection, we explore the effect of including all those obtained using the lith strong couplings given in
the mesons discussed before on the weak decay observabldgble Ill. Although in principle the strong couplings also
For this purpose we show in Figs. 7 and 8 the contribution oftffect the PC weak vertices through the pole model, our goal
the different mesons to the integrand of E&g) for relevant  here is to assess, for one particular model of weak couplings,
transition channels. Figure 7 displays the tensor transitiothe effect of using strong-coupling constants from two dif-
35,—3D; (T=0) of the PC amplitudes since it yields the ferentY N potentials which fit the hyperon-nucleon scattering
most important contribution for pseudoscalar mesons andata equally well.
gives rise to important interference effects when the contri- The results in Table VIII again demonstrate the signifi-
butions of the mesons are added in pairs of identical isospircance of the short-range correlations and form factors in the
As is evident from the figure, the pion-exchange contributionnonmesonic decay. Adding the heavier mesons without form
dominates, not only in magnitude but also in range; a consefactors and SRCcolumn fre¢ leads to a total rate that fluc-
guence of the pion being the lightest meson. As expected, theates significantly, with the additional mesons giving an ap-
kaon provides the second-largest contribution with a rang@reciable contribution to the-exchange rate. This behavior
somewhat less than that of the pion, followed by the heavieis considerably suppressed by short-range effects, as shown
mesons with an even shorter range. Note that the contribun the second column. The rate is especially sensitive to the
tion of each isospinlike pair(,p), (K,K*), (7,0)] inter-  inclusion of the strange mesons. While including thene-
feres destructively, thus the large tensor contribution of eackon has almost no effect the addition of kaon exchange re-
pseudoscalar meson is partially cancelled by that of its vectaduces the total rate by almost 50% when the Nijmegen
meson partner, an effect that can also be explicitly seen istrong couplings are used. The reduction is mostly compen-
Tables V, VI, and VI, discussed above. We have not showrsated by the addition of thi€*, yielding a rate 15% below
the integrands of the central transitions since they are verthe pion-only decay rate. The situation is similar for the
small for the pseudoscalar mesons. and w, their combined effect on the rate is negligible. Thus,

Significant interferences are also observed for the intewith Nijmegen couplings adding the heavier mesons gives a
grands of the PV transitions®S;—P, (T=0) and reduction of only 15%. The situation is slightly different
35,—3P, (T=1), shown in Fig. 8. Again, we find the pion when the Jlich strong-coupling constants are employed:;
to be dominant among the mesons in fthe O transition, their omission of they and their largeK* andw couplings
while the contribution of the other mesons play a more im-lead to a total rate 15% larger than the pion-only rate. This
portant role in theT=1 channel. indicates that the results are sensitive to the model used for

Below we discuss results for the different observableghe strong vertices, although both results are consistent with
characteristic of the weak decay. We compare the resultthe present experimental values. This sensitivity to the

TABLE VIII. Free and fully correlated nonmesonic decay rate}@ﬁ in units of the freeA decay rate
I',. The values in parentheses have been calculated using libb-Bucoupling constants at the strong

vertex.
Free SRG-FF+FSI

T 1.682(1.682 0.885(0.885
+p 2.055(2.325 0.859(0.83))
+K 1.336(1.699 0.497(0.506
+K* 2.836(3.82) 0.760(0.902
+7 2.467(3.82) 0.683(0.902
+w 2.301(4.338 0.753(1.023
WeakK couplings

from xPT [46] 0.844(1.109
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TABLE IX. Weak decay observables qu’*c. The values in parentheses have been calculated using the

Juich-B coupling constants at the strong vertex.

r,/T, PV/IPC a,

T 0.104(0.109 0.665(0.665 —0.238 (- 0.238)
+p 0.095(0.096 0.930(1.137 —0.100 (- 0.052)
+K 0.030(0.029 2.413(3.2009 —0.138 (—0.074)
+K* 0.049(0.070 1.797(1.968 —0.182 (- 0.202)
+n 0.058(0.070 2.249(1.968 —0.200 (- 0.202)
+w 0.068(0.109 2.077(1.675 —0.316 (—0.368)
Weak

NNK-couplings 0.0800.108 1.678(1.436 —0.302 (- 0.350)

from yPT [46]

strong-coupling constants is unfortunate since it will cer- The intrinsic asymmetry parametex shown in Table IX
tainly complicate the task of extracting weak couplings fromis also found to be very sensitive to the different mesons
this reaction. ImprovedY N potentials which narrow the included in the model. This is the only observable which is
range of the strong-coupling constants are required to reduc&anged dramatically by the inclusion of thereducing the
this uncertainty. Table VIII also shows the results obtained?ion-only value by more than a factor of 2. Adding the other
when theNNK weak-coupling constants derived with one- MeSONs increases, , leading to a result about 30% larger
loop corrections to the leading order §PT [46] are used. than form exc?ange alone in the case of the Nijmegen cou-
Due to the smaller value of the coupling constants the effecp!iNgs and 50% larger for the lich model. The effect of

of theK meson is reduced and thus the total rate is increaset i;nggggr\\;‘;eb?g\INK couplings fromyPT is very small for
by about 10%. '

The results for the ratio of the neutron- to proton-induced
partial ratesl",,/T", are shown in Table IX. The neutron- to
proton-induced ratio is, as expected, quite sensitive to the Our final results for various hypernuclei are presented in
isospin structure of the exchanged mesons. It has beemable X. We find an overall agreement between our results
known for a long time that pion exchange alone producesor the nonmesonic rate and the experimental values, espe-
only a small ratig 15]. While the role of thep is limited itis  cially when theyPT weak couplings for th& meson are
again the inclusion of the two strange mesons that dramatused, which yield somewhat larger rates.
cally modifies this partial ratio. Including thi€ exchange It has been the hope for many years that the inclusion of
which interferes destructively with the pion amplitude in the additional mesons would dramatically increase the ratio of
neutron-induced channébkee, for example, thd=1 PV  neutron- to proton-induced rates. Here we find the opposite
transition amplitudes of Fig.)8eads to a reduction of the to be true. The final ratio greatly underestimates the newer
ratio by more than a factor of 3. TH€*, on the other hand, central experimental values, although the large experimental
adds contructively. Again, an indication of this behavior canerror bars do not permit any definite conclusions at this time.
be seen in Figs. 7 and 8. In tHie=1 PV channel, relevant On the other hand, the proton-induced rate which has errors
for the n-induced rate, th&k and K* amplitudes have the of the same magnitude as the total rate is overpredicted by
same sign, whereas in boih=0 channels the interference our calculations by up to a factor of 2. It is the neutron-
between the two strange mesons is destructive and, as a cdnduced rate which has been very difficult to measure accu-
sequence, the-induced rate is lowered with respect to the rately. It is somewhat surprising that while both individual
n-induced rate. Using the Nijmegen strong-coupling con-rates appear in disagreement with the data their sum con-
stants leads to a final ratio that is 34% smaller than the pionspires to a total rate which reproduces the measurements.
only ratio, while using the Jich couplings leave this ratio Other mechanisms that have been explored to remedy this
unchanged, due again mostly to their larg€r and w cou-  puzzle include quark-model calculations which yield a large
plings. Employing the weakINK couplings calculated with violation of theAl=1/2 rule[21,22, and the consideration
xPT we obtain an increase of th& /T", ratio by 17% with  of the 3N emission channel{NN—NNN) as a result of the
Nijmegen couplings while the ratio remains unchanged fompion being absorbed on correlatetl Dairs[3,4]. A recent
the Jilich model. reanalysig52], which includes FSI of the three nucleons on

Even though it is not an observable, Table IX also pre-their way out of the nucleus via a Monte Carlo simulation,
sents the ratio of PV to PC rates to aid in the comparisorshows that the R-induced channel further increases the ex-
with other theoretical calculations. Again, adding the stranggerimental error bars and leads to an experimental value
mesons produces the largest effect, especially when using tltempatible with the predictions of the OPE model. However,
Juich strong couplings. The final PV/PC ratio is larger by the same reference shows that a comparison of the calculated
more than a factor of 2 compared to the pion-only ratio. Theproton spectrum with the experimental one favors values of
results quoted in Ref{18] are of the order of 1 and, there- I',/I';=2-3. It is therefore imperative, before speculating
fore, closer to our results obtained with thdidhi model. further about the deficiencies of the present models in repro-

F. Comparison with experiment
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TABLE X. Weak decay observables for various hypernuclei. The values in parentheses have been cal-
culated using th& NK weak-coupling constants obtained when including one-loop corrections to the leading
order in yPT [46].

SHe 1B ic
T/T, 0.414(0.467 0.611(0.686 0.753(0.844
Expt. 0.4 0.14[7] 0.95+0.13+0.04[9] 1.14+0.2[7]

0.89+0.15+0.03[9]

r,/T, 0.073(0.089 0.084(0.099 0.068(0.080
Expt. 0.93-0.55(7] 1.04° 33371 1.33532[7]
2.16+0.58 082 [9] 1.87+0.59"9-32[9]
0.70-0.3[51] 0.70+0.3[51]
0.52+0.16[51] 0.52+0.16[51]
T,/T, 0.386(0.429 0.563(0.624 0.705(0.782
Expt. 0.21-0.07[7] 0.30°973[9] 0.31°315[9]
a, —0.273 (- 0.264) —0.391 (-0.378) —0.316 (—0.302)
A(0°) —0.120 (- 0.116) —0.030 (—0.029)
Expt. —0.20+0.10[10] —0.01+0.10[10]

ducing this ratio, to carry out more precise experiments sucis coupled to a''C core in its ground state. The window of
as the measurement of the number of protons emitted paxcitation energy that spans 1.55 MeV between the
A decay, suggested in R¢b2]. (p+3!B) and the (\ +1'C) particle decay threshold contains
Regarding the asymmetry parameter, comparison with exhree positive-parity states: two*2states separated by
periment can only be made at the level of the measured pr@goo keVv and a narrow 0 state just below the X +*'C)
ton asymmetry. As discussed in Sec. II, this quantity is dethreshold. Using the same model of R&?3], which predicts
termined as a product of the asymmetry paramétgt  equal formation cross sections for th¢ and 2 states, and
characteristic of the weak decay, and the polarization of thgieglecting the 0 state because of its relatively small cross
hypernucleusP, which must be determined theoretically. section, we obtain a polarization &,=—0.29. However,
The energy resolution of the experiment measuring the dec%(ypernuclear structure calculations yby Auerbattal. [56]
of polarized }°C produced in a*,K*) reaction[10] was  predicted strong configuration mixing which reduced the
5—7 MeV which did not allow distinguishing between the ¢ross section of the lower*2state by a factor of three rela-
first three I" states. Before the weak decay occurs, the twajve to the higher one. This prediction was verified by a
excited states decay electromagnetically to the ground statfeanalysis of older emulsion daa7]. Taking these relative
Therefore, in order to determine the polarization at this stageyeights into account, we obtain the valBg= — 0.43, which
one required(i) the polarization of the ground and excited s the one used in Table X and leads to better agreement with
states, together with the corresponding formation cross segnhe experimental asymmetry. Just as in the case of the
tions and(ll) an attenuation coefficient to account for the |0$Sprot0n_ to neutron-induced ratiO, the present level of uncer-
of pOlarization in the transition of the excited states to thetainty in the experiment does not yet permit using the asym-
ground state. In Ref53], hypernuclear production cross sec- metry as an observable that differentiates between different
tions and polarizations have been estimated for thenodels for the weak decay.
(7" ,K™) reaction in the distorted wave impulse approxima- |n order to avoid the need for theoretical input and access
tion with Configuration-mixed wave functions. We note thatAp directiy, a new experiment at KE[GS] is measuring the
the sum of the cross sections for the two excitedstates  gecay of polarized, He, extracting both the pion asymmetry
amounts to 40% relative to the ground-state peak, which i&om the mesonic channell_- and the proton asymmetry
consistent with the (318)% obtained in a fit 10 the from the nonmesonic decayl. The asymmetry parameter
Brookhaven'*C(z*,K*)°C spectruni54]. Using the val- 3 _ of the pionic channel has been estimated to be very
ues of Ref[53] for the polarization and cross sections of the simjlar to that of the free\ decay[59] and, therefore, the
1~ states in}’C together with the spin depolarization for- hypernuclear polarization can now be obtained from the re-
malism of Ref.[55], we obtainPy=—0.19. This value, to- |ation P,=A,-/a,-. This in turn can then be used as input,
gether withA,=0.151 (Nijmegen or 0.175(Juich), deter-  together with the measured value &, to determine the
mined from a, using Eq. (9), leads to an asymmetry asymmetry parameter for the nonmesonic decay from the
A=-0.029 (Nijmegen or —0.033 (Juich), which lies  equality A,=.4/P,. This experiment will not only allow a
within the uncertainties of the experimental result. clean extraction of the nonmesonic asymmetry parameter but
The hypernucleusy'B is created by particle emission will also check theoretical model predictions for the amount
from excited states of°C in which aA in apyj, or py, orbit  of hypernuclear polarization.



56 WEAK DECAY OF HYPERNUCLEI 361

TABLE XI. Matrix elements of the tensor operator evaluated between generalized spherical harmonic
states of definite, L, andS.

S L'=J+1 L'=J L'=J-1
L=J+1 —2(J+2) 0 6yI(J+1)
2J+1 2J+1
L,=J 0 2 0
L,=J-1 61J(I+1) 0 -2(J-1)
2J+1 2J+1

Finally, we briefly compare our results to previous calcu-formed in a one-boson-exchange model that includes not
lations. The only other shell model calculations we are awarenly the long-ranged pion but also contributions from the
of are those of Ref{18] and Ref.[20]. The results of Ref. other pseudoscalar mesons, thandK, as well as the vec-
[20] are in agreement with ours while the preliminary resultstor mesonsp,w, and K*. The weak baryon-baryon-meson
reported by Dubaclet al. [18] appear to be very different. vertices were obtained using 8) and soft meson theorems
Their uncorrelated OPE-only rate fgfC is listed as 3.4 for the PV vertices and the pole model for the PC vertices.
which is about a factor of 2 larger than ours while addingThe primary goal of this work was to reduce nuclear struc-
initial SRC, FF, and FSI reduce this rate to 0.5. This amountsure uncertainties as much as possible so that our framework
to a reduction factor of almost 7, in contrast to our suppresean be used to extract these weak baryon-baryon-meson cou-
sion of roughly a factor of 2. Furthermore, their correlatedplings.
rate foriHe is listed as 0.9, almost a factor of 2 larger than Total decay rates evaluated with the full weak OBE po-
the /1\2C result. Unfortunately, no details are given in Ref. tential fall within 15% of the value obtained with pion ex-
[18] that address these problems. We note, however, th&hange only and reproduce the experimental data. This is due
there are some unexplained inconsistencies between their ré® the interference between the contributions of the heavier
cent results of Ref[18] and what was reported ten years mesons whose individual influence on the decay rate can be
before in Ref[50], where the correlateg-exchange decay Substantial. Including the kaon exchange alone reduces the
rate for 1°C is 2.0 while the addition of the other mesons total rate by almost 50%, this reduction is compensated by
lowers this value to 1.2. In fact, these values are more cor@dding the other mesons, specifically #&. In contrast to
sistent with theiriHe results, as well as with the effect of Previous studies we found little influence from themeson
short-range correlations found in almost all studies of theé®Vén when we used a different model for the wetkp
nonmesonic weak decay either in nuclear matter or finitOUPlings, similarly thew contributes at the 10% level. The
nuclei. Our results fol,/T", again differ from what it is dominant contribution beyond the pion-exchange mechanism

reported in Ref[18], where a valud™,/T',=0.2 is obtained IS clearly the kaon exchange, followed by the* which

for 7 exchange alone but 0.83 when all the mesons are int®nds to partially cancel the effects of the kaon. Itis therefore
cluded. However, their results in finite nuclei are, surpris-mperative that future studies include both strange mesons
ingly, quite different from their nuclear matter results, Simultaneously. The importance of kaon exchange makes it
namelyl,/T',=0.06 for  exchange alone and 0.345 when POSSible to see the effects of modifying the weiMK cou-

all mesons are included. With regard to the asymmetry paP!ings by one-loop corrections to the leading orderiT.
rameter, the nuclear matter results of Raig] are qualita- Including these loop graphs leads to a reduction of the
tively similar to our results for the Nijmegen couplings. They NNK couplings from their tree-level value up to 50%, which
obtain a valuea,=—0.192 for = exchange alone and [N turns modifies the rates by up to 20%. Future experiments
—0.443 when all the mesons are considered. should be able to verify this effect.

We found the dominance of strange mesons to be even
more pronounced in the partial rates and their ratio. Includ-
ing the kaon reduces this ratio by more than a factor of 3,

In this study we have presented calculations for the weakvhich again is compensated by th&" . Furthermore, this
nonmesonic decay modd&N—NN of A hypernuclei. In ratio turns out to be sensitive to the choice of strong-
contrast to most previous investigations performed in nucleagcoupling constants as well. Using the Nijmegen strong cou-
matter this work analyzed this hypernuclear decay in a nonplings reduces the ratio by 30% from its pion-only value
relativistic shell model approach. The initial hypernuclearwhile the use of the Jigh strong couplings leads to a change
and final nuclear structure are taken into account througlf only a few percent. This finding indicates the need for
spectroscopic factors. All possible initial and final relative improvedY N potentials with better determined strong cou-
orbital angular momenta are included in the baryon-baryomplings at the hyperon-nucleon-meson vertices. Both theoret-
system. Realistic initial and final short-range correlationsical values are far away from the experimental data, even
(SRO obtained fromAN andNN interactions based on the though the error bars are still large. It appears to be impos-
Nijmegen baryon-baryon potential are employed in order tcsible to reconcile these discrepancies within a one-boson ex-
treat the nuclear structure details with as few approximationshange potential. In order to approach the experimental val-
and ambiguities as possible. Our calculations were perles the weak couplings of the heavier mesons would have to

VII. CONCLUSIONS
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be unreasonably large which would yield very large totalsue experimental measurements of the nonmesonic decay of
rates incompatible with the data. If future experiments withthe hypertriton.

improved partial rates confirm the present trend new mecha-

nisms of a different kind would have to be introduced to B. Outlook

resolve this puzzle. In contrast to the previous observables

" On the experimental side, it is critical to obtain new high
we found the proton asymmetry to be very sensitive to th%c P g

: ) , curacy data soon. Improved partial rates for the proton-
p-exchange while the influence of the kaon is more modery g neytron-induced decay modes are especially important.

ate. This polarization observable is therefore an importangy help would be to not only measure rates but also exclu-
addition to the set of observables since its sensitivities argjye spectra of the decay products. Such distributions would
different from the total and partial rates. The results of outhe significant to disentagle the effects of thédN—NNN
calculations are within the very large current error bounds. process from the two-body process discussed here. Beyond
improving the present data base for the weak decay of
hypernuclei, there are two more avenues which would aid
our understanding of the weakS=1 hadronic interaction.

Our study clearly indicates that further theoretical effort ~ First, with the advent of new, high precision proton accel-
must be invested to understand the dynamics of the nonm@&rators such as COSY inlith, it may become possible to
sonic weak hypernuclear decay. Within the one-meson exPerform a direct study of the time-reversed process
change picture it would be desirable to use Weak—couplinﬁr,‘ﬂ{\p [62]. While the very low cross sections present in
constants developed with more sophisticated approaches. RS direct investigation of tha S=1 baryon-baryon interac-
beginning has been made by Savage and Sprifgrin tion will be difficult to measure, _hlgh efﬂmency detec_tlon
their evaluation of the weakINK couplings including one- scrjgnes should allow determlmng a branchlng ratio of
loop corrections to the leading order iPT and the effect 10" *°. Thus, the strangeness changing hadronic weak inter-
has been found to be important. However, an understandi

naction could be studied similarly to the weak parity-violating

 the weakA Nar andS N linas within the framework NN interaction. The asymmetry of this reaction has been
ot the weakA N and. N Couplings € ITamework  easured at several kinematics which are sensitive to differ-
of chiral Lagrangians is still missing. Furthermore, due to the, parts of the meson exchange potential. Furthermore
importqnce of theK* Lneson i_t wou]d pe desirable to recal- measuring theon— Ap process directly would give access
culate its weakNNK* couplings in improved models as {4 5 number of polarization observables since hés self-
well. Several recent studi¢g1] have gone beyond the con- analyzing.
ventiona] picture of meson exchange and have developed Secondly, the hypernuclear weak decay studies should be
mechanisms based purely on quark degrees of freedom. ORgtended to doubld:- hypernuclei. Very few events involv-
should keep in mind, however, that such models have Nnohg these exotic objects — whose very existence would place
always been able to reproduce the experimentally measurgqlringent constraints on the existence of the elugive
free hyperon decays. _ _ dibaryon — have been reported. Studying the weak decay of
_ Another avenue that is currently being pursued is the vagese objects would open the door to a number of new exotic
lidity of the Al=1/2 rule in theAN—NN process. While A _induced decaysAA—AN and AA—3N. Both of these
this empirical rule is well established for the free hyperondecays would involve hyperons in the final state and should

and kaon decays there is some indication that it could bgg distinguishable from the ordinatyN— NN mode. Espe-
violated for theAN— NN process. Within the framework of cially the AA— AN channel would be intruiging since the

SU(3) and soft meson theorems the weak verticeNd&fK  gominant pion exchange is forbidden, thus this reaction

and AN are related to the observableN7 decay, there- \yould have to occur mostly through kaon exchange. One
fore, one would expect smalll = 3/2 contributions for these \,ouId therefore gain access to the\ K vertex.

mesons. On the other hand, the vector meson vertices can gyen with the demise of KAON, the promising efforts at
receive substantial contributions from factorization termsgpk with an improved measurement of tfiHe decay, the
which have been shown not to fulfil thel =1/2 rule[22].  continuing program at BNL, and the advent of the hyper-
The attractive feature of these additional terms is their strong, - |aar physics prografFINUDA) [60] at DA®NE repre-
influence on the ratid’, /I’y . sent excellent opportunities to obtain new valuable informa-

_ On the level of implanting the basitN—NN amplitude o that will shed light onto the still unresolved problems of
into the nucleus uncertainties have been minimized our StUdbhe weak decay of hypernuclei.

by treating each ingredient as well as possible. Nevertheless,
within the framework of the impulse approximation and the
shell model the short-range correlations, the spectroscopic
factors and the single particle wave functions still come from We are grateful to Professor P. Pascual for clarifying dis-
separate sources. This dilemma can be avoided in rigorousussions regarding sign conventions and relations between
few-body calculations with realistic wave functions. The coupling constants. The work of C.B. was supported by
nonmesonic decay of the hypertriton can be calculated usingS-DOE Grant No. DE-FG02-95-ER40907 while the work
correlated three-body hypernuclear wave functions for thef A.P. and A.R. was supported by DGICYT Contract No.
initial hypertriton state and continuum Faddeev solutions folPB92-0761 (Spain and by the Generalitat de Catalunya
the three-nucleon scattering stet@l]. Thus, all nuclear Grant No. GRQ94-1022. This work has received support
structure input is generated from the same underlyyiid  from NATO Grant No. CRG 960132. A.P. acknowledges the
and NN potentials, eliminating the ambiguities of the shell Ministerio de Educacio y Ciencia(Spain for financial sup-
model approach. It is therefore of utmost importance to purport.
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APPENDIX: COEFFICIENTS ((L'S)IM,|0,|(LgSy)IM ;)

Spin-Spin transition

((L'S)IMy]O,[(L,So)IMy)=(2S(S+1) = 3), 1/ Is;s:

Tensor transition

where the coefficientsi L, are given in Table XI.
r
PV transition Pseudoscalar mesons

((L"S)IM3|O | (L, Sp)IM3)=(— 1) 171" 625y + 1 2L, +1/2S+1(10L,0[L’0)

PV transition. Vector mesons

((L"S)IM3|O | (L,Sp)IM3)=i(—1)7" " *%66\2S,+1y2L, + 125+ 1<1OLrO|L’O>(

(A1)
((L'9)IM,|O,)(LS0)IMy)=S] | 55,5051, (A2)
11
232 ™ (L’ L, 1)
s1 t)is s
2
(A3)
1 1 1
L’ L, 1 114
S J) 2 2
0 11
22 %
(A4)
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