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Introduction

The strangeness quantum number, S, which is conserved by the strong and electro-
magnetic interactions but not by the weak one, allows one to label the particles belong-
ing to the octet baryon family in such a way that S = 0 for nucleons and -2 < § < -1
for particles with strangeness (A, X, Z). The mass of the lightest strange baryon, the
A-particle, is 1115.684 4 0.006 MeV and its mean life is 74 = (2.632 £ 0.020) x 1071% 5.
The A can be considered a stable particle once one compares the value of its lifetime
with the time scale of strong interactions (102° — 10~2* 5.). The weak decay of the A
can proceed via two different modes. In the mesonic mode (A — N7) a meson and a
nucleon are detected in the final state. This decay is 103 times larger than the leptonic
one (A —p + e~ + v.), due to the three body final state. The free A decays almost
totally into a pion and a nucleon following the approximate ratio of 64% for A —nn~
and 36% for A —pn®.

A hypernucleus is a bound system of conventional non-strange baryons (neutrons
and protons) plus one or more strange baryons. Traditionally, the A and the ¥ par-
ticles were referred to as "hyperons”. Nowadays, and in the context of hypernuclear
physics, this notation has been extended to any baryon with non-zero strangeness. Hy-
pernuclear physics has received a lot of attention since the early emulsion and bubble
chamber experiments [Ju73,Ca74,Pn85] aimed at establishing how the presence of the
new flavor (strangeness) broadens the knowledge achieved by the conventional field
of nuclear physics and helps in understanding the breaking of SU(3) symmetry. One
of the goals of hypernuclear research is to relate the hypernuclear observables to the
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bare hyperon-nucleon interaction. Experimental data for the lightest A-hypernuclear
systems show that the AN interaction has quite a different behavior than the NN in-
teraction. For instance, there exists an indication of a more attractive behavior for a
singlet spin state compared to a triplet one by about 1 MeV for the AN system, just
the opposite than in the NN case. We can use hypernuclei to explore such problems
as the origin of the nuclear spin-orbit force, short-range correlations, relativistic as-
pects of many-body nuclear dynamics and their extension to hypernuclei, the role of
flavor symmetry and the chiral limit, extended models of the strong interaction, weak
interactions in the nuclear medium, or possible modifications of baryon properties in
the nuclear environment. Many of the phenomena involving strangeness can only be
studied using bound hypernuclear systems, as the short lifetime of hyperons and low
intensity fluxes make it difficult to have free hyperon targets or hyperon beams.

Although major achievements in hypernuclear physics have taken place at a slow
pace due to limited statistics, the in-flight (K~,77) counter experiments carried out at
CERN [Be79,Br75] and Brookhaven [Ch79] revealed a considerable amount of hyper-
nuclear features, such as small spin-orbit strength, increased validity of single-particle
motion of the A, narrow widths of ¥-hypernuclei (though recent experiments could not
verify those), etc., injecting a renewed interest in the field. Since then, the experimen-
tal facilities have been upgraded and experiments using the (7+,K*) and (K3,pp0a:7°)
reactions are being conducted at the Brookhaven AGS and KEK accelerators with
higher beam intensities and improved energy resolution. Moreover, the photo- and
electro-production of strangeness will be studied at TINL [Sc95] and the low energy
K~ beam from ¢ decay will be exploited at DA®NE for studies of both high resolution
hypernuclear spectroscopy and weak decay of hypernuclei [FI95]. It is expected that
new improved experimental data will bring the field of hypernuclear physics to a stage

in which major advances can be made.

Hypernuclei are typically produced in some excited state through hadronic reactions
such as (K=,77) or (7% ,K*), but can reach their ground state through electromagnetic
gamma and/or nucleon emission. Hypernuclei that are stable against strong decay
modes (such as particle emission) can decay via weak interaction mechanisms which
are nonleptonic in nature, involving the emission of pions and nucleons. This is the case
of the ground state of A-hypernuclei (4A), which are the only bound nuclear systems
(stable in the time scale of strong interaction) with strangeness S = —1. Note that,
unlike the A hyperon, the ¥ in the nucleus decays via the strong interaction due to the
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YN — AN conversion.

When the A is embedded in the nuclear medium the mesonic decay mode (A — N7)
becomes Pauli blocked due to the value of the final nucleon momentum (approximately
100 MeV/c), which lies below the Fermi momentum. The rate of this decay mode is
suppressed with respect to the free value by several orders of magnitude and a new
mechanism shows up, the nonmesonic weak decay (AN — NN), in which no mesons
are detected in the final state. This mode is dominant for heavier hypernuclei (A
greater than 5). Experimentally, the lifetimes of hypernuclei are found to be more
or less independent of A [BM90]. This is due to a compensating effect between the
decrease of the mesonic channel as A increases, because of the stronger Pauli blocking,
and an increase of the nonmesonic channel due to the larger number of nucleons.
When A is large the decay proceeds mainly through the nonmesonic mode, which
shows a saturation behavior due to the short-range character of the AN interaction.
There is another possible nonmesonic decay channel, the two-nucleon induced process
ANN — NNN, where the virtual pion emitted at the weak vertex can be viewed as
being absorbed by a pair of nucleons which are correlated through the strong force.
This mechanism was first investigated in Ref. [AP91] where it was suggested that its
magnitude could be comparable to the AN — NN one. However, a reanalysis with
more realistic assumptions [RO94,R095] reduced its contribution to 10 — 15% of the
total nonmesonic decay rate.

The nonmesonic weak interaction does not conserve parity, isospin and strangeness.
One of the most interesting points in the study of the nonmesonic weak decay channel is
to gain insight into the fundamental aspects of the four-fermion, strangeness changing
weak interaction. In this two-body weak process one can obtain information from
both the parity-conserving (PC) and the parity-violating (PV) amplitudes, by taking
advantage of the strangeness change (AS = 1) as a signature. This is in contrast to
the NN weak interaction where it is actually impossible to see the parity-conserving
component, as it is masked by the strong NN interaction.

Many theoretical efforts have been made in the understanding of the underlying
weak dynamics which governs the nonmesonic weak decay of hypernuclei. A number of
theoretical approaches to the nonmesonic AN — NN decay mode have been developed
over the last thirty years, which are extensively reviewed in Ref. [C090]. The inter-
pretation of the available data has been done with the use of different models, namely,

the usual meson-exchange model, the description in terms of quarks or a combination
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of a meson-exchange description for the long range of the interaction and the quark

description for the short-range one.

The early phenomenological analyses by Dalitz et al. [DR62] provided the general
nonrelativistic structure of the AN — NN amplitude which was then related to de-
cay rates of s-shell hypernuclei using certain simplifying assumptions. The AS = 0
weak nucleon-nucleon interaction at low and intermediate energies has generally been
described in a meson-exchange model involving one strong interaction vertex and one
weak one; the same basic assumption has been used by some authors for a micro-
scopic description of the AS =1 AN — NN mechanism. The virtual pion emitted at
the weak AN7 vertex is interpreted as being absorbed by one nucleon bound in the
hypernucleus. Early calculations based on the one-pion exchange (OPE) mechanism
were due to Adams [Ad67]. Modifications of the OPE due to strong interactions in
the nuclear medium were suggested in Ref. [OS85] to account for many-body nuclear
structure effects. At the very least, the OPE mechanism can be expected to adequately
describe the long-range part of the AN — NN interaction. Due to the A — N mass dif-
ference, the AN — NN process involves large momentum transfers and, therefore, it is
expected to be quite insensitive to nuclear structure details. Furthermore, this large
momentum leads to a mechanism where short distance effects are very important and
thus raises the possibility of receiving contributions from more massive mesons, apart
from the pion, in the nonmesonic hyperon decay process. The production threshold of
these mesons is too high for the free space A decay, but they can contribute through
virtual exchange in a two-baryon decay channel. The first attempts to include heavier
mesons, at first the p meson —again in complete analogy to the AS = 0 NN interac-
tion —, were presented in Refs. [MG84,Na88,TT85]. There were several conference
papers by Dubach et al. [Du86] showing results of preliminary calculations with a full
meson-exchange potential; a more detailed account of their calculations has recently
become available [DF96]. Finally, there have been recent attempts to construct the
weak transition potential incorporating the exchange of the p and ¢ mesons, in addi-
tion to the OPE mechanism, from the point of view of a correlated 27-exchange. Refs.
{IU95,5h94] obtained the weak vertex through the coupling of the two pions to the p

and ¢ mesons and intermediate N and ¥ baryon states.

Apart from the meson-exchange models, there exist other works based on the use
of quark degrees of freedom in the description of the AN — NN transition potential. In

Refs. [CH83,HKS86] the process was separated into a long-range region, to be described
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by OPE, and a short-range region, modelled by a six-quark interaction with suitable
adjusted parameters. This idea was revived in Ref. [IT96], where the weak transition
amplitude is considered at quark leve] and the baryon transition potential is evaluated
in lowest-order perturbation theory. Although promising, these lines of study are still
at an early stage, since the connection between the effective quark hamiltonian and

the empirical A — N7 vertex remains to be established.

In recent years, a series of counter experiments carried out at BNL (USA) and
KEK (Japan) improved the quality of data on the nonmesonic decay modes, using
pion and kaon beams. Total and partial hypernuclear decay rates for 3He, }'B and
12C have been measured at Brookhaven [Sz91]. More recently, new data from the weak
decay of }*C and }'B were obtained at KEK [No95]. Also at KEK, the asymmetry of
the angular distribution of protons coming from the decay of polarized }*C and }'B,
produced via the (n*,K*) reaction, was obtained [Aj92], determining for the first time
the difference in the number of protons emitted along the axis of polarization compared

to the number ejected in the opposite direction.

This introduction of polarization observables into the field of hypernuclear decay
calls for a new consideration of the theoretical efforts, the reason being that the asym-
metry is related to an interference of PV and PC amplitudes and thus might pose
further constraints than those provided by total and partial rates, which are domi-
nated by the PC piece of the weak transition.

While all the theoretical approaches mentioned above describe reasonably well the
lifetimes of the hypernuclear states, they fail to reproduce the ratio of neutron- to
proton-stimulated A decay, I'y/T;.

The present work is an attempt to describe the nonmesonic weak decay mechanism
within the one-boson-exchange model, including as few approximations as possible in
order to reproduce the available experimental data and to propose new experiments
for the near future. The motivation of this work is two-fold. First, in contrast to
most previous investigations performed in nuclear matter, where only the AN L=0
relative motion is retained, this study analyses the AN — NN decay in hypernuclei
using a shell-model framework. The A particle can interact with nucleons in s-shell,
p-shell or higher orbits thus giving rise to a substantial amount of AN pairs having
a L7#0 relative motion. Secondly, this calculation includes not only the long-ranged
pion but also contributions from the other pseudoscalar mesons, the 7 and the K,

as well as the vector mesons p, w and K*. Due to the large momentum carried by
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the emitted nucleons, nuclear structure uncertainties are minimal and one can use the
present framework to draw conclusions regarding the sensitivity to the underlying weak
baryon-baryon-meson couplings. In this way, one may extract, via the comparison with
the experiment, the theoretical ingredients that are not yet well known.

The nonmesonic weak decay taking place in several hypernuclei (}2C, }'B, 3 He and
3H) will be studied. For the description of the initial hypernucleus, a shell-model
approach will be used, except for the case of the hypertriton for which the Faddeev
equations using realistic AN and NN interactions have been solved. In order to take into
account short-range effects, which have been demonstrated to be of great importance,
appropriate short-range correlations for the initial AN system as well as for the final
NN system will be considered. SU(6) symmetry and soft-meson theorems have been
used for the evaluation of the parity-violating vertices of the weak baryon-baryon-
meson interaction, as well as the pole model to obtain the parity-conserving ones. The
different models one can use by now for obtaining the weak coupling constants will
be explored, with the goal of extracting a good set of constants from the study of the
weak mechanism.

In Chapter 1, the nonmesonic decay rate of a hypernucleus, I'nym, is expressed in
terms of two-body amplitudes corresponding to the AN — NN transition. Also derived
is an expression for the asymmetry in the distribution of protons coming from the weak
decay of polarized hypernuclei.

In Chapter 2, the formalism used for obtaining the two-body decay is presented
and developed with all the realistic ingredients necessary for this study.

Chapter 3 is devoted to the discussion of the results obtained for the different shell-
model hypernuclei studied throughout this work. These results include the nonmesonic
decay rate in units of the free A decay rate, ['hy,/Ta, the intrinsic lambda asymmetry
parameter, aa, and the neutron-to-proton induced decay ratio, I',/I',. A comparison
with other calculations and experimental data is also given within this chapter.

In Chapter 4, a brief study of the decay of the hypertriton, 3 H, is made. Here, all
the nuclear structure ingredients are derived from the same baryon-baryon interaction.

To conclude this work, Chapter 5 gives an overview and an outlook of this topic
and presenting, from our point of view, the experimental and theoretical requirements

that are needed for future improvements in this field.



Chapter 1
Decay Rate and Asymmetry

In the first section of this chapter the nonmesonic decay rate of a hypernucleus, I'npy,,
is expressed in terms of two-body amplitudes corresponding to the AN—NN transition.
Following a weak coupling scheme for the A-particle to the (A — 1)-particle core and
employing the technique of coefficients of fractional parentage, the A and a nucleon
belonging to the hypernucleus are separated from the residual (A — 2)-particle system
in order to express the hypernuclear transition amplitude in terms of the two-body
tAN—NN amplitude.

In § 1.2, an expression for the asymmetry in the distribution of protons coming

from the weak decay of polarized hypernuclei is also given.

1.1 Decay Rate

Assuming the initial hypernucleus to be at rest, the nonmesonic decay rate is given by:

3k 3k 1
an=/—l/—2— Z (27r) 5(MH—ER—E1'—E2) |Mfi |2 3 (1'1)

(2m)3 J (2m)® M, {R} (2J +1)

{1}{2}
where the quantities My, Er, E; and E; are the mass of the hypernucleus, the energy
of the residual (A — 2)-particle system, and the total asymptotic energies of the emitted

nucleons, respectively. The integration variables %, and k, stand for the momenta of the
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two nucleons in the final state. Note that the momentum conserving delta function has
been used to integrate over the momentum of the residual nucleus. The sum, together
with the factor 1/(2J + 1), indicates an average over the initial hypernucleus spin
projections, M;, and a sum over all quantum numbers of the residual (A — 2)-particle
system, {R}, as well as the spin and isospin projections of the exiting nucleons, {1}
and {2}.

The nuclear transition amplitude My; =< F | M | I > can be expressed in terms
of the elementary two-body amplitudes. In order to do that, the A-particle final state,
| F >, needs to be decomposed in products of antisymmetric two-particle and residual

(A — 2)-particle wave functions
' F>=A {\Pklmsltalykstgtaz : \Pg—2} ) (12)

where R stands for the quantum numbers of the residual (A — 2) nuclear state, { R} =
{ErJrRMRTRT3R}. The operator A antisymmetrizes the nucleons belonglng to different
wave functions. When a transformation to the total momentum, P = kl + Az, and
relative momentum, k = (k1 - kz) /2, of the two outgoing nucleons is performed, the

expression for I'y, becomes:

T =/_‘££/ dskf(zn §(My — Er— Ey — Ey) | My |? (1.3)
o (27)3J (2x)3 felo ’

with My = (Ug; PE S Ms T Mr| M |y A) = (Wg; PE S Ms T Mr|Oanoonn |aA) the
amplitude for the transition from an initial hypernuclear state to a final state which
is divided into a two-nucleon state and a residual (A — 2)-particle state ¥g. The two-
nucleon state is characterized by the total momentum P, the relative momentum E,
the spin and spin projection SMg and the isospin and isospin projection TMy. In
Eq. (1.3) the sum ¥ stands for the averaged sum explained above, and OAAN_.NN is a
two-body operator acting on all possible AN pairs.

For the decomposition of the initial state we follow Ref. [RM92] and assume a
weak coupling scheme where the isoscalar A in an orbit ay = {nalpsajama} couples
only to the ground state wave function of the nuclear (A — 1)-core with total angular

momentum Je and projection Mg

| AT = Jaa)x | A1)

= Z <j,\771,\ Jc[”(y I J[]VI[) | (nAlAsA)jAmA) I JcMC T1T3I) (14)

ma A[c
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Table 1.1. Possible quantum numbers for the initial hypernucleus and the residual system
for 3 He, 1B and }2C.

Al Jr Tr Ts Jo T™ TE> Jg Jg>
5 11/2 0 0o o0 12 1/2 12 1/2
11152 0 0 3 1/2 1/2 3/2 9/2
121 12 1/2 32 0 1 0 3

Note that the A-particle has isospin equal to zero, so the values of the (A — 1)-core
isospin and its projection are the same as those of the initial hypernucleus.

The nonmesonic decay of hypernuclet, proceeding through a two-body mechanism,
requires the decomposition of the | A — 1 > core wave function into a set of states
where a nucleon in a certain orbit ay = {nnInsnjnmn} is coupled to the residual

(A — 2)-particle state via the technique of coeflicients of fractional parentage (c.f.p.)
[BG77]. The c.f.p. are defined by [CK67):

wleTee(1N) = Y (JoToad] Jn,Treto, i)
Jry TRy 0N
[Wae % (LN = 1) x g (N)eTe (1.5)

which relates the wave function for N active nucleons to the wave functions for (N-1)
nucleons. The quantum numbers refer to angular momentum J, isospin T and the
energy eigenvalue c. The subscript "0” always refers to the residual states of (N-1)
nucleons and the subscript ”as” recalls that the (N-1)-particle as well as the N-particle
states are antisymmetrized. The bracket around the wave functions on the right implies
vector coupling to form a state with total angular momentum J¢ and isospin T¢. The

expression for the hypernuclear decay rate will be given in terms of spectroscopic factors

defined by:
S(JCTCa; JRoTRoaovjN) =N- <']CTCa{| JROTRoaC’,jN)z ’ (16)

where the factor N comes in since the decoupled nucleon can be any of the N particles
in the antisymmetric initial state. Following this technique one is able to separate one
nucleon from the (A — 1)-particle core, and write the wave function in terms of the

antisymmetric wave function of the (A4 — 2) residual nucleus.
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The core wave function is then finally written as:

| JeMc TiTs,) = 3 (Je Tif| Jr Try jutw)l | Jr, Tr)x | (nnsn)in, tn)lriz,°

JrTRIN

= Y (JoTi{| JrRTr, jntn)

JrTrIN

x > > (JrRMrjnmn | JoMo)(TrTs, tnts, | TiTs,)

MR my T3R t3|

x | JRMR) | TrT3,) | (nninsn)inmn) | tnts,) (1.7)

where ¢ty = 1/2. In Table 1.1 the values of the total angular momentum (J;) and the
isospin and isospin projection (77,T3;) are shown for the different hypernuclei studied
throughout this work (3 He, }'B and }2C). Also listed is the corresponding value of the
core total angular momentum, J¢, as well as the minimum and maximum quantum
numbers of the residual system, Jg and Tg, which are obtained when an s- or p-shell
nucleon is decoupled from the core wave function.

The present work is restricted to p-shell nuclei, so only the sy/2, psj2 and py/e
orbits will be treated. For s-shell pick-up the c.f.p. can be evaluated following Ref.
[BG77]. Using Cohen and Kurath’s spectroscopic factors for p-shell pick-up [CK67]
removes the limitation to only the extreme shell-model p3;, configuration. In Ref.
[CK67] the factors for 1ps/, and 1pi/; nucleons are given separately. In this work,
the energy dependence (ag) of the spectroscopic factors will be disregarded and those
corresponding to states of the residual nucleus with the same quantum numbers will
be summed up. These sums include contributions from all the higher excited states,
however, very little strength lies in these states. The summed spectroscopic factors,
S = (A-1) (JeTi{| JrTr, jnin) , appropriate for the decay of }2C, are shown in Table
1.2.

The results of pick-up reactions are usually interpreted in the independent-particle
model which does not satisfy translational invariance. It is important to correct for the
lack of this invariance by projecting out the spurious components of the many-body
wave function. Thus, following Ref. [DI74], for p-shell pick-up one multiplies the
spectroscopic factors by A/(A — 1) while the s-shell pick-up corrections are 1/2 {2 —
(N —2)/(A —1)] for neutrons and 1/2 [2 — (Z — 2)/(A — 1)} for protons, corrections
which effectively shift some strength from the s-shell to the p-shell contribution. When

working in p-shell nuclei, one can check these correction factors by imposing:
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Z = ZoSt+(Z - Zo0)S1, (1.9)

where N (Z) is the total number of neutrons (protons), No (Zo) the number of neutrons
(protons) in the s-shell and S¢ the corrected spectroscopic factor for the i"-shell being

a =n (p) for neutrons (protons). The corrected spectroscopic factors for }>C are shown

in Table 1.2.

Table 1.2. Spectroscopic factors for s-shell and p-shell pick-up from }2C. §™ and SP stand

for the corrected spectroscopic factors for neutrons and protons, respectively.

Jp Tp S S SP
s-shell 1 0 0.37 0.319 0.300
1 1 1.125 0.956 0.900
2 0 0,625 0.531 0.500
2 1 1875 1.594 1.500
paje-shell | 0 0 0.000 0.000 0.000
0 1 0653 0.718 0.718
1 0 0.606 0.667 0.667
1 1 0.129 0.142 0.142
2 0 0.097 0.107 0.107
2 1 3.038 3.341 3.341
3 0 1.239 1.363 1.363
3 1 0.125 0.137 0.137
pije-shell | 1 0 0.312 0.343 0.343
1 1 0.104 0.115 0.115
2 0 0.246 0.271 0.271
2 1 0451 0.496 0.496

The previous considerations take the full details of hypernuclear structure into
account, within a shell-model picture, and allow us to write the hypernuclear decay
rate in terms of the two-body AN—NN amplitudes.

In general, hypernuclei with A’s in excited orbitals will rapidly decay into the ground

state through electromagnetic or strong deexcitation processes which are orders of
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magnitude faster than the weak interaction. We will therefore assume the A to decay
from the I4 = 0 state. Working in a coupled two-body spin and isospin basis, the

nonmesonic decay rate in Eq. (1.3) can be written as:
Fom=Tn+Tp, (1.10)

where T, and [, stand for the neutron- (An — nn) and proton-induced (Ap — np)
decay rate, respectively, given by:

d*P &k 1

= | — [ —=(2m)é§(Myg — Er— E, - E

L /(2#)3 /(27r)3( 8(Mn = Br— By =) 2, D

SMs JpMg TrT3p, 2Jr+1

1
X Z | (TRT3n§t3. l TITSI) !2

M;

1 1 ) ;
x |2 (TTs| 5t §t2) >~ (Gama JoMce | JiMp) Y /S (JoTr; IR TR, i ta,)
TT; maMc JN
. ) 1
x > (JaMgjinmn | JoMe) Y (inmn | lezNEmsN)
Mpgpmy minMsy
. 1
x>, {jama | lAmlAimsA)
my, Mgy
1 1 1 1 1
x Y (SoMs, | 3Man §msn> Y- (ToTs, | 373 §t3.)
$oMs, ToTs,

2
X tAN—»NN(Ss ]V[s.,T,]VIT,SQ,]VISO,TQ,T%,[A,IN,P,k) s (1.11)

with t3, = 1/2, t; = —=1/2, t; = 1/2 for the p-induced rate and t3, = —1/2, t; = —1/2,
to = —1/2 for the n-induced rate. Equation (1.11) is written in terms of the elementary
amplitude tAsn_.NN, Which accounts for the transition from an initial AN state with spin
(isospin) Sy (Tp) to a final antisymmetric NN state with spin (isospin) S (T'). The
details on how this two-body amplitude is calculated are given in the next chapter.
Note that the A has been assumed to act as a | 1/2 — 1/2) isospin state which is
coupled to the nucleon to total isospin Tp. As it will be explained in the next chapter,
this is the way to incorporate the change in isospin, AT = 1/2, induced by the weak
transition operator.

Let us briefly discuss what is meant by the AT = 1/2 rule. In the mesonic decay
of the free A (t5, = 0) into a pion (¢, = 1) and a nucleon (tx = 1/2), both values of the
total isospin, 7' = 1/2 and T' = 3/2, are possible in the final state. Denoting by I';0 the
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mesonic A — n7n? decay and by I',- the mesonic A — pr~ decay, experimentally one
observes a ratio of I',- /[0 close to 2. Using isospin coupling algebra and neglecting
the difference in mass of the final states, it is simple to show that assuming a change
in isospin of 1/2 the value of the ratio I',- /T, is 2. Note that I',- /T ;0 will involve a
ratio of two Clebsch-Gordan coefficients, ( 1/2 t3; 1 t3, | T —1/2 ), such that:

Lo L(Ah1-1(3 o3P
T R e SL N Ol
VAP
- e (1.12)
| VR |
for T = 3/2 in the final state, and
L, 1331115 -3)F
—310 3 —3)F

Lo | (1
|

;\/_E_P =2 (1.13)

for T = 1/2. Only in the second case seems the experimental prediction to be recovered.
Note, however, that the experimental decay fractions for A — pr~ and A — n7° yield
a ratio 1.8 [PRDY6], which allows for some contributions of AT = 3/2 amplitudes.

1.2  Asymmetry

When working with polarized hypernuclei one can obtain interesting information about
the decay mechanism or, for example, the magnetic moments of hypernuclei. For in-
stance, one can work with these hypernuclei in combination with coincidence measure-
ments of the decay particles and study the angular distribution of particles coming
from the nonmesonic weak decay.

The experiments carried out at Brookhaven (USA) [Sz91] and KEK (Japan) [Aj92]
have obtained experimental information on total and partial rates as well as asym-
metries of the exiting protons. The hypernuclear systems produced with either the
(K=,77) or the (xF,K*) reaction were two s-shell, 4 He and §He, and two p-shell, }2C
and }!'B, hypernuclei.

At the kinematic conditions of the (7%, K*) reaction performed at KEK the hyper-
nucleus is created with a substantial amount of polarization in the ground state. Due
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to the interference between the parity-conserving and parity-violating amplitudes, the
distribution of the emitted protons in the weak decay displays an angular asymmetry
with respect to the polarization axis. The (7%, K*) reaction produced hypernuclear
states with large spin polarization aligned preferentially along the axis normal to the
reaction plane. In particular, the KEK experiment measured the angular asymmetry
in the distribution of protons from the nonmesonic weak decay of polarized }2C and
UB.

In Fig. 1.1 a simplified picture of the (x+, K*) reaction is shown, where a polarized
47 hypernucleus is produced. This picture has been represented in the Sy frame,
where the Madison convention [BH71] has been chosen. According to this convention,
the state of spin orientation of an assembly of particles, referred to as polarization,
should be referred to a right handed coordinate system in which the positive z-axis is
directed along the direction of momentum of the incoming beam, and the positive y-
axis along Ein X Eout for the nuclear reaction from which the polarized particles emerge.
For the (7%, K*) case, in the Sy frame, the positive zy-axis is aligned along ko (beam
of incident pions) and the yy-axis is along the ke X Ky direction, perpendicular to the
(7*,K*)-plane.

A brief outline on how to calculate the angular asymmetry of the protons is pre-
sented in this section, but a more detailed calculation can be found in the Appendix
B of Ref. [RM92]. The starting point for the evaluation of the asymmetry parameter

is the intensity of the outgoing nucleons, given by:

I(x) = Tr(MpMT)

= Y <F|M|M><M|p|M><M|M'|F> (L14)
FM,M!

where v is the angle between the direction of the proton and the polarization axis, yp.
M represents the transition operator characteristic of the weak decay, F the final state,
M, the initial hypernucleus spin projection and p, the density matrix for the polarized
spin-J hypernucleus. Relating this expression with our problem, the transition matrix
element < F' | M | M, > will be a function of Elnll,EQmQ,[?RJRA/[R,JM,, where

k.m, (i = 1,2) represent each of the outgoing nucleons, the subindex R stands for the

residual nucleus and {JM,} for the initial hypernucleus.

For pure vector polarization perpendicular to the plane of the (7%, K*) reaction,
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Figure 1.1. Schematic illustration of the (#*,K*) reaction producing a polarized ﬁZ

hypernucleus.

the density matrix is given by the expression:

1 3
. - _ 1.

with S, being the J-spin operator along the yp-axis and P, the hypernuclear polar-
ization created in the production reaction. Introducing Eq. (1.15) in the expression of

I(x) one obtains:

3 Tr(MS,M*
= L (1+A), (1.16)

where Iy is the isotropic intensity for the unpolarized hypernucleus,

_ Tr(MM™T)
Iy = —z—j:_T— R (117)

and A the asymmetry, defined as:

_ 3 Tr(MS,MH)
A=b TT Trmm

(1.18)
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In Ref. [RM92] it is shown that, for pure vector polarization, the asymmetry A
follows a simple cos y dependence. First, the trace in the numerator of Eq. (1.18) needs
to be evaluated in the proton helicity frame (S) in which the transition amplitudes have
been calculated. For each direction (0, ¢) the matrix elements of the S, operator need
to be transformed using the rotation matrices that bring the Madison frame Sy to
the helicity frame S. Then, using the Wigner-Eckart theorem and the rotation matrix
properties, the trace Tr(MS,M*) can be expressed as a function of the intensity
of protons exiting along the quantization axis z (kl) for a spin projection M; of the

hypernucleus, o(M;), and the cosine of the angle x

Tr(MS,MY) =" o(M;)M; cosx . (1.19)

M,
With these ingredients, the asymmetry finally writes as:
3 Ym o(M)M;

A= b e X
= P,Apcosx, (1.20)

where the hypernuclear asymmetry parameter, characteristic of the hypernuclear weak

decay process, has been defined as:

_ 3 EM, O'(M,‘)M,'
PTJ41 Ty o(M)

At x = 0° the asymmetry in the distribution of protons is thus determined by

(1.21)

the product P,A,. In the weak coupling scheme, simple angular momentum algebra

relations relate the hypernuclear polarization to the A polarization

J
——P, if J=Jo—1
=1 J+1 2 (1.22)
P, it J=Jo+1

where J¢ is the spin of the nuclear core. It is convenient to introduce an intrinsic A

asymmetry parameter

J+1
L g, if J=Jo—1

J
Ay it J=Jo+1

ap =

(1.23)

such that P,A, = paaa, which is then characteristic of the elementary A decay process,

AN—NN, taking place in the nuclear medium.
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The asymmetry parameter can be thought in terms of an interference between the
isospin Inn = 1 parity-violating amplitude of the transition and the Iyy = 0 parity-
conserving one [BM90]. In order to understand how this interference pattern comes
about from Eq. (1.21), it is convenient to rewrite the intensity of protons o(M;) for a
spin projection M; as:

o(M;) = ZF:|(F|/\’1IJVL'>|2

= SO(Mi | MT| F)(F | M | M)

F
= (M;| MIM | ). (1.24)

Now it must be recalled that the transition operator M is composed by spin non-flip
parity-conserving terms and spin-flip parity-violating terms. Since the complete spin
structure of M is complicated, let us work out the expression of the asymmetry for a

simplified model in which M has the following schematic form:
M=f+gd i, (1.25)

acting on spin 1/2-particles and where f and g are the spin non-flip and spin-flip
amplitudes, respectively. From (1.25) it follows:

Mb=f* 4g°G.7 (1.26)

and, using standard properties of the Pauli matrices, the product MtM can be ex-

pressed as the sum of four terms:

MM =] FIP +1g P +(fg" + frg) 7. (1.27)
The sum
Z G'(m,‘) m; = Z(m, IMTM i mg) m; (128)

can be written as o(+) — o(—), where +(—) stands for the m; = +1/2(—1/2) values
of the spin-1/2 projection. The two first terms in Eq. (1.27) cancel out once the sum
is performed, and the two remaining terms contain the interference between the spin
non-flip amplitudes and the spin-flip ones

Yoom)mi = 3 (mi [MIM | mi)m;

m, my

= (fo"+f9) — (fg+ f9)(-1) = 2(fg" + fg9). (129)
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This schematic and simplified result allows us to understand why the asymmetry
is related to the interference between the parity-violating amplitudes (which contain
spin-flip terms) and the parity-conserving ones (which do not flip spin).



Chapter 2

Model for the AN—NN Transition

The aim of this chapter is to present the formalism for evaluating the two-body weak
decay AN—NN transition amplitudes in A hypernuclei. The transition potential for
the decay is a strangeness-changing potential, AS = 1, based on one-boson-exchange.
In § 2.1, this transition potential is constructed considering the exchange of up to six
mesons, the pseudoscalar w, n and K mesons and the vector p,w, and K* mesons. A
general expression for the regularized potential, containing the effect of form factors,
is also given. In order to obtain the parity-violating weak coupling constants for the
exchange of pseudoscalar mesons, § 2.2 makes use of SU(3) symmetry and soft-meson
theorems, while SU(6),, symmetry allows the extraction of the corresponding couplings
for vector mesons. The parity-conserving couplings are obtained with the help of a pole
model. Based in a shell-model framework for the hypernuclear wave function, § 2.3
presents the two-body transition amplitude, tAn—.NN, taking into account that the A-
particle can interact with nucleons in arbitrary shells. The transition matrix elements
include different ingredients, such as realistic AN short-range correlations and NN final
state interactions based on the Nijmegen baryon-baryon potential. These ingredients
are discussed in § 2.4 and § 2.5, respectively.

19
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2.1 The Meson-Exchange Potential

The transition AN—NN is assumed to proceed via the exchange of virtual mesons
belonging to the ground-state pseudoscalar and vector meson octets. As displayed in
Figs. 2.1(a) and 2.1(b), the transition amplitude involves a strong and a weak vertex,
the later being denoted by a hatched circle. For non-strange mesons the weak vertex
(where the strangeness changing takes place) is placed on the left side of the diagram

(Fig. 2.1(a)) while for the exchange of strange mesons it is placed on the right side
(Fig. 2.1(b)).

Figure 2.1. Non-strange (a) and strange (b) meson-exchange contribution to the AN—NN

weak transition potential. The weak vertex is indicated by the circle.

In order to obtain the meson-exchange potential mediating the AN—NN transition,
one should start from the free Feynman amplitude corresponding to the diagram shown

in Fig. 2.2, using pion-exchange as an example. The expression for the Feynman
diagram depicted in Fig. 2.2 is:

My = / d'z d'y U, (z) Ty U, (z) Az —y) T, (y) T2 Up(y),  (2.1)
where

To(z) = e ou(p) (2.2)
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is the free baryon field of positive energy, I'; the Dirac operator characteristic of the
baryon-baryon-meson vertex and Ap(z —y) the meson propagator, which for one pion-
exchange reads:

dq el1(z—y)
Ao —9) = / @2m)* (°)2—q*—u®’ (23)

with p being the pion mass. Using Egs. (2.2) and (2.3), performing a change to
center-of-mass (c.m.) and relative variables and integrating over the c.m., time and
energy variables, one obtains (ignoring the momentum and energy conservation delta
functions):

M) = [ r oo

X /((217_3—3 7&-(}93) Iy u(pl) (q0)2 —_

— W) T ) (24)
with ¢° = p{ — p} = p} — ps and § = p, — ps = ps — P2 being the components of
the four-momentum carried by the exchanged meson. The vertex u(p’) I u(p) comes

from the matrix element between fields ¥(z) T W(x) when only the parts of the field

corresponding to the positive energy states are considered.

| D L T,

P, P,
Figure 2.2. Illustration of the Feynman diagram for the two-body transition amplitude
Bl Bz - BgB4.

Going to the nonrelativistic limit of the vertices (and assuming ¢° = 0) gives the
nonrelativistic reduction of Eq. (2.4), M(¢') = V(q), which is the Fourier transform
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of the transition potential in coordinate space, V(7). In the next two subsections, the
expressions for the weak and the strong hamiltonians for each meson, pseudoscalar
and vector mesons separately, are given as well as the form of their corresponding
nonrelativistic potential in momentum space and in coordinate space.

One has to note that the nonrelativistic approach of the present work differs from
other previous studies [RB91,RM92] based on a relativistic formalism. It was found
that the suppression of the matrix elements due to short-range correlations was larger
by about a factor of two to what was obtained in standard nonrelativistic calculations
[0585,MG84,Du86,DF96]. In Ref. [PR94] it was shown that, if one uses the same
nonrelativistic correlation function, the relativistic and nonrelativistic schemes were
not giving the same correlated potential obtained through the standard nonrelativis-
tic reduction. In the relativistic approach, the correlation function was applied to the
Feynman amplitude before the nonrelativistic reduction was carried out, whereas in the
nonrelativistic procedure the correlation function was applied after the reduction of the
free Feynman amplitude was obtained. The difference between the two methods was
studied in Ref. [PR95], where it was shown explicitly that the relativistic framework
together with a standard nonrelativistic correlation function lead to additional contri-
butions in the correlated transition potential, which produced the larger suppression
of the decay rates reported in Refs. [RB91,RM92]. The basic ideas of the study of Ref.
[PRI5] are elaborated in § 2.4, which is devoted to the initial AN correlations. Due to
the lack of a better understanding for treating short-range correlations in a relativistic

framework, the present work uses the standard nonrelativistic formalism.

2.1.1 Pseudoscalar Mesons

While there exist many strong NN meson-exchange potentials which, through fits to
NN scattering data, provide information on the different strong NN-meson vertices,
only the AN7 vertex is known experimentally in the weak sector. In this section the
AN—NN transition potential mediated by the exchange of the 7, n and K mesons is
presented. The starting point is the expression for their corresponding strong and weak

hamiltonians. For the m-meson the weak hamiltonian is parametrized in the form:
H)\Yﬁr = 1GFm3rE)_N(A7r + Bn75)7?¢7r'¢'1\ ((1)) y (25)

where Gpm?2 = 2.21 x 1077 is the weak coupling constant. The empirical constants
A, =1.05 and B, = —7.15, adjusted to the observables of the free A decay, determine
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the strength of the parity-violating and parity-conserving amplitudes, respectively. The
nucleon, lambda and pion fields are given by ¥y, ¥ and Q—S"r, respectively, while the
isospin spurion (9) is included to enforce the empirical AT = 1/2 rule observed in the
decay of a free A. The Bjorken and Drell convention for the definition of v5 [BD64] has
been taken.

For the strong vertex, one takes the usual pseudoscalar coupling

HEINW = igNNr EN’YFJF(;FQ/)N ) (26)

which is equivalent to the pseudovector coupling when free spinors are used in the
evaluation of the transition amplitude. As it has been already commented, the non-
relativistic reduction of the free space Feynman amplitude is then associated with the
transition potential. In momentum space, one obtains:

A

B G2 q
Vo(§) = ~Gpm? A4+ —=61q7 | ——, 2.7
(1) = ~Gemz gy (A4 ) =L 1)
where ¢ is the momentum carried by the pion directed towards the strong vertex,
g = gunr the strong coupling constant for the NN# vertex, g the pion mass, M the
nucleon mass and M the average between the nucleon and A masses. The operators A

and B, which contain the isospin dependence of the potential, read:

>
|

A 77 (2.8)
B, A7 . (2.9)

ooy
|

The other mesons of the pseudoscalar octet are the isosinglet eta (n) and the isodou-

blet kaon (K). The strong and weak vertices for these mesons are

Hfmn = igunn ¥nYs0"dN (2.10)
My = iGrm2Py (Ay+ Byys)¢"da (3) (2.11)
Hawk = 1gawk Pnvs 659a (2.12)
Hywe = 1Grm? [y (2) (CE + CEo%5) (6%)tyn

+¥ntn (D + D) (%) (9)] (2.13)

where the weak coupling constants cannot be taken directly from experiment. In the
present work one adopts the approach of Refs. [DF96,To82], presented in § 2.2. The

values of the coupling constants corresponding to the strong and weak sectors are listed
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p n n
K K K
------ 2 g -2y
p P n
DY + Dy Vs CR + C ¥s DY+ G+ (DRC+ Ci) Vs

Figure 2.3. K-meson weak vertices for ppK° (a), piK™* (b), and niK® (c).

in Table 2.2 of § 2.2. The particular structure of the K weak couplings corresponds to
the vertices shown in Fig. 2.3.

The corresponding nonrelativistic potentials for the exchange of these mesons in the
AN—NN transition are analogous to Eq. (2.7) but making the following replacements:

g — gNNT} (2.14)
o= my (2.15)
A o A4, (2.16)
B — B, (2.17)
in the case of n-exchange, and
g — Oanx (2.18)
oo mg (2.19)
R CPV CPV M
A - (—§—+D§;V+ ;ﬁ%é)ﬁ (2.20)
R CPC CPC_’ .

in the case of K-exchange, where the factor M/M corrects for the fact that the non-
relativistic reduction of the strong ANK vertex gives a factor 1/M instead of 1/M (in
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contrast to the = and 7 cases where the strong vertex involves two nucleons). Perform-
ing a Fourier transform of the general expression given in Eq. (2.7) and introducing
the tensor operator S12(7) = 38, 7d, T — 0 dq, it is easy to obtain the corresponding
transition potential in coordinate space, which can be divided into central, tensor and

parity-violating pieces. The explicit expressions are given in the next section.

2.1.2 YVector Mesons

In recent years, a number of theoretical studies have investigated the contribution of
the p-meson to the AN—NN process [MG84,Na88,TT85). The weak ANp and strong
NNp vertices are given by [MG84]:

- . o-ﬂ‘u 14 — =
'Hmp = GFm?r YN (ap'yu - ﬂpl"é"M_g— + 5/:'7”'75) T Pu A (?) (2-22)
— R W
HI%Np = ¥y (g;I,Np’y“ +1 ;X;U” q,,) TPu¥N , (2.23)

respectively, where the four-momentum transfer ¢ is directed towards the strong vertex.
The values of the strong and weak coupling constants are given in Table 2.2 of § 2.2.

The nonrelativistic reduction of the Feynman amplitude gives the following p-meson
transition potential:

L . (64 B)(F + F
‘/p(q) = G’}:‘TTL?r (Fla—(a+§3\(4—ﬁ+ 2)

E(F+F), .\ 1
_— .24
+l 2M (01 X 02 )q q‘g + #2 b} (2 )

(61 x )02 xq)

with g = m,, Fy = gyy,, F2 = gy, and the operators &, B and &, defined by:

a = G, FIFQ (225)
B = B, "% (2.26)
€ = €, A%, (2.27)

contain the isospin structure. Using the relation (&1 x ¢)(62 x §) = (6172) 72 —
(61q)(F2q) and performing a Fourier transform of V,(¢, ), one obtains the correspond-
ing transition potential in coordinate space, which, as in the m-exchange case, can
be divided into central, tensor and parity-violating pieces. Furthermore, the p-meson

central potential can be further decomposed into a spin-independent (due to the Fi&
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term) and a spin-dependent part [PR96]. Due to the different models employed for
the weak ANp-vertex [MG84,Na88,TT85], different calculations have yielded widely
varying results. However, all studies until now have only included the tensor piece of
the parity-conserving p-exchange term motivated, in part, by the observation that this
is the most important contribution to the 7-exchange potential. In Ref. [PR96] it has
been demonstrated that the central piece of the p-exchange is in fact larger than its
tensor interaction, an observation that can be traced to the fact that the p-exchange
diagram has a much shorter range than the m-exchange potential. In view of a number
of theoretical efforts that increase the complexity of the AN—NN reaction mechanism
by calculating correlated 27-exchange, through the coupling to o and p mesons [[U95)
or via strange AN— XN mixing [Sh94], it is important to explicitly keep all pieces of
the potential for the vector mesons first.

The other vector mesons considered in this work are the isoscalar w and the isodou-

blet K*, for which the weak and strong vertices can be written as:

'Hfmw = #’N (gNNw7 + lg2N;; o™ > ¢:¢’N (2.28)
— o™, Y

Hyw = Grmliy (aw“ - ﬂwlﬁ}—]— + sw“%) Puba (‘1’) (2.29)

HANK' = z/’N <9ANK‘7 + lgé\;;{[ VQV) ¢E‘¢A (2.30)

He = Grm? (| Pcvsz()(qu‘) Yo + DEE ey um (651 (9)]
+ [emm e () 00 (08 4 D) T () ()]
+ [ TN ( ) (85 ) 759N + DRl ony vson (85 )! ((1) ] ) . (2.31)

Note that the K* weak vertex has the same structure as the K one, the only difference
being the parity-conserving contribution which has two terms, related to the vector
and tensor couplings. The nonrelativistic potential can be obtained from the general

expression given in Eq. (2.24) making the following replacements:

po— m, (2.32)
o= g (2.33)
Fy = gue (2.34)
& = a (2.35)
B - B (2.36)
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E — &, (2.37)
in the case of w-exchange, and
g Mmge (2.38)
Fi — gl (2.39)
F, — gk (2.40)
P?,V CP.C,V
& — K2 + DoV + ——"2——%'1 2 (2.41)
PC,T PC,T
:8 — K2. + ;E'T + K2 ’Fl —'2 (2 42)
CE! v\ M
£ — (—%--i—DEY—{— ; 1 2)77 (2.43)

for the exchange of a K*-meson.

2.1.3 General Form of the Potential

The Fourier transform of the general Egs. (2.7) and (2.24) leads to a potential in

configuration space which can be cast into the form:
V(E) = VO = X Vi) 0a 1P

= Y [EMIE + V(e 7, IQ + Vi (r)Suu(R) I+

i

+ (G, -+ (1= n)) [ x &) 7) VR (2.44)

where the index 7 runs over the different mesons exchanged (¢ = 1,...,6 represents
7, p,K,K*,n,w) and « over the different spin operators denoted by C (central spin-
independent), SS (central spin-dependent), T (tensor) and PV (parity-violating). In
the above expression, particle 1 refers to the A and n' = 1(0) for pseudoscalar (vector)
mesons. In the case of isovector mesons (, p) the isospin factor, fc(,f), is 7; T2 and for
isoscalar mesons (n,w) this factor is just 1 for all spin structure pieces of the potential.
In the case of isodoublet mesons (K,K*) there are contributions proportional to 1 and
to 71 7 that depend on the coupling constants and, therefore, on the spin structure
piece of the potential denoted by a. For K-exchange one has:

i =0 (2.45)
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Table 2.1. Constants appearing in the weak transition potential for the different mesons.

mo K K§) Ky Kp)
B, gNer B, gnnr Innr
0 — A,
" oM 2M 9 2M oM
7 0 Bn gmm Bn gNNn A gnnny
oM 2M oM oM oM
K 0 _]-_gANK _LgANK gank
2M 2M oM oM 2M
P @ Zap + 6, QXNp + gr:JFNp _ 9 + ﬁp g;:,Np + gng —e gl‘éNp + gng
NweTe oM 2M oM 2M 7 oM
w g 201“, iﬁw N Y +__/3w Innw T ggNw e gt\";Nw + Gunw
NNw T oM 2M oM 2M YoM
K*  g¥. 9 1 gk i'_g;fNK‘ . 1 gk '_l"_gz‘ux‘ __gXNK' + Jane
ANK 2M 2M 2M 2M 2M
cre Cre
I = I ==+ D+ -7 7y (2.46)
cr crY
) = 2 +Dy+ T (2.47)

and for K*-exchange:

[ pc v PCV

Ié ) = 2 + DSV + -}2—7—"1 72 (2.48)

. N PC,V Cpc'r PCV | (PCT

]ég) — 1%6) - ( ';' ) + (Dpcv + DPCT) + ( ; K )7-:1 7 (2.49)
2 Cev o .

i© = -5'" + DY+ TKTI 7 (2.50)

The different pieces V!, with a=C,SS,T,PV, are given by:

T

! » e {1
VOr) = K&~ — = KE Ve(r ) (2.51)
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1 i1 1 rit
V6) = kY [0 - 60| = Kstrn) (2.52)

1 e 3 3
V(l) — I'(l) 2 1 = (1) , .
T (7') T 3 iu’t 47TT + 'utr + (#’T)Q ‘[‘T VT(r’:u’ ) (2 53)
. Loy o enT 1 e
V() = K& g Irr (1 + ;:7‘) = K3 Vev(r, p.) (2.54)

where p, denotes the mass of the different mesons. The expressions for K, which
contain factors and coupling constants, are given in Table 2.1 (omitting the Gpm?
factor). A monopole form factor F,(§?) = (A? — p2)/(A? + ¢?) is used at each vertex,
where the value of the cut-off, A,, depends on the meson. The values of the Jiilich
YN interaction [HH89], displayed in Table 2.2 of the next section, have been chosen
for the cut-off’s since the Nijmegen model distinguishes form factors only in terms of
the transition channel. The use of form factors leads to the following regularization for

each meson:

A2 —pl2e M 2
Vo(rim) = Vo(rim) = Ve(r ) - A—— £ . (1 - --;) (2.55)
AZ—p2eMr 2
Ves(rim) — Vas(rim) = Vas(ri ) = A =52 (1225 (2.56)
A2 —pler 1
Va(rim) = Va(rim) = Va(sh) - A=A (14 =) @an)
A12 - ,u12 e-—l\.r
Vev(rim) — Vev(rim) = Wev(riA) - —————, (2.58)

where V,(r; A,) has the same structure as V,(r; i), defined in Eqs. (2.51)-(2.54), but
replacing the meson mass, y,, by the corresponding cut-off mass, A,.

2.2 The Weak Coupling Constants

The starting point for describing the weak decay of strange particles has been the
fundamental Cabbibo Hamiltonian based on the Current ® Current assumption

H= % [ 21 (@)i(z) +he., (2.59)
with

Jo(z) = G6(5’3)701(1 -75)¥P,.(z) + -‘fu(m)'ya(l - 75)\I’V}A($)
+ T(x)va(l — 7vs) (d(z) cosOc + s(z)sinbc) , (2.60)
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where 0c is the Cabbibo angle and Gr the weak coupling constant. As it is well
known, terms proportional to cosf¢ describe, for instance, the neutron §-decay while
the contributions proportional to sinfc lead to the semileptonic decay of hyperons
and kaons. The AS = 1 nonleptonic decays are governed by terms proportional to
sin fc cos O¢c which consist of products of a current between u and d quarks (AT = 1)
and a current betwen u and s quarks (AT = 1/2). Thus, since terms in sin 8¢ cos ¢
describe transitions with AT = 1/2 and 3/2 with equal probability, the empirical AT =
1/2 rule indicates the presence of some dynamical effect related to QCD corrections
that enhances the AT = 1/2 components of the Hamiltonian.

In order to obtain hadronic weak matrix elements of the kind (MB'|H,,|B), where M
can stand for pseudoscalar or vector mesons and B for baryons, it has been convenient
to express the effective weak Hamiltonian in terms of the SU(6),, symmetry that unites
them.

The AS = 1 weak nonleptonic Hamiltonian can be written in SU(3) tensor notation:

H, = 2% cos fc sin 0 {72, J41) + h.c. (2.61)

where Ji; = (V, — A,)} is the weak hadronic current with SU(3) indices 7 and j. As
shown in Ref. [DF96,T082,Ba67] the weak vector and axial currents can be expressed
in terms of SU(6), currents. Since the Hamiltonian is the product of two currents,

each belonging to the 35 representation, one can expand

35®35 =1, D 35, § 189, ® 405, b 35, H 280, B 280, , (2.62)

which allows extraction of the parity-violating (PV) and parity-conserving (PC) pieces
of the Hamiltonian:

Hec 1 1, ® 355 @ 189, & 405, (2.63)

Hyy : 35, @ 280, & 280, . (2.64)

Each of the possible ways of coupling baryons to mesons within the SU(6),, symmetry
introduces a reduced matrix element that can either be fitted to experimental data or

calculated microscopically from quark models. Below, the PV and PC amplitudes are

discussed separately.
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2.2.1 The Parity-Violating Amplitudes

The traditional approximation employed to obtain the PV amplitudes for the nonlep-

tonic decays B — B’ + M has been the use of the soft-meson reduction theorem:
X , 7 z
lim(B'M, ()| Hp[B) = —(B|[F¥, Ho|[B) = ——-(B|[F, Hidl[B) . (2:69)

where q is the momentum of the meson and F, is an SU(3) generator whose action on
a baryon B, gives:

FiB;) = 1fuk[Bk) - (2.66)

Since the weak Hamiltonian H,, is assumed to transform like the sixth component of

an octet, a term like (Bi|HS|B,) can be expressed as:
(BulHE[B,) = i foye + Ddsye (2.67)

where f;,x and d,,; are the SU(3) coefficients and F and D 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 hyperon, B — B’ + x, with the unphysical amplitudes of the other

pseudoscalar members of the meson octet, the kaon and the eta. One obtains relations
such as [To82}:

3 1
(nKoalv|n) = \/;A(l—-\/—izg (268)

(pPK°|Hpulp) = —V2E¢ (2.69)

3., 1
fEA_ + -—\/—523" (2.70)
(ny|Hy|A) = \/EAE, (2.71)

(nK¥|Hyy[p)

where EY stands for (pr®|H,|Xt), the PV amplitude of the decay ©+ — pn°, which
is experimentally accessible. In all these expressions the standard notation has been
used, according to which the hyperon and meson charges appear as superscript and
subscript, respectively. As an example of how to use these techniques, the Appendix
B shows the explicit calculation of the parity-violating (nK*|H,,|p) amplitude. Using
the isospin structure of the potential defined in the previous section, the (NK|Hp, |N)
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matrix elements are connected to the coupling constants Ci¥ and D' of Eq. (2.13)

via the following identities:

(nK°|Hpy|n) = CE¥+ DY (2.72)
(pK°|Hpv|p) = D (2.73)
(nK*|Hplp) = OV (2.74)

As shown above, the symmetry of SU(3) allows connecting the amplitudes of the physi-
cal pionic decays with those of the unphysical decays involving etas and kaons. SU(6).,
on the other hand, furthermore permits relating the amplitudes involving pseudoscalar
mesons with those of the vector mesons. Refs. [DF96,To82] give more details of the
calculation, here just the final relations in terms of the coupling constants given in the

previous section, rather than matrix elements, are shown,

1

A = —A° 2.75
7 (2.75)
3 0
4, = 450 (2.76)
3 1
CrV = A0 + — 2.77
K \/‘2— ( )
DY = \/5 (2.78)
>
A, = e =2A2 —72+ + V3ar (2.79)
1
Ay, = e,=%¥ - —ar (2.80)
3
CrY = —\/§A2+§zg+l39aT (2.81)
2 8
D;Y = —§Eg+§aT. (282)

The numerical values of the constants are given in Table 2.2. Note, that an additional
parameter, ar, is present in the coupling constants for the vector mesons. This cou-
pling, which is very small in the case of pion emission due to PCAC, can be calculated
in the factorization approximation, where the vector meson is coupled to the vacuum

by one of the weak currents. The numerical value is ar = —0.953 x 1077 taken from
Ref. [To82].
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2.2.2 The Parity-Conserving Amplitudes

A description of the physical nonleptonic decay amplitudes B — B’ + 7 can also
be performed by using a lowest-order chiral analysis. Employing a chiral lagrangian
truncated at lowest order in the energy expansion for the PV (or s-wave) amplitudes,
yields results identical to those discussed above for pseudoscalar mesons. However if
one defines the lowest-order chiral lagrangian for PC (or p-wave) amplitudes, one finds
that such an operator has to vanish since it has the wrong transformation properties
under CP. Thus, the only allowed chiral lagrangian at lowest order can generate PV
but not PC terms.

The standard method to compute the PC amplitudes is the so-called pole model.
As shown in Ref. [Do86], this approach can be motivated by considering the transition

amplitude for the nonleptonic emission of a meson
(BM.()|HulB) = [ dac™0(a)(B|[9A{x), Hu(0))B) . (2:83)
Inserting a complete set of intermediate states, {|n)}, one can show that
(BM()|HulB) = = [ @™ (B|[A%(z,0), HuO]|B) — o.M, (280)

where

M:t — (QW)SZ [5(@1 _ ﬁB’ _ q') (B,IA:‘(O)Ln>_(n|(;Hw(O)|B)
n PB — Pn

L L (B'|Hu(0)n)(n]A%(0)|B
o o0 — B LA O)R)
PB— ¢ — Py

(2.85)

While the first term in Eq. (2.84) becomes the commutator introduced in Eq.

1
2

are singular in the SU(3) soft-meson limit. These pole terms become the leading

(2.65), the second term contains contributions from the * ground state baryons which
contribution to the PC amplitudes. Note in passing that in principle, such baryon-pole
terms can also contribute to the PV amplitudes, however, more detailed studies {Do86]
showed that their magnitude is only several per cent of the leading current algebra
contribution.

The first step is to compute the p-wave amplitude of the A —N7 decay since here
one can compare with experiment. The contribution to the PC weak vertex coming
from the baryon-pole diagrams shown in Figs. 2.4(a) and (b) are given by:

1 1
B1r = gNNrr_‘—ANA + gA):r'—_ANE ’ (2'86)
ma — MmN mN — Mgz
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Table 2.2. Nijmegen [NR77] (Jilich [HH89]) strong coupling constants, weak coupling
constants [DF96] and cut-off parameters for the different mesons. The weak couplings are
in units of Gpm,? = 2.21 x 10~7. For the kaon and the p-meson we also quote the weak
couplings obtained by Ref. [SS96] and Ref. [Na88], respectively.

Meson Strong c.c. Weak c.c. A;
pPC PV (GeV)
T gnnr = 13.3 B,=-7.15 A.=1.05 1.30
gazr = 12.0(9.8)
n gnng = 6.40(0.) B,=-143 A,=1.80 1.30
garn = —6.56(0.)
K gank = —14.1(—13.5) CE¢=-18.9 CPV=0.76 1.20
=—14.0 [SS96] =0.40 [SS96]
guzx = 4.28(3.55) Dr°=6.63 DrV=2.09
=3.20 [SS96] =1.50 [SS96]
p Inn, = 3.16(3.25) a,=—3.50 €,=1.09 1.40
=-3.39 [Na88] =3.84 [Na88]
g%, = 13.3(19.8) B,=—6.11
=—7.11 [Na88]
iz = 0(0)
grz, = 11.2(16.0)
w Iune = 10.5(15.9) o,=—3.69 €,= —1.33 1.50
Janw = 3.22(0) B.=-8.04

gV, = 7.11(10.6)
g%, = —4.04(—9.91)

K*  gVuee = —5.47(=5.63) CISV=-3.61 PY=—4.48 2.20
Ghwe = —11.9(=18.4) CEST=—17.9
Qe = —3.16(—=3.25) DESV=—4.89 DY =0.60
9T = 6.00(7.87) PST=9.30

where Anxa and Any are weak baryon — baryon transition amplitudes that can be
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related to the process A — Nm and ¥ — N=. These quantities can be determined via
current algebra/PCAC as before

) —1 i

ggig(foanple) = = (n|[F%, HyoJ|A) = oF, (n|Hpc|A) (2.87)
) —1i 1
(1;1_{% (Wolepvm+) = E (PHFSO’HPV”EH = oF. (pIHpc!E+> . (2.88)

Then assuming no momentum dependence for the baryon s-wave decay amplitude and
absorbing the i factor in the definitions of Axa and Ang, one gets:

Ana = i{n|Hye|A) = 2F, (7% Hpy|A) = —V2F, (17 p|Hyy|A) (2.89)
= —4.32 x 107° MeV

s = SolplHuelS*) = VERL(=plH 2)
= —4.35 x 1075 MeV. (2.90)

With these values, obtained from the physical A — p 7~ and X* —p 7° parity-
violating amplitudes, and using the Nijmegen strong coupling constants gunr and gazs
listed in Table 2.2, we derive B, = —11.98 x 10~7, which is within 24% of the exper-
imental value (B&P = —7.15 x Gpm? = —15.80 x 10~7). If one chooses the Jilich
B strong couplings rather than the Nijmegen ones, also listed in Table 2.2, the new
value for B, is —15.74 x 10~7, closer to the experimental one. In the calculations, the
experimental value has been used.

In view of this result, it seems reasonable to take the Jilich B strong coupling
constants to work out the weak PC couplings for the other mesons contributing to
the decay mechanism. However, no arguments of the same kind as for the pion can
be made for the five mesons left. There are no experimental values of the couplings
to compare the predicted constants obtained within this model. Furthermore, taking
into account the breaking of the SU(3) symmetry leads already to an uncertainty in
the value of the strong constants of at least 30%. As a consequence, our results will
implicitly carry the effect of such uncertainty. In § 3 results using the Nijmegen set of
constants as well as the Jilich one in the strong sector will be given.

For the n contribution the PC AN#n term, shown in Figs. 2.4(c) and (d), can be
written as:

1 1
B, = gnyn——Ana + gAAna“"_‘_"'ANA , (2.91)

mpA — N mA
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Figure 2.4. Baryon-pole diagrams contributing to the PC weak vertices in the AN—NN

transition amplitude.

while for the kaon (Figs. 2.4(e) and (f)), the expressions are:

1 1
(nK+IHPC|p> = CI}ZC = fJapkt mAnA + Gpsox+ ;n—:——oAngo

n— My



§2.2 The Weak Coupling Constants 37

1 1
= gank————ANA — gnsx——Ans (2.92)
MmN — Mp myN — my
1
(PKOIHpcIP> = Dic = ng+KomAPZ+
1
= 2¢npx——Ang (2.93)
mN — ms

where the relations A,z0 = —Ans and Apg+ = V2Ans have been used.

The expressions for the vector mesons are similar:

Qp = gb\;NpmANA + gxsp;;_i—m;ANE (2.94)
ay, = g;«/xu"“—‘l—'—ANA + gXAu,'_"'l—“"'ANA (2.95)
mA — MN MmN — MA
ke = G ”‘_L“—ANA — Gyoke __L—ANE (2.96)
MmN — My mN — ms
DS = 2l ——— L — Az, (2.97)

and the tensor coupling constants 3,, 8., Cie'" and DS are obtained from the pre-

vious relations by replacing the strong vector couplings with the tensor ones. The
numerical values of all these coupling constants can be found in Table 2.2.

N N

Figure 2.5. Meson-pole diagram contributing to the AN—NN transition amplitude.
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Some studies have included meson-pole diagrams of the form shown in Fig. 2.5

whose contribution would be given by:

1
gANK_—_—m% g Agr (2.98)

where the meson — meson weak transition amplitude Ay, can also be related via PCAC
to the experimental amplitude for K— 77 decay, yielding Ax, = —2.5 x 1072 MeV?
[Do86). There is considerable uncertainty regarding the phase between the meson
and the baryon poles which lead some studies to adjust it to better reproduce the
data. It has been argued [Do86] that the presence of these meson-pole diagrams is
important to fulfil the requirements of the so-called Feinberg-Kabir-Weinberg theorem
in the nonleptonic decays. On the other hand, counting powers of energy in a chiral
analysis, one finds that while the baryon-pole terms are of order ¢! the meson poles
enter at next order, along with higher-order chiral lagrangians. In general, it has been
found that these contributions are very small and have therefore been neglected in the
following. In principle, SU(6),, can be used as well to relate the weak meson — meson
pseudoscalar transition amplitudes with those of the vector mesons. The results, given

here for completeness, are:

1

Agn = —-%Am (2.99)

Akep = HAkr (2.100)
1

AK'w = '—-%‘AKW' (2.101)

2.3 Two-Body Amplitudes

In this section the elementary two-body transition amplitude ta\n_.nn Which describes
the one-nucleon induced decay of the A-particle in hypernuclei, will be derived. This
amplitude contains the dynamics of the weak decay process, as it is shown in Eq. (1.11).
In the first place, it is necessary to rewrite the product of two single-particle wave func-
tions, (1 | aa) and (2 | an), in terms of relative, 7, and center-of-mass coordinates,
R. Viathe Moshinsky brackets [Mo59] one may connect the wave functions for two par-
ticles in a common harmonic oscillator potential with the wave functions given in terms
of the relative and center-of-mass coordinates of the two particles. In the present work,

the single-particle A and N orbits are taken to be solutions of harmonic oscillator mean
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field potentials with parameters by and by, respectively, that have been adjusted to ex-
perimental separation energies and charge form factor of the hypernucleus under study.
Assuming an average size parameter b = (by +bn)/2 and working in the LS representa-
tion, the product of the two harmonic oscillator single-particle states, ®3, (7 /b) and
®N,,. /(2 /b), can be transformed to a linear combination of products of relative and
center-of-mass wave functions, ‘I)RtliL,ML (7 /\/2b) and (I)NRLRML (R/(b/\/i)), respec-
tively. Since the A is in a {4 = 0 shell, one obtains:

7 T T R
Do ( b1> (I’Il\loo ( ;) = (I)li%lo (“\/'%) (I)fé\g (b/_—ﬂ) ) (2.102)

when the nucleon is in the s-shell and

T 7
q)i\oo (_bi) (bll\llm (f) =

e ) ) o

when the nucleon is in the p-shell. With this decomposition, the amplitude tAn—.nn of
Eq. (1.11) can be written in terms of amplitudes which depend on C.M. and relative

orbital angular momentum quantum numbers
tan-nN = 9. X(N.LNrLp,Ialn) tARCNSE"" (2.104)
N:LrNgLg

where X (N,L.NgrLg,lsly) are the Moshinsky brackets which for {y=IN=0 are just
X(1010,00)=1,andforly=1are X(1011,01)=1/v/2and X(1110,01)=
-1/V2.

As for the final NN state, the antisymmetric state of two independently moving

nucleons with total momentum P and relative momentum E reads:
= _, - = ]_ 80 o7 - o
(Ri|PESMsT M) = 75@” (€7 — (—=1)%+Te*7) xS Xty - (2.105)

In order to incorporate the effects of the NN interaction the plane wave describing the
relative NN motion needs to be substituted by a distorted wave

eFF 5 WL(7) . (2.106)

In § 2.5 it is shown how the distorted wave is obtained via the solution of an R-matrix
scattering problem.
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The matrix elements tf&ﬁlﬁ\?l’“ (Eq. 2.104) are given by:

L P Rg (= . R
EARERETR = 7§/d3R/d3re PRG: (7 )i xiT V(7)) o, (3—/7‘2_)

el 3
QKI'VTLT (\/_b) XMSOXT3O

X
= (enprgem (B0 2.107
- ( 7I') NgrLg 75 trel y ( . )
with .
trel = /d3r\11 XMSXT3 V( )‘I’ﬁiLr (\/—b) XMSOXT;,O ) (2-108)

where, for simplicity, only the direct amplitude corresponding to the first term of Eq.
(2.105) is shown. The exchange term of the AN—NN diagram can be evaluated easily

once one performs an expansion of the exponentials appearing in Eq. (2.105)

¢F = ST amit ji(kr) Yiag, (R) Yo, (7) (2.109)
LM,
e ® 7 = N amil jp(kr) YgML(—ic) Yim, (7)
LM,
= 3 (~1)Mmi ke Yiag (B) Yoar, (7) - (2.110)
LM,

This exchange contribution can be then easily incorporated via the correct insertion of

the factor (—1)E*5+T in Eq. (2.105) once the expansions have been made.

. b \. :
The function (I)%RLR Pﬁ is the Fourier transform of the AN center-of-mass wave

function and t, is the expectation value of the transition potential V(') between AN
and NN relative wave functions. The potential V() has the form shown in § 2.1 where

it has been decomposed as:
V(i) =SS v o, I9 (2.111)

where the index ¢ runs over the different mesons exchanged and « over the different spin
operators, O, € (i, & &,, S12(f) = 3, 7 027 — &y G2, G2 T, [01 X F2]T), which occur in
the potential V(7). The isospin operator, jéi), depends on the meson and can be either
1 for isoscalar mesons (1, w), 7; 7 for isovector mesons (m, p) or a linear combination

of 1 and 7 7, with the coefficients depending on the particular spin structure piece
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of the potential, for isodoublet mesons (K, K*). The radial parts V.{)(r), have been
discussed in § 2.1.3, are given by Eqs. (2.55) - (2.58).

By performing a partial-wave expansion of the final two-nucleon wave function and
working in the (LS)J-coupling scheme, the relative AN—NN amplitude, ¢, can be

further decomposed

1 L )
ta = 5 T dwiY (LMpSMslIM) Vi, ()

o LL'J

(L. My, SoMs,|JMy) (L'S)IM; | Oq | (L. So)J My)
(TTs | 1) | ToTs,) /rzdr U3, (keyr) VIO (r) @5,

r

753)’ (

where ®%!; (r/(v/2b)) stands for the radial piece of the H.O. wave function. The
explicit expressions for ((L'S)JMy | Oa | (L-So)J M), the expectation values of the

spin-space pieces, can be found in Appendix A.

2.112)

The function ¥ 7, (k,,r) is the scattering solution of two nucleons moving under the
influence of the strong interaction, for which the updated version of the Reid soft-core
potential [Re68], given in Ref. [SK94], and the Nijmegen [SK94] NN potential have
been taken. Such a wave function is obtained by solving an R-matrix equation (see §
2.5) in momentum space and using partial-wave decomposition, following the method
described in Ref. [HT70]. The tensor component of the NN interaction couples relative
orbital states (L and L') having the same parity and total angular momentum as, for
instance, the 3S; and 3D, channels. Therefore, starting from an initial L, orbital
momentum, the weak transition potential produces a transition to a L’ value, which
mixes, through the subsequent action of the strong interaction, with another value of
orbital angular momentum, L. In Table 2.3 one can find all the possible final states
starting from initial AN states having either L, = 0 or 1 and for the central (AS =0,
AL = 0), tensor (AS = 2, AL = 2) and parity-violating (AS =1, AL = 1) pieces
in which the transition potential can be decomposed. In the absence of final state
interactions (FSI), the NN wave function in Eq. (2.112) would reduce to a spherical

Bessel function

Upps(keyr) = br0e jilker) - (2.113)

Note that the procedure followed here to include FSI between the two emitted nucleons
differs from the simplified choice taken in our previous works [PR96,BP95], where

the non-interacting NN pair, represented by a Bessel function in the final state, was
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multiplied by an average NN correlation function

fF‘SI(r) =1- jo(qc’l“), (2.114)

with g. = 3.93 fm~!, which provides a good description of nucleon pairs in *He [We77]
as calculated with the Reid soft-core interaction [Re68].

2.4 Initial State Correlations

When evaluating the matrix elements of the AN—NN transition in nuclei one must
take into account that, simultaneously with the weak exchange of the meson, there
exists the strong interaction between nucleons or between the A and the N. The short-
range nuclear forces generate short-range correlations (SRC) which must be taken into
account. As it has been already mentioned, the momentum carried by the exchanged
meson in the nonmesonic weak decay of a A in a hypernucleus is of the order of
400 MeV/c. This leads to a short-range process, thus the influence of short-range
correlations between the interacting AN pair in the decay is of great relevance.

To account for the AN correlations which are absent in the independent-particle
model, we replace the harmonic oscillator AN wave function, ®%'; (r/(v/2b)), by a
correlated AN wave function that contains the effect of the strong AN interaction. Such
wave functions were obtained from a microscopic finite-nucleus G-matrix calculation
[Ha93] using the soft-core and hard-core Nijmegen models [NR77]. As it will be shown
below, multiplying the uncorrelated harmonic oscillator AN wave function with the

spin-independent correlation function
f(r) = (1 - e_’2/“2)n + brle e (2.115)

with ¢ = 0.5, b = 0.25, ¢ = 1.28, n = 2, yields decay rates slightly larger than those
obtained with the numerical Nijmegen soft-core correlations but slightly smaller than
those computed with the Nijmegen hard-core potential. Since the deviations are at
most 10% the above parametrization can be used as a good approximation to the full
correlation function.

One of the open problems in the study of the weak decay of hypernuclei in the
early 90’s was to reconcile the differences for the effect of correlations found by the

nonrelativistic and relativistic approaches. The nonrelativistic calculations performed
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Table 2.3. Possible 25t1L; channels present in the weak decay of p-shell hypernuclei.

L,  Weak decay channel L Strong FSI L
(AN) (NN) (NN)
Central
15, - 15, R 15,
38 — 35, - 351, 3Dy
1Py - ‘P - ‘P
3Py — *P — 3Py
*P — °P — P
*P, - *P - 3P2, SFy
Tensor
351 - 3Dy - 3D1, 35
3Po — 3Po — 3Po
P - 3Py - ’P
3p, R 3p, 3R, - 3p, 3R,
P.V.

15 —_ 3P, — 3Py
351 — p — 1P
351 hd 3Pl - 3P1
) — 38, 3Dy — 361, 3D,
3P0 — 1S'o — 150
3p, - 36,, 3D, R 38, 3D,
°P, - 'D, - 'D,
3P2 - 3D2 — 3D2

in nuclear matter in the past [MG84,0585, Du86] showed a reduction of the non-
mesonic rate by a factor of up to 2 once these correlations were taken into account. In

finite nuclei calculations using the Local Density Approximation [0S85], where there

are regions with smaller density than the normal nuclear matter density, the reduction
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is smaller, of the order of 30% for a nucleus like }2C. On the other hand, a relativistic
calculation performed in }*C [RB91,RM92] found twice as much reduction when in-
cluding a similar correlation function. One may expect the discrepancy between both
calculations to come from the new ingredients considered in Refs. [RB91,RM92], as the
relativistic formalism based on Dirac phenomenology or the consideration of a finite

system rather than nuclear matter.

In Ref. [PR94] there is a first attempt to explain the origin of the discrepancy,
including a detailed analysis of the influence of SRC in the nonmesonic decay of
A-hypernuclei, considering different correlation functions for the initial AN system
and comparing their effect in both models, the relativistic and the nonrelativistic
one. The study focused on s-shell nucleons of }2C. The correlated wave functions
were obtained in r-space by solving the AX coupled channel Bethe-Goldstone equation
[Ha93]. There, solutions of the hard-core model D and the soft-core Nijmegen inter-
actions [NR77] were used. In Fig. 2.6, the correlation function, defined as the ratio
frss(r) = Yrss(r)/®rss(r) between the correlated and the uncorrelated wave func-
tion, is plotted for the hard-core and soft-core potentials respectively. In this figure
the spin-independent parametrization given in Eq. (2.115) is also plotted and it is the
same function used in Ref. [RM92]. Looking at these plots one can see the "hole”
present in the wave function produced by the strong repulsion of the hyperon-nucleon

force at short distances, preventing the A and the N from being close.

The results obtained in Ref. [PR94] are summarized in Tables 2.4 and 2.5. Table 2.4
shows the contribution to the nonmesonic rate, divided between the parity-conserving
(PC), parity-violating (PV) and total rates (Total), of the s-shell nucleons in }*C for
the different correlations quoted above. The harmonic oscillator size parameters taken
for the nucleon and the A-particle are by = 1.64 fm and by = 1.87 fm, respectively.
The first column in the table gives the uncorrelated rate (FREE), the second column
represents the rate obtained when the hard-core interaction is used to obtain the cor-
related AN wave function (HARD), the third one represents the same calculation but
using the soft-core interaction (SOFT) and the last one stands for the correlated rate
when the correlation function of Eq. (2.115) is used (f(r)). In this s-shell study, the
reduction factor on the rate due to the inclusion of short-range correlations, varies
from 1.3 to 1.5. The results are consistent with the other nonrelativistic approaches
[MG84,0585,Du86] (which give a reduction factor close to 2), where the slightly larger

reduction is due to the use of a NN correlation function which has a somewhat larger
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Figure 2.6. Correlation function for the AN channel 1S (full line) and 35, (dashed line)
in the case of the hard-core D (a) and the soft-core (b) Nijmegen potential. The dotted line

stands for the spin-independent parametrization f(r) used in this work.

core than that of the AN system and/or the larger nuclear matter density, po, com-
pared to an average density for }C. It is interesting to compare the results of Table
2.4 with what is obtained in the relativistic model of Ref. [RM92], shown in Table 2.5.
The reduction factor introduced by SRC is about 3, even when the same correlation
function (2.115) is used.

Table 2.4. s-shell nonmesonic rate Ty, /T for }2C.

FREE HARD SOFT f(r)

PC | 0479 0307 0.343 0.324
PV | 0208 0.146 0.192 0.162
Total | 0.687  0.453  0.535 0.486

The study of Ref. [PR94] was further elaborated in Ref. [PR95], where one finds
a revised version of these calculations and a definite answer to the problem, showing
that the explanation can be traced to the way the correlations are implemented.

To start explaining where the difference between both approaches comes from, one
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Table 2.5. s-shell nonmesonic rate 'y, /Ty for }{"C from the relativistic model of Ref.

[RM92].

FREE {(r)

PC 0.456 0.130
PV 0.177  0.058
Total | 0.633 0.188

must explore the expression of the correlated Feynman amplitude. More details of the
calculation can be found in Ref. [PR95]. The starting point will be the uncorrelated
Feynman diagram for the AN—NN transition mediated by the exchange of a pion

My = [ d'2d'yT,, (2)TVUA (2)A (2 — )T, (1) 50, (y) (2.116)

where ¥, (z) is the free baryon field of positive energy and A,(z — y) the pion propa-
gator. For the weak vertex the parametrization TW = Grm2(A + Brs) is taken, with
A=1.05 and B=-7.15 being empirical constants adjusted to the free A decay (see §
2.1.1). For the strong vertex, on the other hand, a pseudoscalar coupling I'S = gyyr7s
is chosen.,

The nonrelativistic procedure starts from the nonrelativistic reduction of the free
Feynman amplitude of Eq. (2.116) to determine the transition potential V(7), and
defines the correlated potential by multiplying the obtained V() with a correlation
function f(r),

V(7)) =V(7)- f(r) . (2.117)

In contrast, the relativistic approach given in Ref. [RM92] incorporates SRC by re-
placing in Eq. (2.116) the free pion propagator with:

An(z —y) = Ar(z —y) - f(IZ - 7)) (2.118)

and computing the decay rate starting from this correlated Feynman amplitude. Al-

though both procedures are apparently similar, it was already noted in Ref. [PR94]
that the nonrelativistic limit of Eq. (2.118)

of Eq. (2.117).
In order to make the differences between both approaches clear, it is convenient to
study the problem in momentum space, and go back to the microscopic origin of short-

ran i i
ge correlations. In the meson-exchange model, these correlations arise because of the

was not giving the same correlated potential
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Figure 2.7. Schematic model to include correlations in the OPE potential. Bare OPE
diagram (a) and OPE with simultaneous exchange of a heavy meson responsible for the
short-range repulsion (b).

simultaneous exchange of heavy mesons together with one-pion exchange. A simplified
picture including only one extra heavy meson is shown in Fig. 2.7. In the problem
studied here, the pion-exchange (dashed line) would correspond to the weak AN—NN
transition, while the wavy line would correspond to a strong exchange of a heavy meson,
such as the omega meson. Taking into account this simultaneous exchange requires
the evaluation of the loop integral:

/ (Qiyrg)gD(q‘)ﬁ(ﬁi’)%“(ﬁ + §)u(pa)vsu(ps — q).- (2.119)

where the parity-conserving part of the pion-exchange amplitude has been chosen for
the discussion. The dots symbolize additional elements of the amplitude which are
not relevant for the present discussion, such as the intermediate nucleon propagators,
the propagator of the heavy meson and the vertices connecting the incoming spinors
with the intermediate ones. In this expression one can see that the matrix elements
of the 75 operators are evaluated between an external spinor and an intermediate
one which depends on the loop variable §. This is precisely what is obtained from
the nonrelativistic procedure based in Eq. (2.117), which first builds up the transition
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potential V(r) and then multiplies by f(r). The parity-conserving part of the correlated
potential is then:

2 3 ~igF
Vrol7) = — 52 G 1) [ o i (2.120)
where the &;q (1 = 1, 2) factors, related to the nonrelativistic reduction of the 45 matrix
elements, depend on the momentum carried by the pion and are inside the ¢-integration.

However, the procedure of Ref. [RM92], based on the replacement of Eq. (2.118),
leads to matrix elements of s that are evaluated between spinors of the external
particles and factorized out the ¢ integral,

- N - d&q - .
u(ps)ysu(pr)u(ps)vsu(pa) (%)30((1)-'-, (2.121)

where D({ ) stands for the Fourier transform of the modified pion propagator (Eq.
(2.118)). This shows that this procedure leads to matrix elements of the vs operators
independent on ¢ rather than ¢"dependent. However, the diagram of Fig. 2.7, which
gives a microscopic interpretation for the origin of correlations, shows that the bare
interaction connects the final states with intermediate spinors which are ¢-dependent.
The important point is that in the construction of the correlated amplitude the ver-
tices of the bare OPE (one-pion exchange) potential must enter the § integration as a
function of § instead of factorizing out as functions of the external variables.

From the microscopic model one concludes that the form of the correlated potential
given by the nonrelativistic calculations is the correct one, and that the origin of the
differences between the nonrelativistic and relativistic approaches is a too simplified
treatment of the correlations in Ref. [RM92] and not relativistic effects.

For completeness, and in order to illustrate more explicitly the differences between
both approaches, the expression of the nonrelativistic correlated potential in r-space
is given, as well as the potential corresponding to a nonrelativistic reduction of Ref.
[RM92]. As it has already been pointed out, the standard nonrelativistic approach gives
rise to a correlated potential of the form V(7) = V(7)- f(r), where V(7) stands for the
uncorrelated potential given by Eqs. (2.51) to (2.54), and f(r) is the specific correlation
function used in the calculation. Within this approach, the different expressions for
each radial potential channel, in the OPE case, read:

~HnT
9 €

yit 3t 1
Vs(s)(r) = ]\és)g {l‘x

- 6<r)} 7(r) 2.122)

4rr
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~ 1 e_/»“rr 3 3
V("') — () =2 1 v 21
T (T‘) ‘[\T 3 P dnr + [haT + (,anr)2 f(T‘) ( 23)
S(my e 1
W) = K (1 + ;> i) (2.124)

After performing a nonrelativistic reduction and a Fourier transform of the correlated
Feynman amplitude for the relativistic approach (Eq. (2.116) with the substitution
(2.118)), the radial parts of the correlated potential in r-space equivalent to Ref. [RM92]

are given by the following expressions:

K3 { (15 - a0 10
RPN EY Yy 129

V(r)

T d4xr

ol (m 1 e #T 3 3
W0 = w0 { (14 e ) o)

per (per)?
3 1 df 1 &f
YR S 1 _Ldf
W) = K et {(1+W) 0 -4

In deriving these expressions, some properties involving derivatives of the delta function
[PR95] have been used. By comparing Eqs. (2.124) and (2.127) one realizes that in the
approach based on Eq. (2.118) one obtains new terms in the potential, involving first
and second derivatives of the correlation function. This explains the different effect of
SRC on the AN—NN decay rate discussed in this chapter.

In the same Ref. [PR95] there is a comparative study of the nonmesonic decay
width for the { He hypernucleus. In this hypernucleus the A particle, in a sy, state, is
coupled to the ground state of the *He (0%). The *He core is described as four s-shell
nucleons in a harmonic oscillator potential with size parameter by = 1.4 fm (which
reproduces reasonably well the *He charge form factor). For the A-particle one takes
ba = 1.85 fm, which reproduces the A separation energy in 3He, By = —3.12 MeV.

For this study, three different correlation functions are used: the gaussian correlation
fry=1=¢e71% (2.128)
with b = 0.75 fm, also used in nuclear matter calculations [M(G84], the Bessel correlation

f(r) =1=jolgr) , (2.129)
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with ¢, = 3.93 fm~! [0S85], and the parametrization given by Eq. (2.115). These
functions are depicted in Fig. 2.8 and in Table 2.6 a comparison of the decay rate
of 5He between both correlated potentials, the standard nonrelativistic prescription
(2.117) and the nonrelativistic reduction of the relativistic approach given by (2.118),
is made (without including form factors and final state interactions). This comparison

1.5 T —r
1.0 PR
L ./
05 | .
[ ," ]
00 = — N a1 P R PP N ke
0.0 1.0 2.0 3.0

r (fm)

Figu 3 :
gure 2.8, The AN correlation function as a function of the relative distance r. The

dash i
- ed, dotted and full line correspond to the Gaussian-type of Eq. (2.128), the Bessel-type
Eq. (2.129) and the parameterization of Eq. (2.115), respectively.

;:;:3“;2 f:;: ‘:1}:: 2diﬁfferent correlation f\‘mctions mentioned above. Examining the results
(2.124) in the tal;le)o:}f: Ca}:‘ see that in the.standard nonrelativistic calculations (Eq.
SS transition. due to t; Cfannel more drastxcall.y affected by correlations is the central
Evaluating t!;e correlat t’; act thfat our co:relatlon function is such that f(r = 0) = 0.
of the central SS part zf fhmenhal as i ).. 7 co.m pletely suppresses the delta piece
SRC are turmed o e poten'txal, Wthh. provides most of its contribution when

off. Although this suppression also takes place in the prescription
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given by Eq. (2.127), a larger central SS strength is obtained due to the additional
derivative pieces of the correlated potential. In order to help in the understanding of
these results, two figures will be shown. In Fig. 2.9, the radial integrand of the central
SS transition amplitude for both correlated potentials is plotted, while in Fig. 2.10
the radial integrand corresponds to the tensor transition amplitude. These integrands

have the form:

% ®100(r; V26) VI (r) g (kor) (2.130)

where L=0,2 and oa=SS,T for the central and the tensor channels, respectively. A
relative momentum for the outgoing NN system of 1.97 fm~! (corresponding to a back-
to-back kinematics) has been chosen. Because of the change of sign in the derivative

1.0 + i
k=]
c
©
g’ 0.0
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®
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1gure 2.9. Integrand of the central transition amplitude, in arbitrary units, as a function

of the relative distance r. The solid and dotted lines corres

pond to the correlated potentials
(2.124) and (2.127) respectively, b

using the correlation function of Eq, (2.115).

of f(r)

around 0.5 fm, one can see in Fig 2.9 that the correlated transition amplitude
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based on Eq. (2.127) (dotted line) shows large positive and negative contributions,
which do not cancel each other completely and end up giving an integrated central SS
rate much larger than that obtained from the integral of the nonrelativistic prescription
(2.124) (solid line). On the other hand, it is precisely this oscillatory behavior of the
correlated potential (2.127) which is the reason for the reduced tensor and parity-
violating rates, as shown in the last column of Table 2.6. Let us make some comments
on the tensor integrand that can be extrapolated to the parity-violating one, which is
not shown here. The positive and negative parts induced by the derivative terms in Eq.
(2.127) (dotted line in Fig. 2.10), tend to cancel each other giving rise to an integrated
rate which is considerably smaller than the one obtained with Eq. (2.124). Depending
somewhat on the correlation function used, the rates based on the correlated potential
(2.127) are a factor 2-3 smaller than those obtained with (2.124).
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Figure 2.10. The same as Fig. 2.9 for the tensor transiton amplitude.

The numbers given in the last column for the parametrization (2.115) are very
similar to the results quoted in the relativistic calculations of Ref. [RM92], where
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Table 2.6. AN—NN decay rate of 3 He for different correlation functions (in units of the
free A width).

FREE flry=1—e""
Eq. (2.124) Eq. (2.127)
SS 0.174 9.2 x10™* 0.028
T 0.495 0.309 0.077
PV 0.308 0.185 0.059
TOTAL 0.977 0.465 0.164
FREE f(r) =1-Jo(gcr)
Eq. (2.124) Eq. (2.127)
SS 0.174 2.2x1073 0.082
T 0.495 0.434 0.233
PV 0.308 0.249 0.156
TOTAL 0.977 0.685 0.471
FREE f(r)= (1 - e"2/“2)n + br2e=r/¢
Eq. (2.124) Eq. (2.127)
SS 0.174 1.7x1073 0.057
T 0.495 0.448 0.159
PV 0.308 0.244 0.117
TOTAL 0.977 0.694 0.333

the same correlation function is used. This fact corroborates that the origin of the
discrepancies between both approaches has nothing to do with relativistic effects and
is due to the prescription used to include the correlation function in the transition
amplitude.

2.5 Final State Interactions

Any realistic calculation on the weak decay of A hypernuclei has to take into account

that the two final nucleons emerging from the decay feel the influence of the medium
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in which they are moving. In our case, apart from the mutual influence between both
nucleons there also exists the residual interaction with the (A — 2)-particle system.
However, the most important kinematical contribution to the weak decay rate corre-
sponds to the situation in which the nucleons emerge back-to-back with the largest
possible relative momentum, which should be high enough for not being very sensitive
to the possible distortions produced by the residual nucleus. This is the reason why here
the effect of FSI will only take into account the mutual influence between the outgoing
nucleons, through a distorted wave function for the relative two-body motion. For this
purpose it is necessary to solve the reaction matrix equation in momentum space, from
which the wave function corresponding to the problem of two nucleons moving under
the influence of the strong interaction can be obtained. As strong interaction models,
the updated version of the Reid soft-core potential {Re68] and the Nijmegen NN one,
both of them given in Ref. [SK94], are used.

In § 2.3 comments on the mixing of the channels in the final relative state having
the same parity and same value of the total angular momentum, due to the tensor
component of the strong interaction (see Table 2.3), have already been made. We focus
our attention in how to obtain the correlated wave function describing the relative
motion between the two emerging nucleons. In order to obtain the correlated wave
function for the final NN relative state, the procedure described in Ref. [HT70] is
followed. The authors make use of a numerical matrix inversion method in order to
solve the coupled channel Schrodinger equation in momentum space. The method can
be applied to any nonsingular potential either local or nonlocal, central or noncentral.
The starting point is the relative two-body Schrédinger equation formulated in a time-
independent scattering process. Assuming the hamiltonian to be expressed as H =
Hy + V, where Hg is the kinetic energy operator and V the two-body interaction, the
Schrédinger equation will be given by:

(Ho+V)¥ = EV | (2.131)

or explicitly by:

h2
37V () + / Er' VFE | P ) = En¥a(F) (2.132)

where M stands for the nucleon mass, 7 = r; — 7, for the relative distance between the

two nucleons and E, for the total relative energy. If ® is a plane wave solution of the
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free Schrodinger equation with enery £, Ho® = E®, possible solutions for ¥ are:

1

)y _ S
9= =19+ =1

V]e®y (2.133)
which in the limit V' — 0 must behave as | ¥) —| ®). One can easily check Eq. (2.133)
evaluating (E — Hp) | U®)) and taking the limit e — 0.

This is the known Lippmann-Schwinger equation, where the positive (negative)
solution corresponds to a plane wave plus an outgoing (incoming) spherical wave at
sufficiently large distances. If one takes the positive solution | ¥(+)), the infinitessimal
quantity +ie ensures the proper boundary conditions for obtaining a purely outgoing
scattered wave function from an incident plane wave. In higher-order Born approxi-

mation for scattering processes, one uses a transition operator T defined such that
VIieEh =T | o). (2.134)

Multiplying the Lippmann-Schwinger equation, for the positive solution, on the left by
V and using Eq. (2.134) one obtains:

1
) = ) V| (D) 2.135
VIUW) = V@) + VeV | 9% (2135)
1
T|®) = V|®)+V———-T|9), 2.136
@) = VI0)+V T ) (2136)
from where one gets an equation for the T' operator
1
T=V+V——"nn"T. 2.137
Uy el (2:137)

The standing solutions of Eq. (2.132) fulfill the equation:

|0) =] @) + P

1
sV 1) (2.138)
where the symbol P stands for the principal value. Similar to Eqgs. (2.134) to (2.137),
one obtains:

1
E - H,

| T) = &) + P R|®), (2.139)

where the reaction matrix R fulfills:

1
E - Hy

R=V+P R. (2.140)
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The above equation can be solved in momentum space

V(E|§)R(7 | ko)
(’vo) E(‘I) ’

where E(k) = k*/M is the kinetic energy of a pair of particles moving with relative

R(E | %) = V(| Fo) +/d3 (2.141)

momentum & in their center-of-mass frame. The equation giving the correlated wave

function, ¥, for standing waves reads:
W(kos ™) x5 = @(ko;7) x5
R(ESM} | koSMs) ®(F;7) xus
_ 31, s
) / &Lk BE = B(E) . (2.142)

Mg

where ®(k;7) = ef7 is the uncorrelated wave function, x* the spin function and R
the reaction matrix, appropriate for the description of the scattering of two-particles
leading to standing solutions for the relative wave functions. In the expressions above,
the conservation of spin (S) of the strong interaction has been taken into account. In
Eqgs. (2.141) and (2.142), ko stands for the relative momentum between the emerging
nucleons just after the weak transition occurs. Isospin is easy to incorporate at the
final step of our calculation multiplying the obtained correlated wave function by the
isospinor XTMT. For the calculation it is convenient to write an expression similar to
(2.142) but using a partial-wave decomposition, working in the coupled scheme in which
L and S couple to J. Using this decomposition we can write [Jo87):
\D(i‘o’ Z Z Z i’ ‘I’LL' "O’T)YEMLU}O)
JM; LMy L'
x (LMpSMs|JMj)y J}% 5(7) (2.143)

for the correlated wave function, and
7oy LM i k M
D(ko; ™) x5'° = e\

Yo 3 iMamjp(ker) nu Ying, (ko) Yo (7) X&'
LMy L'},
= Z Z Z iLI47I'jL(k0 7‘) (SL,LI )IEA,[L(]ACO)
JA; LMy L'
x (LMpSMs|JM;) T () (2.144)

fl

for the uncorrelated one. In the expressions above, JL,SJ( 7) stands for the generalized
spherical harmonic which reads:

T () = 3 (JMy | L'MLSMs) Yen (7) X3 » (2.145)
M Mg
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and jr(kor) represents the bessel function describing the free relative motion of two
nucleons with angular momentum L and relative momentum Eo.

Inside the integral of Eq. (2.142) we have two functions with an angular dependence
that can be also expanded as before,

o(k;7) = EXM'
= > Y ifmj(kr) Yo, (K)
JM; LM,
X (LMLSA/IleMJ) LSJ( ) (2.146)
and,
R(ESMg | FoSMs) = S0 3" Yoy (k) (k; L' MySME|T|ko; L MyS Mss)

L’AI’ L”Nl"
X Yo (ko)
= 3 5 S Yo (k) (I'MLSML|J M)
JMY LM} LMY
x (ks (L)' M}|T |ko; (L"S)J' M)
X (L"MESMs|J"M}) Yiupgu(ko) . (2.147)

Combining all these terms inside the integral and carrying out the angular inte-

gration, we can easily find an expression for the partial-wave decomposed two-body
correlated wave function:

‘I’iv(kﬁr) = Jjr(kor) ér,1r
2, (K (L'S)J My|Rlko; (LS)IMS) .
/ Kdk E(k) — E(ko) ju(kr) -

(2.148)

These correlated wave functions ¥f;,(ko,r) will be used in Eq. (2.112) for each
channel coming from the weak transition and for each kg value. As an example, the
correlated wave functions for several channels are displayed in Figs. 2.11 and 2.12.
The relative momentum used to compute the plots is kg = 1.87 fm™!. In Fig. 2.11
the 3S; —3 D; coupled channel NN wave functions are shown, where the solid line
stands for the correlated wave function obtained when the Nijmegen93 NN interaction

is used, and the dashed line represents the resulting wave function for the Reid93
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NN interaction. There is also plotted the phenomenological correlated wave function
(dotted line), which corresponds to the use of a correlation function of the type (2.114).
Fig. 2.12 represents the same as Fig. 2.11 but for the uncoupled 1Sy, 3P, 1P, and 3P,
channels. How the different choice (Nijm93, Reid93 and phenomenological correlation)
affects the decay rate and other observables will be discussed in the next chapter.
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Figure 2.11. 3S; =3 D; coupled channel NN wave functions for a relative momentum of
ko = 1.97 fm~!, obtained with the Nijmegen93 (solid line) and the Reid93 (dashed line) inter-
actions. The dotted line represents the phenomenological correlated wave function discussed

in the text.
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Figure 2.12. Same as Fig.2.11 for the uncoupled 1Sy, 3Py, ! P, and 3P, channels.






Chapter 3
Results

In this chapter, the results obtained for the nonmesonic decay of several hypernuclei
are presented and discussed, with special emphasis on the 12C hypernucleus. These
results include the total nonmesonic decay rate in units of the free A decay I'y, ['/T4, as
well as other observables, such as the intrinsic lambda asymmetry parameter, a,, and
the neutron-to-proton ratio, I'y/T'p, which are discussed separately. The contribution
of the different mesons included in the decay mechanism are given, with mesons having
the same isospin character being studied in pairs ((7,p),(K,K*) and (p,w)). The total
contribution, corresponding to the addition of all the mesons considered, is also shown.
Two different sets of strong coupling constants, corresponding to the JilichB group

and the Nijmegen one, have been used.

When analyzing the OPE contribution to the hypernuclear decay, two different
potentials are used in order to obtain the correlated wave function for the final two-body
NN state, the Reid93 and the Nijm93 NN interactions, as well as a phenomenological
way to include these final state interactions via an effective correlation function. For
the rest of the mesons and for the total calculation, only the results obtained with
the Nijm93 NN interaction are shown. All the values have been computed taking into
account correlations in the initial AN system (SRC), monopole form factors at each
of the vertices of the meson-exchange diagram (FF) and final state interactions (FSI)
in the final NN system. The rates corresponding to the different parity-conserving

61
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(PC) and parity-violating (PV) transition channels are also shown, as well as the total
nonmesonic rate I'/T'y, the asymmetry as and the ratio I', /', for hypernuclei different
from the hypercarbon, }'B and } He, where the same techniques have been used.

3.1 mw-Exchange

The first meson discussed in this chapter is the pion. Results using only the OPE part
of the weak AN—NN interaction are presented. On the one hand, one would expect
this meson to adequately describe the long-range part of the transition potential, while
on the other hand its contribution has minimal uncertainties since the weak AN7 vertex
is experimentally known. It is 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 results of our calculations with OPE only are shown
in Table 3.1 where the nonmesonic decay rate of }2C is given in units of the free A
decay rate (I'y = 3.8 x 10%). For the harmonic oscillator size parameters of the A
and the nucleon in the }*C hypernucleus, the values by = 1.87 fm and by = 1.64
fm have been taken, respectively. The uncorrelated results (FREE) are compared
with computations which include initial AN short-range correlations, form factors,
and final state interactions separately for the (spin-dependent) central (SS), tensor
(T) (adding to a total parity-conserving contribution) and parity-violating potentials.
The free central term is reduced dramatically by the initial SRC, however, most of
the uncorrelated central potential contribution is in fact due to the é-function in the
transition potential which is completely eliminated by SRC. Without the é-function,
the central part is reduced by about a factor of two. Including SRC, FF, and FSI gives
a negligible central decay rate. In contrast, the contribution of the tensor interaction
is reduced only 10% by SRC and by 20-35% once FF and FSI are included as well.
Therefore, the contribution of the central term amounts to less than 0.5% of the total
m-exchange rate. This behavior has been found and discussed by other authors as
well [MG84,Du86,TT85]. Furthermore, our PV potential yields about 40% of the =-
exchange rate, at variance with older nuclear matter results that reported either a
15% [Du86] or a negligible PV contribution to the rate [MG84] . The total one-pion-
exchange contribution to the nonmesonic decay rate of }*C is 0.9 - 1.1 Iy, depending
on the choice for FSI, which is a factor 1.5 — 2 smaller than the FREE value.

As discussed in previous sections, Refs. [PR94,PR95] demonstrate the sensitivity
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Table 3.1. m-exchange contribution to the AN—NN decay rate of }2C

FREE SRC SRC+FF SRC+FF+FSI
phenom. Nijm93 Reid93
Eq. (2.114)
C 0.282 3.4 x107% 13x107? 42x107% 33x10™® 4.0x 1073
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
/Ty 1.682 1.232 1.038 1.110 0.885 0.892
/Iy 0.182 0.113 0.120 0.118 0.104 0.100
PV/PC 0.476 0.570 0.598 0.610 0.665 0.631
ap —0.594 —0.420 —0.506 —0.484 —0.238 —0.242

of the calculated decay rates to the form of the initial SRC. In particular, it was found
that older calculations using a phenomenological NN correlation function [MG84,HK86]
to simulate AN SRC in the initial state, rather than SRC based on a realistic YN
meson-exchange potential as it is done here, tend to overpredict the amount of initial
correlations. Asshown in Table 3.1, the PV and PC rates are reduced by about 10% and
18%, respectively, when FSI are included via a correlation function based on a realistic
NN potential (last two columns), rather than the 8% and 6% increase obtained with the
phenomenological NN correlation function of Eq. (2.114). It is comforting to see that
the variation between different realistic NN interactions, such as the soft-core Nijmegen
and a modern version of the Reid potential, plays essentially no role. This behavior can
also be understood from Figs. 2.11 and 2.12, shown in the previous chapter, where a
comparison between the different correlated wave functions for several channels and at
a relative momentum of kg = 1.97 fm~" has been done. The figures demonstrate that
the phenomenological correlated wave function overestimates the realistic NN wave
functions at intermediate distances (0.5 — 1.5 fm) while it underestimates them at
short distances. As a result, the phenomenological approach overestimates the decay
rate by about 20%. Including realistic final state correlations leads to an interference
between central and tensor transitions. For phenomenological FSI the central and
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tensor contributions to the total rate add incoherently, as can be seen in Table 3.1.
Once a realistic NN potential is used this incoherence is replaced by a destructive
interference, due to the mixing of the channels by the strong force. While this is
only a small effect for the pion due to the small size of the central potential term,
this interference is more significant for the vector mesons, where the central transition

amplitude is comparable in size and even larger than the tensor term.

The second quantity of interest displayed in Table 3.1, which is sensitive to the
isospin structure of the transition amplitude, is the neutron- to proton-induced ratio
I'n/Tp. Noticeable is the smallness of the ratio, which is due to the Pauli Principle
that suppresses the final T = 1, L = 2, § = 1 state with its antisymmetrization
factor (1 — (=1)X+5+T). That excludes the tensor transition in the neutron-induced
rate, which gives rise to nn (T = 1) pairs, and it is precisely this tensor piece which
constitutes the largest part of the OPE diagram. This argument holds only for relative
AN S-states. For nucleons in the p-shell there exits a relative AN P-state which con-
tributes a small but non-zero amount of the tensor potential to the neutron-induced
decay. However, only about a 10% of the total decay rate comes from this relative P-
state. Note that including initial SRC, FF and realistic FSI reduces the I'y/I', further
by about 40%. This is due to the elimination of the central rate for which we obtain a
value for I', /T, of about 1/3 (not shown in the table). In principle, one would expect
I'n/Tp, =1/2 for the central term due to the statistical factor of 1/2 that accounts for
two identical particles in the final state. For }*C this number becomes 1/2.4 since we
have 5 neutrons and 6 protons. The remaining difference comes from different 'S,
(T =1) and %S, (T = 0) final state wave functions which enter the various spin-isospin
channels and, therefore, lead to slightly different An—nn and Ap—np central transition

amplitudes.

The suppression of the central potential term due to SRC, FF and FSI also ex-
plains the difference between the uncorrelated and the fully correlated ratio of PV to
PC amplitudes, PV/PC, shown in Table 3.1 as well. More relevant than this unob-
servable quantity, however, is the asymmetry parameter, a,, defined in Eq. (1.23).
This quantity, which measures the interference between the PC and the PV part of
the amplitude (see § 1.2), can be accessed experimentally in contrast to the PV/PC
ratio which is merely of theoretical interest. We find that this asymmetry parameter is
only mildly sensitive to initial SRC and FF but changes by more than a factor of two
when realistic ST are included. This observable thus clearly demonstrates that for its
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accurate prediction the use of a realistic NN potential to describe the interactions in
the final state is imperative. Below we use realistic FFSI generated with the Nijmegen

potential for all results that include final state correlations.

Comparing the results given in the present work with older nuclear matter com-
putations [0S85, MG84,Du86,DF96] one can point out that the fully correlated total
rate in nuclear matter is predicted to be in the range of 1.85—2.3, thus overpredict-
ing our shell-model calculations by more than a factor of two. When a Local Density
Approximation (LDA) is performed [R094,0585] the rate reduces to I'nm = 1.45T%
for 12C. Although this value is further reduced when the same A wave function as in
the present work is used, the LDA result is still larger by about 30%. However, the
sensitivity to the Landau-Migdal parameter, which measures the initial state correla-
tions, is greater than expected. The LDA calculations [RO94,0585] used g} = 0.52,
but a more appropriate choice of this parameter (around g} = 0.2) corresponding to a
correlation function of the type 1 — jo(q.r) with ¢.=780 MeV (used in several nuclear
matter calculations), shifts the nonmesonic rate value from 1.45 T'a to 1.05 'y, very
close to the finite nucleus result given in the present work. In view of this argument
one can not assert that the differences between the LDA approach and the finite nuclei
results are due to the breakdown of the LDA description for s- and p-shell nuclei, but
are closely related to the appropriate choice of the Landau-Migdal parameter.

We conclude the discussion of the OPE by assessing the role of the relative AN P-
state contributions. In shell-model calculations such terms naturally arise for nucleons
in p-shell and higher orbitals when one transforms from shell-model coordinates to
the relative AN two-body system. For s-shell nucleons, where one has an s-wave in
both the relative and center-of-mass (CMS) motions, the transition amplitude gives
a maximum contribution at the back-to-back kinematics, b = —Ez, yielding a total
CMS momentum K = 0. For p-shell nucleons one would expect the contribution from
the initial relative AN S-state to be suppressed compared to that of the relative P-state
since the CMS harmonic oscillator wave function is then a P-state and thus zero at
K =0. Surprisingly, one finds that after integrating over all kinematics with ky #* —ka,
this relative L = 0 term contributes about 90 % to the p-shell rate [BR92]. Thus, once
the whole phase space is included, most of the total decay rate of p-shell nucleons
still comes from the relative AN S-state. Furthermore, neglecting the relative P-state

contribution leaves the ratio I'y/I', unaltered while the asymmetry parameter a, is
reduced by 10%.



66 Results

3.2 - and p-Exchange

In this section, one starts examining the role of additional mesons and their contribution
to the different observables in the weak }2C decay. The p meson is the isospin partner
of the pion, so it seems to be a good choice, in summing up the contribution of mesons
different than the pion, to analyze first the p and the 7 + p contributions to these
observables.

As is well known, in terms of hadronic degrees of freedom, the AN—NN process
initially had been described with a one-pion-exchange potential since the weak AN~
vertex is well constrained from the free A — N7 decay. The fact that the final nucleons
emerge with a momentum of around 400 MeV/c suggests that short-range effects may
be important. As discussed above, one is faced with the immediate difficulty that none
of the weak couplings involving heavier mesons can be accessed experimentally. Thus,
one is required to resort to models which in this case involve considerable uncertainty.
Many theoretical studies [MG84,TT85,Na88] have investigated the contribution of a
more massive meson, the p, in the exchange mechanism yielding very different results
due to the different models employed for the weak ANp vertex. However, all works
until now have only included the tensor part of the parity-conserving p-exchange term,
in part motivated by the fact that the central potential of the m-exchange term gives
a negligible contribution compared to the tensor one. In Ref. [PR96] it is shown that
this is not the case. For this meson, the central term is not only negligible but larger
than the tensor one. This can be traced to the fact that the p-exchange diagram has
a much shorter range than the m-exchange potential.

Table 3.2 shows the present results for the p-meson exchange alone as well as for
the #- and p-exchanges combined. Since both the AN#- and the ANp-couplings are
obtained within the same model there is no sign ambiguity. As noted before (§ 2.1.2),
the central potential can now be divided into a spin-independent (C) and a spin-
dependent (SS) piece, which are shown separately in the table. In the SS piece it is
found that, in contrast to the pion case, the factor m? in front of the Yukawa function
of Eq. (2.52) enhances this term which then becomes comparable in magnitude to the
piece containing the delta function. The two terms interfere destructively and yield a SS
central part that is about half the size of the tensor contribution. We briefly point out
here some of the features of the central and tensor potentials given in Ref. [PR96]. To
understand the origin for the different ratio of central to tensor transiton strengths in
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Table 3.2. 7 and p-exchange contribution to the AN—NN decay rate of }2C. The values
between parentheses have been calculated using the weak coupling constants by Nardulli

[Na88].

1 p T+ p
C (C) — 0.020 (0.019) 0.020 (0.019)
C (SS) 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 0.021 (0.023) 0.445 (0.428)
PV 0.353  0.008 (0.096) 0.414 (0.635)
['/Ta 0.885 0.029 (0.120) 0.859 (1.063)
I'n/Tp 0.104 0.076 (0.097) 0.095 (0.063)
aa -0.238  0.036 (0.046) —0.100 (—0.008)

the - and p-exchange mechanisms, the integrands of the SS central (without the delta
function) and tensor amplitudes are shown in Fig 3.1. A fixed outgoing momentum of
ko = 1.97 fm~! has been chosen for the relative final wave function. These integrands
have the form of Eq. (2.130) given in § 2.4, but for the case in which SRC, FF and
FSI are not included. Starting from an initia]l AN relative S-state, the tensor potential
amplitude is governed by the Bessel function J2(kor) (S — D transitions), describing
the NN motion in the final state. Since J2 vanishes at the origin it eliminates strength
from the tensor potential at short distances. Due to its shorter range, the tensor
contribution of the p is reduced by j, more than in the case of the pion. On the other
hand, the central piece is governed by Jo(kor) which is not suppressed at short distances
of the potential. However, due to the smaller value of m,, the function jo(kor) oscillates
orce in the effective range of the pion central potential, leading to a reduction of its
central contribution relative to the tensor one.

The effect of including SRC is to reduce both the C- and the SS-central parts of
the p-meson contribution without é-function by almost a factor of 10, compared to a
factor of 2 in the 7 case, reflecting the much short
Similarly, the tensor interaction of the
10% reduction in the 7 case,

er range of the p-exchange diagram.
p 1s reduced by a factor of 2.5, compared to a
as soon as SRC are included. In order to illustrate these
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Figure 3.1. Integrand of the free transition amplitude, in arbitrary units, at fixed outgoing
relative momentum (ko = 1.97 fm~!) for the spin-dependent central potential (§S) without the

6 function (solid line) and for the tensor potential (dashed line). Upper part: pion-exchange.

Lower part: rho exchange.

results Fig. 3.2 shows the integrands of the tensor amplitudes for the 7 and p mesons
separately. The fixed relative outgoing momentum is the same as in Fig. 3.1. The solid
line corresponds to the free case, in which SRC, FF and FSI are ignored. Clearly, the
integrand of the p-exchange peaks sooner (= 0.5 fm) and drops off faster, reaching zero
at around 2 fin, compared to the integrand for the m-exchange which peaks around 1
fm and drops to zero around 3 fm. It therefore comes as no surprise that including

SRC leads to a much stronger reduction for the p than for the = contribution. The
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dotted line in Fig. 3.2 stands for the tensor integrand when all the ingredients (SRC,
FF and phenomenological FSI) have been taken into account. This dotted line further
confirms that including SRC, FF and FSI have different effects depending on the meson

considered.
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Figure 3.2. [Mlustration of the effects of SRC, FF and FSI in the tensor transition amplitude.
The solid line shows the free tensor integrand and the dotted line includes the effects of SRC,
FF and FSI. Upper part: pion-exchange. Lower part: rho-exchange.

One may think that, due to the much shorter range of the p potential, it would be
very sensitive to the details of the short-range correlation function. This is indeed the
case, so different values for the total p rate [PR96] are obtained when using a realistic

correlation function obtained from a G-matrix calculation with the Nijmegen soft-core
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or hard-core interaction. However, as soon as form factors and final state interac-
tions (which provide further suppression at short distances) are included, the rates get
closer and similar to the value obtained with our spin-independent parametrization

(Eq. (2.115)).

The inclusion of FF and FSI further reduces both the central and tensor rates by
substantial amounts. As it is evident from Table 3.2, the final result of the central p
contribution exceeds the p tensor term by almost a factor of two. Due to the strong
destructive interference induced by the FSI between the tensor and the central part,

the total PC rate turns out to be smaller than either term alone.

In terms of the combined 7 and p contribution one sees a destructive interference
between the two mesons for the PC rate but constructive interference for the PV decay
mode. While the 7-only PC rate is reduced by 16% when the p is added, the 7-only PV
rate is enhanced by about 17% even though the p-only PV rate is very small. These
interferences lead to a combined 7 + p total decay rate that is very similar to that of
the 7 alone. The neutron- to proton-induced ratio I', /T, on the other hand, is slightly
decreased. This may at first be surprising since the tensor rate of the p-exchange is not
as dominant as 1% is in the 7 case. As noted in Ref. [PR96], this is due to an interference
pattern of the central C and SS amplitudes which is destructive for the n-induced and
constructive for the p-induced mechanisms. This yields a central rate which is basically
p-induced. The strongest change can be seen in the asymmetry parameter a, which
is reduced by more than a factor of 2. This reduction can be traced to the above

mentioned interference pattern between the PV and PC rates which are measured by
this observable.

The p-meson was the first of the heavier mesons which was included in several earlier
calculations. Our results for the rates calculated with this meson are quite different
from previous studies [MG84,TT85,Na88]. This is not only due to the omission of the
centra] potential in the p-exchange diagram, but even more so to the different models
used for the weak ANp coupling constants. The first attempt was due to McKellar
and Gibson [MG84] who performed a calculation in a nuclear matter framework. They
evaluated the weak ANp couplings using SU(6) and, alternatively, a factorization model.
In their approach, which neglected the PV couplings, the phase between the 7 and p
amplitudes was not determined and their final results varied dramatically with their
different models for the weak coupling constants. In a more recent calculation [Na88],
Nardulli obtains the PC couplings in a pole model approach similar to the one used
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in the present work. Besides the ground state baryon pole the Nardulli work includes
the %* baryon resonance pole terms as well as K*-pole contributions that appear in
Refs. [DF96,To82] but have been omitted here. The weak baryon-baryon transition
amplitudes for the resonance poles are taken from a pole model analysis of hyperon PC
pion decays which uses an F/D ratio of —1 for the weak baryon transition amplitudes
and adjusts the overall coupling to the experimentally measured p-wave 7 decay rates.
As pointed out in Ref. [MS95] the most serious problem with this fit is that it employs
a K— 7 weak transition amplitude in its K-pole graphs that is about an order of
magnitude larger than the strength extracted from the weak kaon decay mode K—
7w [Do86]. The K*-pole contributions are calculated using a simplified factorization
approach in which a number of terms are neglected [MS95]. The PV couplings of Ref.
[Na88] are computed in a pole model approach that includes baryon resonance poles
with negative parity, belonging to the (70,17) multiplet of SU(6). In order to obtain
the weak baryon transition amplitudes the experimental hyperon s-wave 7 decays are
used as input. Therefore, his approach for the PV weak ANp vertex is considerably
different from the analysis used in this study. For the sake of comparison, Table 3.2 also
lists the p term calculated with Nardulli’s weak coupling constants. The PC transition
potentials turn out to be very similar in magnitude while the PV rate is larger by
more than a factor of 10 for the p alone. This increase enhances the 7 + p total decay
rate by about 25%, while the I',/T,, and a, are reduced by roughly the same amount.
One should point out that the close agreement in the PC terms is fortuitous since the
baryon resonance pole terms which are not present in our approach contribute about
30% to the weak ANp tensor coupling of Ref. [Na88]. From this comparison it becomes

obvious that there is considerable uncertainty in the determination of the weak vector
meson vertices,

3.3 Other Mesons

In this section, the contribution of the isovector K and K* mesons, as well as the
isoscalar 5 and w mesons, to the different observables in the weak decay of }*C are
explored within the same OBE model.

Most of the calculations performed until now have not included these extra mesons
and have restricted the study of the hypernuclear decay to the consideration of the =

and p exchanges in the weak transition. However, some relativistic calculations [RB94]
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worked out a different study of the decay mechanism exchanging the same set of mesons
in }2C. Furthermore, other treatments of the nonrelativistic approach in nuclear matter

calculations have also considered additional meson exchanges [DF96].

3.3.1 K- and K*-Exchange

The kaon is the lightest meson after the pion with a strong coupling constant gavi of
comparable magnitude to gyy» but of opposite sign. Its contribution to the total decay
rate is the largest one among all the heavier mesons, about 15% of the 7 term. The K
(and the K*) can contribute to both the T'= 0 and T' = 1 weak AN—NN transition
potential and therefore has two independent couplings, Cx and Dy (see § 2.1.1). Due
to the special isospin structure of this meson, it was suggested [Gi89] that including
its exchange will strongly influence the I',/I'p ratio. Using a simple schematic model
that ignores the spin structure it was shown that the ratio I',/T', could be estimated

with the expression

I\‘n AO + Al 2
O e el 3.1
T, 1Ao—3A4l ° (3:-1)

where A and A, are the isoscalar and isovector coupling constants, respectively, which

in our case are given by:

CI{

AO = 2 +DK (3.2)
A]_ = %“ . (3.3)

With the PV values of Table 2.2 (§ 2.2), one obtains from Eq. (3.1) the value
[,/Tp = 4.6, confirming the result quoted in Ref. [Gi89]. However, the value I'y/T, =
0.23 is obtained when the PC coupling constants of Table 2.2 are used. The complete
result, which considers the spin structure and includes both PC and PV amplitudes,
turns out to be I'y /T, = 0.26 as shown in Table 3.3. This much smaller result suggests
that one cannot draw conclusions about the ability of the strange mesons to drastically
increase the neutron-to-proton ratio. Moreover, when this ratio is calculated using PV
and PC amplitudes only, but retaining the spin dependence, the values 1.69 and 0.03
are obtained, respectively, far away from the estimates made above using Eq. (3.1).
Note that, as shown by Dalitz [DR62], the AT = 1/2 rule requires the ratio I, /T, to
be smaller than 2 for any meson exchange.

As we can see in Table 3.3, the I',/I', ratio for the kaon only is larger than the

corresponding value for the pion by a factor of 2.5, while the asymmetry parameter is
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very small. In § 2.2 it was pointed out that our framework for the weak baryon-baryon-
meson coupling constants assumes the validity of SU(3) (and SU(6) in the case of the
vector mesons). No attention has been paid to the effects of SU(3) symmetry breaking
which is known to be of the order of 30%. These effects have been addressed in a
recent work by Savage and Springer [SS96] in the framework of next-to-leading order
chiral pertubation theory (xPT). They point out that understanding the weak NNK
vertex could elucidate a problem regarding the nonleptonic 7 decay of free hyperons.
While the PV (s-wave) amplitudes of these AS = 1 decays are adequately reproduced
at tree level, the corresponding PC (p-wave) amplitudes cannot be well described using
coupling constants from the s-waves as input. A one-loop calculation of the leading
SU(3) corrections [Je92], performed in xPT, found that these loop corrections can
change the tree level prediction of the p-wave amplitudes by a disturbing 100%, thus
raising questions about the validity of yPT in this sector. As an alternative it was
suggested [Je92] that large cancellations may occur between tree-level p-wave 7 decay
amplitudes which would magnify the SU(3) breaking effects. The one-loop corrections
to the weak NNK vertex found in Ref. [SS96], on the other hand, modify the tree-level
p-wave amplitudes by only up to 30%. If an experimental signature for these SU(3)
corrections could be found in the nonmesonic decay it would provide insight into the
applicability of xPT to these reactions. Table 3.3 shows the results of our calculations
performed with the Savage-Springer weak NNK couplings. As expected, the kaon rates
are roughly a factor of two smaller since the improved constants are reduced by about
30%. The values of the I, /T, ratio and the asymmetry, on the other hand, are barely
affected because all pieces of the transition amplitude are reduced by about the same

amount and the reduction cancels out in the ratio.

Among the vector mesons, the K* meson is the heaviest one exchanged in our
weak decay mechanism, with a large value of the weak NNK* and strong ANK”* tensor
couplings, which makes its contribution more important than the rest of the vector
mesons, either the p or the w. The central and tensor potential contributions are very
similar in size, however, due again to the interference generated by the realistic FSI
that mixes S and D states, the total PC rate turns out to be of the same magnitude.
The PV rate is significantly greater than the corresponding rates for the p- and the
w-exchange contribution. This is due to the large value of the PV coupling constant.
The total K*-only decay rate (0.06) is seen to be about half of the K-only rate but
twice as large as the p- and w-only rates. In view of this result, the consideration of
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Table 3.3. K- and K*-exchange contribution to the AN—NN decay rate of {2C. The
values between parentheses have been calculated using the the NNK weak coupling constants

obtained from next-to-leading order in xPT [SS596].

K K K+ K-
C (C) — 0.019  0.019 (0.019)
C (SS) 0.004 (0.002)  0.092  0.130 (0.122)
C (Total)  0.004 (0.002)  0.038  0.063 (0.058)
T 0.083 (0.038)  0.038  0.015 (0.005)
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  0.173 (0.111)
Ia/Tp 0.263 (0.272)  0.500  0.647 (0.760)
an —0.080 (—0.090) —0.192 —0.426 (—0.532)

other mesons different than the pion and the rho is clearly of great relevance.

For the I'y /T, ratio we get a value of 0.5, as we can see in Table 3.3, about five times
larger than that for the pion-exchange ratio. This is due to the relative magnitude of
the central term in the PC rate. Both central and tensor channels give now similar
contributions, despite the fact that for s-shell hypernuclei there is no n-induced channel
contributing to the tensor transition. This fact illustrates in a dramatic way how the
different isospin structure of the various mesons can affect the ratio I'h/Tp. With
respect to the asymmetry parameter, for K*-meson exchange one finds a value which
is more than twice the one corresponding to the kaon.

Next, we look at the sum of both, K and K*, contributions. As we have seen in Table
3.3, even though the K* rate is around half the K contribution, the K 4 K* rate is only
slightly larger than the corresponding K rate. This is due to the strong interference
between both mesons. We can see the effects of this interference by looking at the
separated channels. For instance, the PV rate is more than twice the K-only result
and, as a consequence, the asymmetry parameter is enhanced dramatically. The I', /T,
ratio which turns to be quite large, seems to go in the favorable direction, although

it remains to be seen how the interference between all the mesons actually affects the
final results for the observables.
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Table 3.4. 7n- and w-exchange contribution to the AN—NN decay rate of }*C.

n w n+w
C (C) — 0045 0.045
C (SS) 0.001  0.009  0.016
C (Total) 0.001  0.036  0.036

T 0.005 0.004 1.5x10*
PC 0.006  0.024 0.035
PV 0.003  0.002 0.005
I'/Ty 0.009  0.026 0.041
Cn/Tp 0.383  0.235 0.183
a -0.114 -0.086 —0.134

3.3.2 7n- and w-Exchange

The n-meson exchange contribution, which is the smallest of the different mesons in-
cluded, has an NNy coupling constant not well determined but much smaller than
both gunr and gank. In this work, we use the value of the Nijmegen potential which is
gnnn = 6.4 even though the NN phase shifts are very insensitive to this coupling. In
Table 3.4 our results for the exchange of this meson are shown. The general behavior of
the n-meson is characterized by a negligible central term, a dominant tensor potential
and a PV rate about half of the size of the tensor term. That resembles the OPE
contribution, at least, at the level of the rates. The I'y/T'; ratio on the other hand, is
almost a factor of four larger than the ratio corresponding to the pion. This can be
understood by the fact that the n-exchange potential does not have a charge exchange
term for the proton induced decay due to its isospin structure.

In general, one can see that the contribution of the  meson to the different chan-
nels of the transition is insignificant, due in part to the smaller value of the coupling
constants in comparison to the other mesons and also to the absent exchange contri-
bution for I'y. In any case, the results obtained for the neutron-to-proton ratio and
the asymmetry parameter, justify a priori the inclusion of the 7 meson in the present
calculation.

With respect to the w-meson exchange we point out that the size of tensor and
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vector couplings for the strong NNw vertex are opposite in comparison with the NNp
one. Here it is the tensor coupling which is relatively small and the vector one which is
large. This produces a much larger central spin-independent contribution with respect
to the other PC channels. Even though we obtain a different magnitude of the central
and tensor channels compared to the values obtained for the p meson, at the end one
gets a value for the PC rate which is very similar to the p-exchange case. A final
remark about the small PV rate should be made. The same is true for the p-exchange
contribution. The small size of the weak ANw coupling constant is the reason for that.

No other models are available for weak vertices involving this meson.

3.4 The Full Weak One-Meson-Exchange Poten-
tial

To conclude this section, the effect of including all the mesons discussed before in the
weak decay observables is explored. For this purpose and in order to begin the discus-
sion, in Figs. 3.3 and 3.4 the contribution of the different mesons to the integrand of
Eq. (2.112) for relevant transition channels are shown. Fig. 3.3 displays the tensor
transition 3S; — 3D, (T = 0) of the PC amplitudes since it yields the most important
contribution for pseudoscalar mesons and gives rise to important interference effects
when the contributions of the mesons are added in pairs of identical isospin. As is evi-
dent from the figure, the pion-exchange contribution dominates, not only in magnitude
but also in range, as it should be, a consequence of the pion being the lightest meson.
As expected, the kaon provides the second-largest contribution with a range somewhat
less than that of the pion, followed by the heavier mesons with an even shorter range.
Note that the contribution of each isospin-like pair [(r, p), (K,K*), (7,w)] interferes de-
structively, thus the large tensor contribution of each pseudoscalar meson is partially
cancelled by that of its vector meson partner, an effect that can also be explicitly seen
in Tables 3.2, 3.3 and 3.4, discussed before. The integrands of the central transitions
are not shown, since they are very small for the pseudoscalar mesons.

Significant interferences are also observed for the integrands of the PV transitions
381 = 'P (T'=0) and S, — 3P, (T = 1), shown in Fig. 3.4. Again, the pion is found
to be dominant among the mesons in the T = 0 transition, while the contribution of
the other mesons play a more important role, relative to the pion, in the ' = 1 channel.

The different observables characteristic of the weak decay, including a comparison
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Figure 3.3. Contribution of the different mesons to the integrand of the 35; —3 D, (T=0)

correlated weak transition amplitude.

between the results obtained with the Nijmegen coupling constants with those obtained
using the Jillich couplings at the strong vertices, are given in Tables 3.5 and 3.6.
Although in principle the strong couplings also affect the PC weak vertices through
the pole model, the goal here is to assess, for one particular model of weak couplings,
the effect of using strong coupling constants from two different YN potentials which fit
the hyperon-nucleon scattering data equally well.

The results in Table 3.5 again demonstrate the significance of the short-range corre-
lations and form factors in the nonmesonic decay. Adding the heavier mesons without
form factors, SRC and FSI (column FREE) leads to a total rate that fluctuates signifi-
cantly, with the additional mesons giving an appreciable contribution to the m-exchange
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Figure 3.4. Same as Fig. 3.3 for the PV 35; ! P, (T=0) and 35; =3 P, (T=1) transition
amplitudes.

rate, specially in the case of the Jilich couplings. This behavior is considerably sup-
pressed by short-range effects, as shown in the second column. The rate is especially
sensitive to the inclusion of the strange mesons. While including the p-meson has al-
most no effect, the addition of kaon-exchange reduces the total rate by almost 50%
when the Nijmegen strong couplings are used, and a little less when using the Julich
couplings. The reduction is mostly compensated by the addition of the K*, yielding,
in the Nijmegen case, a rate 15% below the pion-only decay rate. The situation is
similar for the 7 and w mesons and their combined effect on the rate is negligible.
Thus, with Nijmegen couplings adding the heavier mesons gives a reduction of only
15%. The situation is slightly different when the Jilich strong coupling constants are
employed; their omission of the n and their larger K* and w couplings lead to a total
rate 15% larger than the pion-only rate. This indicates that the results are sensitive to
the model used for the strong vertices, although both results are consistent with the
present experimental values. This sensitivity to the strong coupling constants is un-
fortunate since it will certainly complicate the task of extracting weak couplings from

this reaction. Improved YN potentials which narrow the range of the strong coupling
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Table 3.5. Free and fully correlated nonmesonic decay rate of 2C in units of the free A
decay rate (I'p). The values between parentheses have been calculated using the JilichB

coupling constants at the strong vertex.

FREE SRC+FF+FSI

x 1.682 (1.682)  0.885 (0.885)
+p 2.055 (2.325)  0.859 (0.831)
+K 1.336 (1.699)  0.497 (0.506)
+K* 2.836 (3.821)  0.760 (0.902)
+ 2.467 (3.821)  0.683 (0.902)
+w 9.301 (4.338)  0.753 (1.023)
weak

NNK-couplings 0.844 (1.104)

from xPT [SS96)

constants are required to reduce this uncertainty. Table 3.5 also shows the results ob-
tained when the NNK weak coupling constants derived in next-to-leading order xyPT
[SS96] are used. Due to the smaller value of the coupling constants, the effect of the K
meson is reduced, enhancing the accumulated rate and thus increasing the total rate
by about 10%.

In Table 3.6 the values for other observables in the weak decay of }2C are presented.
They include the accumulated neutron-to-proton ratio, I'y/T',, and the asymmetry
parameter, ay. The ratio between the PV and the PC partial rates is also given which,
even though it is not an observable, may help one to understand the behavior of other
quantities, such as the asymmetry, or it can be useful in the comparison with other

works.

The results for the ratio of the neutron- to proton-induced partial rates T'y/T,,
shown in Table 3.6, are, as expected, quite sensitive to the isospin structure of the
exchanged mesons. It has been known for a long time that pion-exchange alone pro-
duces only a small ratio [MG84]. While the role of the p is limited, it is again the
inclusion of the two strange mesons that dramatically modifies this partial ratio. In-
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Table 3.6. Weak decay observables for 12C. The values between parentheses have been

calculated using the JiilichB coupling constants at the strong vertex.

Cn/Tp PV/PC an

o 0.104 (0.104) 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 (3.206) —0.138 (—0.074)
+K- 0.049 (0.070) 1.797 (1.968) —0.182 (—0.202)
+7 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
from xPT [SS96]

0.080 (0.108) 1.678 (1.436) —0.302 (—0.350)

cluding the K-exchange, which interferes destructively with the pion amplitude in the
neutron-induced channel (see, for example, the T' = 1 PV transition amplitudes of Fig.
3.4), leads to a reduction of the ratio by more than a factor of three. The K*, on the
other hand, adds contructively. Again, an indication of this behavior can be seen in
Figs. 3.3 and 3.4. In the T = 1 PV channel, relevant for the n-induced rate, the K and
K* amplitudes have the same sign, whereas in both T' = 0 channels the interference
between the two strange mesons is destructive and, as a consequence, the p-induced
rate is lowered with respect to the n-induced rate. However, this constructive addition
is not enough to restore the I'y /T, ratio to the = + p value. Using the Nijmegen strong
coupling constants leads to a final ratio that is 34% smaller than the pion-only ratio,
while using the Jilich couplings leaves this ratio unchanged, due again mostly to their
larger K* and w couplings. Employing the weak NNK couplings calculated with xPT

has the effect of increasing the I'y /T, ratio by 17% with Nijmegen couplings while the
ratio remains unchanged for the Jilich model.

As it has been noted before, one expects the addition of the strange mesons to
considerably change the value of the T, /T, ratio. This is indeed true and although the
desired change should increase the ratio, at the end, the inclusion of both mesons, the
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K and the K*, leads to a much smaller ratio than expected.

Table 3.6 also presents the unobservable ratio of PV to PC rates to aid in the
comparison with other theoretical calculations. Again, adding the strange mesons
produces the largest effect, specially when using the Jilich strong couplings. The final
PV/PC ratio is larger by more than a factor of two compared to the pion-only ratio.
The nuclear matter results quoted in Ref. [DF96] are of the order of 1 and, therefore,
closer to the results obtained in this work with the Jilich model.

The intrinsic asymmetry parameter, a,, shown in the same Table, is also found
to be very sensitive to the different mesons included in the model. This is the only
observable which is changed dramatically by the inclusion of the p, reducing the pion-
only value by more than a factor of two (and a factor of four when strong Jilich
couplings are used). Adding the other mesons increases a,, leading to a result about
30% larger than for m-exchange alone in the case of the Nijmegen couplings and 50%
larger for the Jilich model. The effect of using the weak NNK couplings from xPT is

very small for this observable.

3.5 Other Hypernuclei and Comparison with Ex-

periment

Our final results for various shell-model hypernuclei are presented in Table 3.7. The
total nonmesonic decay rate, I'/T"s, the neutron-to-proton ratio I',/T', the fraction
of the proton induced decay rate to the total decay rate, I';/I", the intrinsic lambda
asymmetry parameter, aj, and the asymmetry parameter A(0°) (Eq. (1.20)), are
shown separately for 3 He, }!B and }2C.

An overall agreement has been found between our results for the nonmesonic rate
and the experimental values, specially when the yPT weak couplings for the K meson
are used, which yield somewhat larger rates. It is convenient to remind here that, the
nonmesonic decay rate presented for the 3 He hypernucleus would be slightly reduced
once one considered dynamical effects tied to the short-range AN repulsion, which
pushes the A wave function to the surface of the nucleus [SN93].

It has been the hope for many years that the inclusion of additional mesons would
dramatically increase the ratio of neutron- to proton-induced rates. However, the op-
posite is found to be true. The final ratio greatly underestimates the newer central
experimental values, although the large experimental error bars do not permit any defi-
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Table 3.7. Weak decay observables for various hypernuclei. The values between parentheses
have been calculated using the NNK weak coupling constants obtained from next-to-leading

order in xPT [S596).

S He 1B 120
T/T 0.414 (0.467) 0.611 (0.686) 0.753 (0.844)
EXP:  0.41 +0.14 [Sz91] 0.95 4 0.13 4+ 0.04 [No95] 1.14 + 0.2 [Sz91]
0.89 £ 0.15 4 0.03 [No95]
I./T,  0.073 (0.089) 0.084 (0.099) 0.068 (0.080)
EXP:  0.93 £0.55 [Sz91] 1.0475:59 [S291] 1.33112 [Sz91]
2.16 + 0.5813:45 [No95]  1.87 4 0.5979:32 [No95]
0.70 £ 0.3 [Mo74] 0.70 £ 0.3 [Mo74]
0.52 £ 0.16 [Mo74] 0.52 4 0.16 [Mo74]
T,/Ta  0.386 (0.428) 0.563 (0.624) 0.705 (0.782)
EXP:  0.21 4 0.07 [Sz91] 0.30%5:13 [No95) 0.311313 [No95]
an —0.273 (—0.264) —0.391 (—0.378) —0.316 (—0.302)
A(0°) —0.120 (—0.116) —0.030 (—0.029)
EXP: —0.20 4 0.10 [Aj92) —0.01 # 0.10 [Aj92]

nite conclusion at this time. Other mechanisms that have been explored to remedy this
puzzle include quark-model calculations which yield a large violation of the AT = 1/2
rule [IT96,MS94], and the consideration of the 3N emission channel (ANN—NNN) as a
result of the pion being absorbed on correlated 2N pairs [AP91,R094]. A recent reanal-
ysis [RV97], which includes FSI of the three nucleons on their way out of the nucleus
via a Monte Carlo simulation, shows that the 2N-induced channel further increases the
experimental error bars and leads to an experimental value compatible with the predic-
tions of the OPE model. However, the same reference shows that a comparison of the
calculated proton spectrum with the experimental one favors values of I', /T, =2-3. It
is therefore imperative, before speculating further about the deficiencies of the present
models in reproducing this ratio, to carry out more precise experiments such as the

measurement of the number of protons emitted per A decay, suggested in Ref. [RV97].

On the other hand, the proton-induced rate which has errors of the same magnitude
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as the total rate is overpredicted by our calculations by up to a factor of two. It is
the neutron-induced rate which has been very difficult to measure accurately. It is
somewhat surprising that while both individual rates appear in disagreement with the
data their sum conspires to a total rate which reproduces the measurements.

Regarding the asymmetry parameter, comparison with experiment can only be
made at the level of the measured proton asymmetry. As discussed in § 1.2, this quan-
tity is determined as a product of the asymmetry parameter, A,, characteristic of the
weak decay, and the polarization of the hypernucleus, P,, which must be determined
theoretically. The energy resolution of the experiment measuring the decay of polar-
ized }2C produced in a (7 *, K¥) reaction [Aj92] was 5 — 7 MeV which did not allow
distinguishing between the first three 1~ states. Before the weak decay occurs, the two
excited states decay electromagnetically to the ground state. Therefore, in order to
determine the polarization at this stage, one requires: i) the polarization of the ground
and excited states, together with the corresponding formation cross sections, and ii)
an attenuation coefficient to account for the loss of polarization in the transition of the
excited states to the ground state. In Ref. [IM94], hypernuclear production cross sec-
tions and polarizations have been estimated for the (x+, K*) reaction in the distorted
wave impulse approximation with configuration-mixed wave functions. One should
point out that the sum of the cross sections for the two excited 1~ states amounts to
40% relative to the ground state peak, which is consistent with the (31 +£8)% obtained
in a fit to the Brookhaven *C(7*, K*)}2C spectrum [Mi91]. Using the values of Ref.
[IM94] for the polarization and cross sections of the 1~ states in 12C together with the
spin depolarization formalism of Ref. [ET89], a value of P, equal to —0.19 is obtained.
This value, together with A, = 0.151 (Nijmegen) or 0.175 (Jiilich), determined from a,
using Eq. (1.23), leads to an asymmetry A = —0.029 (Nijmegen) or —0.033 (Jilich),

which lies within the uncertainties of the experimental result.

The hypernucleus }'B is created by particle emission from excited states of }2C
in which a A in a pyj; or py/; orbit is coupled to a 'C core in its ground state.
The window of excitation energy that spans 1.55 MeV between the (p +1!B) and the
(A+'C) particle decay threshold contains three positive-parity states: two 2% states
separated by ~ 800 keV and a narrow 0% state just below the (A+!'C) threshold. Using
the same model of Ref. [IM94], which predicts equal formation cross sections for the 2F
and 2§ states, and neglecting the 0% state because of its relatively small cross section,

we obtain a polarization of P, = —0.29. However, hypernuclear structure calculations
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by Auerbach et al [AB83] predicted strong configuration mixing which reduced the
cross section of the lower 2% state by a factor of three relative to the higher one. This
prediction was verified by a reanalysis of older emulsion data [DD86]. Taking these
relative weights into account, we obtain the value P, = —0.43, which is the one used
in Table 3.7 and leads to better agreement with the experimental asymmetry. Just
as in the case of the proton- to neutron-induced ratio, the present level of uncertainty
in the experiment does not yet permit using the asymmetry as an observable that

differentiates between different models for the weak decay.

In order to avoid the need for theoretical input and access A, directly, a new ex-
periment at KEK [Ki95] is measuring the decay of polarized } He, extracting both the
pion asymmetry from the mesonic channel, A,-, and the proton asymmetry from the
nonmesonic decay, A. The asymmetry parameter a,- of the pionic channel has been
estimated to be very similar to that of the free A decay [Mo94], and, therefore, the
hypernuclear polarization can now be obtained from the relation P, = A,-/a,-. This
in turn can then be used as input, together with the measured value of A, to determine
the asymmetry parameter for the nonmesonic decay from the equality A, = A4/ P,. This
experiment will not only allow a clean extraction of the nonmesonic asymmetry param-
eter but will also check theoretical model predictions for the amount of hypernuclear

polarization.

Finally, with the purpose of clarifying the present situation concerning the different
available results for the nonmesonic decay rate of hypernuclei, Table 3.8 shows the
calculated decay rates quoted by several publications, as well as the results exposed
throughout this work to facilitate the comparison. The numbers given in this Table
have been obtained using different models and prescriptions. Three models are shown:
the one-boson-exchange model (OBE) in which the present work is based, the quark
model (QM) and a hybrid version based in a one-pion-exchange (OPE) description for

long distances and in a QM for shorter ones.

Almost all the works are completely based in a OBE mechanism (without consid-
ering the body of this thesis). The first attempt to include heavier mesons was the
work of McKellar and Gibson [MG84], where the rho meson was included in addition
to the pion for the nonmesonic A decay in nuclear matter. Guided by the smallness
of the central pion rates, Ref. [MG84] took only into account the tensor transition
for the p-meson exchange, giving the (7,p) rates in terms of the s — d contribution.

In this calculation, AN correlations were treated with a stronger empirical correlation
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function than the one derived from a realistic YN interaction and the final states were
treated with the Reid soft-core potential. This model was later used in Ref. [TT85] to
predict nonmesonic decay rates of light hypernuclei as 3 He. Both references, [TT85]
and [MG84], present the ambiguity given by the relative sign between both mesons.

The nuclear matter calculation of Oset et al. [0S85] considers the exchange of a pion
in the transition mechanism. The pion is properly modified by its strong interaction
with the nuclear medium and no final state interactions are considered. Their Local
Density Approximation (LDA) results are also listed in Table 3.8 for two hypernuclei,
12C and § He. As already discussed in § 2.4, their results depend somewhat on the choice

of the Landau-Migdal parameter, g}, which controls the short-range AN correlations.

Dubach et al [DF96] go further and consider the exchange of the same set of mesons
than in the present work. They include an initial state correlation of the form used in
Ref. [MG84], a Reid soft-core potential to generate the final states but omit form factors
at the vertices. Their finite nuclei results were obtained using a simple shell-model to
describe the hypernuclear structure, where an extreme single-particle model with no
configuration mixing and only phenomenological forms for the correlation functions are
employed. However, no details of their method are presently available and the values

quoted in Table 3.8 must be considered preliminary.

Shinmura [Sh97] performs a relativistic study of the nonmesonic weak decay of
light s-shell hypernuclei, where, in addition to the OPE result, the effect of a typical
three body mechanism (ANN — NNN), which yields about 30% of the calculated total
nonmesonic decay rate, is also studied. No final state interactions have been considered
in this work.

The Table also quotes a recent work by Itonaga et al. [IU95] where, in addition to
the OPE potential, two new potentials are built such that two pions couple to p and/or

o mesons and intermediate N and ¥ baryons.

The generation of a weak transition potential from a quark model point of view is
the approach followed by Refs. [HK86,1T96]. Ref. [HK86] evaluates, in the framework
of the hybrid-hadron model, the nonmesonic decay rate for nuclear matter as well as
for the {?C hypernucleus using a shell-model wave function to describe the nuclear
structure. An effective correlation function is used to address the problem of two-body
correlations. An effective quark weak interation hamiltonian explicitly constructed to
incorporate the AT = 1/2 rule (guided by renormalization group results including the
penguin diagrams) is taken. The authors in Ref. [IT96] consider a direct quark pro-
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cess (DQ) via an effective contact four-quark hamiltonian (which contains the QCD
corrections on the pure weak vertex) as well as the OPE for the AN — NN transi-
tion. The direct quark matrix elements are non-zero only at the short distances where
the quarkwave functions overlap each other, while the meson exchanges contribute at
longer distances. However, the relation between the phenomenological pionic transition
hamiltonian and the effective quark hamiltonian needs to be studied further before the
correct superposition of DQ and OPE processes is made. Moreover, their results carry
the uncertainty of the phase between the OPE contribution and the QM one in the
hybrid calculation shown in the last column of the Table.

From the results in Table 3.8 it is clear that all the nuclear matter calculations
are consistent with each other. The results of Ref. [MG84] are almost a factor of
two smaller due to the use of a much stronger AN correlation function. We note that
the m-exchange result of Ref. [HK86] must be combined with the quark contribution,
yielding a somewhat larger final value, although it is not clear how the matching point
of their hybrid calculation should be chosen and why the amplitudes are combined
constructively.

The finite nuclei calculations show a wider variety of results. The values found
in the present work for the OPE mechanism seem too low when compared with the
LDA approach of Ref. [OS85], but if an appropriate g} parameter, suitable for the AN
correlation used in the present work, is chosen then the LDA value is reduced to 1.1,
which is quite similar to the result quoted in Table 3.1 in the absence of final state
interactions. The OPE value of 0.46 for }C found in Ref. [IU95] is much lower but
no details are given to understand the origin of this discrepancy. The same is true
for their 3 He result when compared with the present work value. However, combining
their OPE result with V{35, and V{35, the rates increase and lie very close to the
experimental values. The OPE 3 He results of Refs. [T'T85,IU95] are slightly smaller
than what is found in other references.

The inclusion of the p-meson has been done with the use of different models to
generate the weak ANp coupling and, therefore, a variety of quite different results have
been obtained. Only the work of Dubach et al. [DF96] uses the same model as the
present work and this is the reason why, in the following, their results are discussed
in more detail. Their preliminary results appear to be very different in comparison
with those obtained in the present work. Their uncorrelated OPE-only rate for }2C
is listed as 3.4 which is about a factor of 2 larger than the one quoted in this work
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while adding initial SRC, FF, and FSI reduce this rate to 0.5. This amounts to a
reduction factor of almost 7, in contrast to the suppression of roughly a factor of
two found here. Furthermore, their correlated rate for ,5\He is listed as 0.9, almost a
factor of two larger than their }2C result. Unfortunately, no details are given in Ref.
[DF96] that address these problems. Note, however, that there are some unexplained
inconsistencies between their recent results of Ref. [DF96] and what was reported ten
years before in Ref. [Du86], where the correlated r-exchange decay rate for *C is 2.0
while the addition of the other mesons lowers this value to 1.2. In fact, these values
are more consistent with their 3 He results, as well as with the effect of short-range
correlations found in almost all studies of the nonmesonic weak decay either in nuclear
matter or finite nuclei. Finally, and even though they are not shown in the Table, a
brief comparison between the values of the neutron-to-proton ratio and the asymmetry
parameter reported in Ref. [DF96] and the ones given in this work, will be made. The
present results for I, /T, again differ from what it is reported in Ref. [DF96], where
a value [',/T, = 0.2 is obtained for w-exchange alone but 0.83 when all the mesons
are included. However, their results in finite nuclei are, surprisingly, quite different
from their nuclear matter results, namely I', /T, = 0.06 for m-exchange alone and 0.345
when all mesons are included. With regard to the asymmetry parameter, the nuclear
matter results of Ref. [DF96] are qualitatively similar to the results of this work for
the Nijmegen couplings. They obtain a value ay = —0.192 for 7m-exchange alone and

—0.443 when all the mesons are considered.
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Table 3.8. Different published results, compared to the ones presented in this work, con-

cerning the A nonmesonic weak decay rate in nuclear matter, }2C and 3 He.

Ref. Remarks mm /Ty
OBE QM QM
+ OPE
e T,p all mesons
[This work] 12c 0.885 0.859 0.753
SHe 0486  0.474 0.414
McKellar nuc. matter 1.06 2.91 (7 + p)
[MG84] 0.11 (m — p)
Takeuchi AHe 0.14 0.45 (7 + p)
[TT85] 0.03 (m — p)
Oset nuc. matter 2.1
[0S85] LDA *C 145
LDA 3He 1.15
Dubach nuc. matter 1.85 1.38
[DF96) 12C 0.5 0.2
2 He 0.9 0.5
Shinmura SHe 0.42
[Sh97]
[tonaga 5He 0.20 0.131 0.4411
[TU95] 13C 0.46 1.05tt
Heddle nuc. matter 0.77 0.73 3.0
[HK86] 12C 0.41 0.24 1.28
Inoue > He 0.333 0.381 0.574 (QM+OPE)
[1T96) 0.855 (QM—OPE)
tor2n/p

W or42n/p+2n/o



Chapter 4

A Special Case: The Nonmesonic
Weak Decay of the Hypertriton

The hypertriton (3 H), consisting of a pnA bound state, is the bound nuclear system
of lowest mass with one hyperon with which one can test YN forces, including the A-X
conversion. All experimental information obtained for the hypertriton comes from early
bubble chamber measurements and emulsion works more than 20 years ago and contains
large uncertainties. However, different proposals exist (COSY, BNL and TJNL) de-
voted to measuring the lifetime of $H. In the TJNL experiment [TJNL] the production
of 3H would proceed via the kaon photoproduction reaction *He (v,K*) 3H, although
it has to be kept in mind that the cross sections for this process are predicted to be
very small [MT96] (= 1 nb). On the other hand, in the COSY experiment [COSY] the
hypertriton would be produced via a two step reaction leading to p+d — K+ + 3H,
using an incident beam momentum of 1848 MeV/c, where an enhanced fusion proba-
bility of the deuteron and the A is expected. A more likely candidate is the experiment
proposed at Brookhaven [BNL] where the *He (K=, 7°) 4 H reaction will be studied and
where there exist plans to obtain the hypertriton.

The hypertriton lifetime is dominated by the non-suppressed mesonic decay mode,
since there is not phase space restrictions and the momentum of the final nucleon (100

MeV/c) is sufficient to lift the nucleon above the Fermi sea. Theoretical estimates
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90 A Special Case: The Nonmesonic Weak Decay of the Hypertriton

[DR62] predict that this mesonic mode is about 5-10 % less than that of the free A.
Even though the nonmesonic decay channel is not as important in $H as for heavier
hypernuclei, it is interesting to test this decay mechanism in the hypertriton, due to
the fact that the wave function in the initial state can be calculated exactly using the

Faddeev formalism.

When one uses a formalism which includes both A and ¥ degrees of freedom, one
handles a coupled channel problem between the ANN and NN systems. This coupled
channel incorporates a three-body force and leads to a modification of the YN force due
to the presence of a second nucleon. This effect is the so-called dispersive effect. As we
can see in Refs. [MG93,MK95], one can solve the Faddeev equations for the coupled
ANN and YNN systems precisely using meson-theoretical NN and YN interactions.
With the use of the Jilich hyperon-nucleon interaction in a one-boson-exchange poten-
tial parametrization combined with various realistic NN interactions, the hypertriton
turns out to be unbound [MG93]. This is just the opposite to what happens when using
the Nijmegen interaction with full inclusion of the A-X conversion: independently of
the specific choice of the various realistic NN forces, the hypertriton turns out to be
bound at the experimental binding energy (—2.35 £ 0.05 MeV). One reason for the
unbound feature appearing when the Jilich interaction is used might be the weaker
attraction of this potential at very low energies of up to a few MeV, which corresponds
to the typical kinetic energy of the A particle in the hypertriton. Another explanation

can be traced to the different A-¥ conversion potential obtained in the Jilich case.

As we have seen in previous chapters, the study of the nonmesonic decay of p-
shell hypernuclei found that proper short-range correlations in the initial and final
states are of major importance in predicting decay rates and asymmetry observables.
The present work has been performed in a shell-model framework, including bound
state wave functions, spectroscopic factors, short-range correlations and final state
interactions in the weak decay mechanism. These ingredients do not all originate from
the same underlying dynamics and, therefore, introduce approximations that may be
difficult to quantify. The decay of few-body hypernuclei offers a window to extract
information on hadronic weak vertices from the AN—NN process, since all nuclear

structure ingredients are derived from the same baryon-baryon interaction.

Previous calculations of the nonmesonic decay of the hypertriton [BRA92] used
a simplified uncorrelated A-deuteron wave function, where the 3H is taken to be a
deuteron and a A particle moving in an effective A-d potential and where the influence
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of the lambda on the two nucleons was neglected. However, since the mesons emitted by
the weak hyperon-nucleon transition are reabsorbed by the nucleons, one expects that
correlations should play an important role. The resulting meson-exchange operator
acts like a two-body force and consequently probes the hypertriton wave function in its
dependence on the pair distance between a hyperon and a nucleon. Another ingredient
neglected in Ref. [BRA92]| is the strong interaction between the three final nucleons,
fully incorporated here.

Troughout this chapter, the nonmesonic decay of the 3 H hypernucleus will be stud-
ied using a hypertriton wave function and 3N scattering states which are rigorous so-
lutions of 3-body Faddeev equations. The weak transition potential has been already
described in § 2.1.3.

4.1 Formalism of the Weak Decay of Hypertriton

As for the other hypernuclei studied in this work, the exchange of the pion together with
heavier mesons in the two-body AN—NN transition are considered. The form of the
transition potential corresponding to these exchanges is not going to be repeated here,
and only the expression for the nonrelativistic decay probabilities will be presented.
When analyzing the weak decay of the hypertriton, two different nonmesonic chan-
nels come into consideration. These channels differ in the final state, leading to n-+d
and n+n+p final systems. For each of these decays the nonrelativistic partial proba-
bilities are given by [Go97]:
1
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where W(-) stands for the appropriate final nuclear scattering state, O for the transition
operator and \I!:)\ y for the hypertriton wave function.

More details of the calculation and an extensive discussion on the results can be
found in Ref. [Go97]. Here, only the basic ideas discussed in this reference will be
presented.

After introducing the Jacobi momenta for the final 3N states:

Fo= 5(h=k) (43)
;= 2(/’5 1(;3+i$)) (4.4)
q = 3 3 ) 1 2 .
the decay probability for the nd breakup (—:3 = _'N and Ed = El + l:z ) reads:
N 1 - A 2My ..
A = Y [ (Ughm, | 01 Ygum) [ 27 =5 g0dd, (4.5)
mmy myg
with
4 M,
g0 = \/ 3N(MA—MN+e—ed) (4.6)

and where € and €4 stand for the hypernucleus and for the deuteron binding energies,
respectively. When averaging over spin projections the squared matrix element of
d ™+ becomes independent on §. The final formula for obtaining the total decay rate
for the nd break up is given by:

retd = g 2]‘34”‘ qoé > <O 101 Wy, > (4.7)
mmy mgq
Similarly, for the n+n+p decay one gets
AT = S S < U, | O W > 2 S adi gy (45)
with
q=\‘f*—1¥-“i<MA—MN+e—§;—;>. (4.9)

For the d[™+"*P case, only a dependence on the angle § between p and § remains,

and the differential decay rate reads:
f)
drtete = g q° § My qp*dp sin@ df —é—

% Z ‘< \I}%})ml mym3 ‘ é l \II?\Hm >l2 . (4.10)
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This form is convenient for the integration to determine the total (nnp) decay rate. If
one wants to display the angular and energy distribution of the three nucleons in the
n+n-+p channel, it is more convenient to use the following form:

1 _ a
drn+n+p — 5 Z I< \I](< ) l O ! \IliH‘m >IZ

Fgmymgma
mmy mo ma

My ki k3

X 2r dk, dk, dS __ _
\/kf(‘zkz + ky - k)2 + k3(2ky 4 ko - ky)?

. (4.11)

with lAcl and 1;2 denoting the directions of two detected nucleons and S the arclength

along the kinematically allowed locus in the E; — E, energy plane for these nucleons
(see Fig. 4.1).

Figure 4.1. Locus for kinematically allowed events in the E; — E; plane and 6, = 180°.

From the S=0 point on, S is evaluated for each point on the locus in the counterclockwise

sense.

For the sake of simplifying the notation, Eq. (4.11) does not include the identifi-
cation of the detected particles 1 and 2 as a proton-neutron pair or as two neutrons.

One must keep in mind that the final scattering states should carry additional isotopic
spin quantum numbers.
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As we have seen in § 2, the O operator is of two-body character, acting between the
A and one of the nucleons in the hypernucleus. Choosing the lambda to be particle 1,

one gets:

0=73 01,9 (4.12)

1=2,3
where 1 = 2,3 represents each of the nucleons. Once one antisymmetrizes the initial

and final states, the following expression for the hypernuclear matrix element holds:

()0 Wgy) =2 (3 O(1,2) | Usy) - (4.13)

4.2 The Initial and Final States

In this section, a brief discussion on the initial and final wave functions used in this

work will be given. For more details one is referred again to Ref. [Go97].

4.2.1 The Hypertriton Wave Function

In the following, a hypertriton wave function based on the Nijmegen93 NN potential
[SK94] and the Nijmegen YN interaction [NR77] which includes the A — X transitions,
will be used. In order to keep both states for the hyperons, A and ¥, explicitly, the wave
function of the hypertriton has to be built up of two orthogonal parts [MG93,MK95]:

|U >= |[NNA > Unna + [NNZ > Upnns - (4.14)

The energy eigenvalue problem reads:

(E—Ho) ¥

fl

vV, (4.15)

where the underline stands for a compact matrix notation for Hy, V and ¥, which
can be found explicitly written in Ref. [MG93]. For instance, the function ¥ has
two components, Unna and Unns, as written explicitly in Eq. (4.14). Denoting the
nucleons by 1 and 2 and the A or ¥ by 3, the integral form of this energy eigenvalue
problem provides the Faddeev decomposition:

1
E—

v = VU =gt 4 09 4 509 (4.16)

=

with

V,¥. (4.17)
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Inserting the decomposition of Eq. (4.16) in Eq. (4.17) and summing up V ;, within
the pair ¢j to infinite order yields the matrix Faddeev equations

Pt = T, S P (4.18)

E— _H_O - kl#iy
Assuming ¥ to be antisymmetrized in the two nucleons (1,2) it follows that:
Py = ) | (4.19)

where Py, is the permutation operator acting between the two nucleons labelled by 1
and 2. Therefore it suffices to regard only two coupled (matrix) Faddeev equations:

1

(12) — T 15 (1 — Ppp)yptt®) 4.20
¥ E_H. Ty ( 12)Y (4.20)
and )

(13) _ T (12) _ p,, 5(13) 4.21
Y E_H,Lv (¥ 1Y), (4.21)

where the two-body T matrices obey the (matrix) Lippmann-Schwinger equations:

1

Ty=Vi;+V, mzij ) (4.22)

with 75, kl = 12,13,23. Note that each of the two Faddeev amplitudes has two compo-
nents:

o = | 9
L)) —
P =1 T (4.23)

z

In the case of the two-nucleon T operator, the 2 x 2 T ;, matrix is diagonal and only
the free propagator distinguishes the presence of a A or a ¥. For the hyperon-nucleon
operator this is not the case, and one faces coupled Lippmann-Schwinger equations.
This T-matrix incorporates the AN«~— AN, EN«—— XN and the AN—— XN transi-
tions. After solving the coupled equations (4.20) and (4.21) for @12) and £(13)’ the two
parts of the total wave function in Eq. (4.14) are given by:

Unna = ,(\12) + (1= P) 1(\13) (4.24)
Uynvs = 982+ (1= Pyl . (4.25)

The antisymmetry in the two nucleons of the total wave function is guaranteed by
choosing z/)gi) to be antisymmetricin 1 and 2.
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Even though the A — X conversion is crucial for the binding of the hypertriton, the
YNN admixture in the hypertriton wave function is extremely small (with a 0.5 % of
probability) and the contribution of the & decay can be neglected keeping only the
ANN part.

For the evaluation of the transition operator matrix elements and for the solution
of the Faddeev equation, a partial wave representation is used [MK95]. The number
of channels used in the solution of the corresponding Faddeev equation is 102, which
leads to a fully converged state which has the proper antisymmetrization among the
nucleons built in.

For the hypertriton state it is convenient to take the form in which one of the
nucleons acts as an spectator:

|n) =Y [dpp* [dad* | paa) Va(pa) , (4.26)

where p and q are the magnitudes of the Jacobi momenta

5 = Muki— MiFs

My + My (4:27)
_— (MN+MA)E:3_MN (l—i;1+i<;2)
1= 2My + M, ’ (4.28)

and o denotes the set of discrete quantum numbers o = (Is)j (A])I (FI)J (t3)T. The
(Is)s term describes the coupling of the orbital angular momentum ! and the intrinsic
spin s to the total two-body angular momentum j of the AN subsystem. The ()\%)I
term refers to the same quantities for the other nucleon in the hypertriton. Both
subsystems (AN and N) couple to a total angular momentum J and to a total isospin

T = 0 (coming from the coupling of the tsx = 1/2 and the ¢y = 1/2 isospin values of
each subsystem).

4.2.2 The Final 3N State

Two different final states can be obtained in the nonmesonic weak decay of 3H, the
.n+d state and the n+n+4p three nucleon state. The deuteron and the ﬁn:l ;tate
Tnteraction among the three nucleons is generated using the Nijmegen93 NN force
1nc¥uding the NN force components up to total two-body angular momentum j = 2,
This is sufficient to get a converged result for the nuclear matrix element. Since the.

total 3-body angular momentum is conserved, the corresponding Faddeev equation
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for the final state interaction (FSI) only has to be solved for total three-body angular
momentum J=1/2, but for both parities due to the parity-violating transition potential.

It is briefly shown here, as an example, how to include the final state interactions
among the three final nucleons for the nnp breakup process. The scattering state
=) = \Ilg.}) is Faddeev decomposed [G183] as:

U= = (1 4+ P)y) (4.29)

where P is the sum of a cyclical and anticyclical permutation of 3 objects and ¥(-) is

one Faddeev component. This component obeys the Faddeev equation:

P = ¢0) 4 Gf,_) 1) poyl=) (4.30)
with
6 =1+ G 1)) g3 (4.31)
and ! 1
¢8=ﬁ(1—1’12)]¢o)5%(1*32)|5>lff)- (4.32)

In the last expressions, Gg_) stands for the free three-nucleon propagator, t{=) for the
NN (off-shell) t-matrix and 1/v/6 takes care of the identity of the three nucleons. The
permutation operator Py, acts in the two-body susbsystem described by the relative

momentum p.
Inserting Eqs. (4.29), (4.30) and (4.31) into Eq. (4.13) and iterating (4.30), the

hypernuclear matrix element can be put into the form:

(U057 10(1,2) | Yay) = (431 (1+P)O(1,2) | Tan)

e
+ (G | (1+P) | U), (4.33)
where | U) obeys the Faddeev equation:
|U) = tGo(1+P)O(1,2) | Usyy) + tGoP |U) . (4.34)

Keeping just the first term on the right hand side of Eq. (4.33) is equivalent to
select the pure plane wave impulse approximation to solve the problem. Similar steps

yield the corresponding expression for the nd breakup process, given by:
(5" 10(1,2) | ) = (8] (L+P)OW2) | W) + (& | P IUY,  (43)
where now | ¢) contains the deuteron state | ¢q):

| ¢) =lwa) | o) - (4.36)
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4.3 Results

The total nonmesonic decay rate (in units of the free A decay rate, Ty = 3.8 x 10° s71)
obtained for the hypertriton within this model is /T’y = 5.58 x 1073, which is about
one order of magnitude smaller than what has been found in Ref. [BRA92]. In Table
4.1 the individual contributions of the six mesons to the nonmesonic decay rate I'nm,
and the way each of them contributes to the final result, are shown. As for the p-shell
hypernuclei studied previously, the pion is found to provide the largest contribution.
One can see that the K, the K* and the w mesons also give large individual rates.
When adding all the mesons in an arbitrary order, a varying sequence in the rates is
observed. However, the final result, obtained with the exchange of the six mesons, is

only 12% smaller than the corresponding rate for the 7-only exchange.

Table 4.1. Decay rates in units of I'y for individual meson exchanges and for partially

summed up exchanges.

['meson [ partially summed
T 6.35 x1073 T 6.35 x1073
n  0.13 x1073 T +7n 6.05x1073
K 143 %1072 T+ n+ K 244 x1073
p 020 x10-3 Tm+n+K+p 197 x1073
w 115 x1073 T+ +K+p+w 461 x1073
K* 147 x102 |7 +n+ K+ p+w+ K 558 x1073

In § 4.2, the total decay rate was expressed as the sum of the partial rates for
the nd and nnp decays. The four first rows in Table 4.2 show these partial rates
when only the m-exchange contribution (first column) is considered, and the results
obtained exchanging the whole set of mesons (second column). The nnp decay is
clearly dominant in both cases. The symmetrized plane wave impulse approximation
(PWIAS) is also shown, and the comparison of the PWIAS results to the full one
underlines the relevance of the final state interaction, which produces a considerable

reduction in the rate.
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Table 4.2. Selected decay rates in units of [y for 7~exchange only and for exchange of all

mesons.

n-exchange only  Exchange of all mesons

I3%ias 1.553 x10-3 1.237 x10-3
[o+d 0.395 x1073 0.579 x1073
TpEmte 12,105 x1073 9.474 %103
[otote 6053 x10-3 5.000 x10~3
ragd 0.232 x1073 0.579 x1073
radd 0.155 x10~3 0.006 x1073
Tpd™P  3.421 x107° 3.158 x1072
ragete 2.421 x1073 1.921 x1073

In the last four rows, the parity-conserving (PC) and parity-violating (PV) parts
of the transition are listed separately for completeness. The PC rate is dominant,
specially in the nd decay.

It is well known that theoretically one can choose the A-particle to interact with a
neutron or a proton in the hypernucleus, in order to separate the neutron and proton
induced decay mechanisms, I', and I'y,, respectively. In Table 4.3 these I', and Iy, partial
rates are shown for each nd and nnp channel, as well as for the total reaction including
both channels. It is obvious that the n- and p-induced transitions add coherently in
the evaluation of the total decay rate, and this is clearly evidenced in the same table,
specially for the nd decay. However, in the 3N decay channel the total decay rate is very
close to the sum of the individual rates for the n- and p-induced processes. Nevertheless
these individual decay rates cannot be measured separately. In Fig. 4.2 the values for
S and the angle between the two nucleon detectors, 615, under which the n- and p-
induced decay events can be found, are shown. Those events are selected such that
their sum corresponds to 60% and 90% of their respective total decay rates. Thereby
the differential decay rates are summed up starting with the largest values downwards.

The pictures refer to the detection of a neutron-proton pair. If one is satisfied to
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Table 4.3. Proton- and neutron— induced decay rates in units of I'y for m—exchange only

and for the exchange of all mesons in comparison to the total nd and nnp rates.

n—exchange only

Exchange of all mesons

Ias 0.053 x1073 0.168 x 1073
Lot 0.205 %1073 0.184 x1072
[otd 0.395 %1073 0.579 x1073
Loy™™® 1.553 x10~2 1.500 x10~3
F(f;:;n+p 4.737 <1073 3.421 x10°3
[otntp 6.053 %1073 5.000 x10~3

collect 60% of the n- and p-induced decay, the events occur in kinematically separated

regions. For the 90% case however the two detectors receive events from both processes.
Therefore, one has to conclude that despite the fact that I'"***P is rather close to the

sum of l"?p+)"+p and F?:;MP, the latter values cannot be determined experimentally, only

fractions, the smaller, the cleaner.
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Chapter 5

Conclusions

The present work has analyzed the weak nonmesonic decay mode, AN — NN, in
A-hypernuclei, using a shell-model approach for the description of the hypernucleus.
Many different ingredients have been considered for evaluating the hypernuclear weak
decay, in order to treat the nuclear structure details with as few approximations and
ambiguities as possible. One of these ingredients is the use of spectroscopic factors to
describe the structure of the initial hypernuclear system, as well as the final nuclear
system. Troughout this study, s-shell and p-shell hypernuclei have been explored, and
all the possibilities for the initial and final relative angular momenta have been included
in the calculation. The importance of short-range effects has been emphasized through
the consideration of short-range correlations for the initial AN system as well as for
the final NN system. This has been done via the inclusion of realistic AN and NN

interactions based on the Nijmegen baryon-baryon potential.

The present calculations have been performed in a one-boson-exchange model that
includes not only the long-ranged pion but also contributions from the other pseu-
doscalar mesons, the  and K, as well as the vector mesons p,w and K*. The weak
baryon-baryon-meson PV vertices have been obtained using SU(3) symmetry for pseu-
doscalar mesons, SU(6) symmetry for vector mesons and soft-meson theorems. For
the evaluation of the weak PC vertices, the pole model has been used. The primary

goal of this work was to reduce nuclear structure uncertainties as much as possible so
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that our framework can be used to extract these weak baryon-baryon-meson couplings.
However, the task of extracting these constants becomes difficult due to the sensitivity
shown by our results to the different models used in the strong sector.

The conclusions of this work can be summarized as follows:
Total decay rate

e The OPE mechanism dominates the total nonmesonic decay rate in magnitude

and in range.

o The rate is specially sensitive to the inclusion of strange mesons. Their influence
is considerable not only in the rate but also in the neutron-to-proton ratio, due

to their special isospin structure.

The second-largest contribution to the rate comes from the K-meson, which
amounts to 15% of the individual OPE rate but with a shorter range. The
importance of kaon exchange makes it possible to see the effects of modifying
the weak NNK couplings by loop contributions from next-to-leading order yPT.
Including these loop graphs leads to a reduction of the NNK couplings from their
tree-level value up to 30%, which in turns modifies the K-rate by a factor of 2.

Future experiments should be able to verify this effect.

The K meson contribution is followed by that of the K* which tends to partially
cancel the effects of the kaon. It is imperative that future studies include both

strange mesons simultaneously.

e The role of the p meson is found to be less relevant than expected. Our results for
its contribution to the total decay rate differ substantially from the ones quoted
by previous calculations, where the central potential in the p-exchange diagram

was omitted and different models for the ANp coupling constants were used.

o The combined effect of the isoscalar 7 and w mesons in the rate is almost negli-
gible.

o There is large interference between the different mesons contributing to the total
decay rate, and the evaluation of the contribution of each isospin-like pair [(7,p),
(K,X*) and (n,w)] leads to destructive interference between both components of
each pair.
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o Due to the different ranges of the various mesons considered in the exchange, their
contribution is modified differently when SRC and FF are included. Adding the
heavier mesons to the pion-exchange mechanism leads to fluctuating accumulated

rates, and end up reducing the m-exchange rate by only 15%.

e The decay process is very sensitive to short-range effects. It is therefore impera-
tive to use appropriate short-range correlations for the initial and final two-body

states.

In this work the discrepancies between relativistic and nonrelativistic approaches
on the effect of SRC have been understood. It has been shown that the ap-
propriate method to include correlations is that followed by the nonrelativistic

treatment.

e Due to the sensitivity of our results to the different models used for the vertices,

a more accurate set of coupling constants is needed.

Using the Nijmegen constants in the strong sector leads to a total rate (including
all the mesons) which is 15% smaller than the OPE rate, while the use of Julich
constants leads to a total rate 15% larger than in the pion case. However, both
results are consistent with the experimental value for the rate. Improved YN
potentials which narrow the range of the strong coupling constants are required

to reduce the uncertainty in their values.

Once the breaking of SU(3) symmetry is taken into account via the use of NNK
weak coupling constants derived in next-to-leading order xPT, the effect of the K
meson is reduced, increasing the total rate by about 10% and bringing the result

closer to the experimental value.

¢ When computing the nonmesonic weak decay rates for different hypernuclei, an

overall agreement with the corresponding experimental values is obtained.

In the case of the }*C and }'B hypernuclei, for which a mean field description of
the wave function is a rather realistic picture, one can see a good agreement with
the experimental data. For 3He, one should further consider dynamical effects
tied to the short-range AN repulsion, which pushes the A wave function to the
surface of the nucleus. This would reduce slightly the decay rate obtained in this
work.
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Conclusions

Calculations performed in nuclear matter and using the LDA can reproduce accu-
rately the finite nucleus results presented throughout this work. The choice of an
appropriate value of the Landau-Migdal parameter, which controls the amount

of SRC in the LDA approach, is crucial to bring the results closer.

The neutron-to-proton induced decay ratio

The I',/T, ratio is quite sensitive to the isospin structure of the exchanged
mesons. The inclusion of the strange K and K* mesons modify strongly this
ratio, as it has been suggested for many years. The K meson reduces this value
by about a factor of three, while the K* meson adds constructively leading a
value which is half the one corresponding to the pion, when the Nijmegen strong

coupling constants are used.

Even though the strange mesons considerably change the value of the T'h/I'
ratio, adding all the mesons reduces the value bringing it further away from all

the experimental results obtained until now.

Furthermore, this ratio turns out to be sensitive to the choice of strong coupling
constants as well. Using the Nijmegen strong couplings reduces the ratio by 30%
from its pion-only value while the use of the Jilich strong couplings leads to a

change of only a few percent.

The present model predicts I', /', values that are much smaller than the central
experimental ones. However, due to the large experimental error bars, one can
not draw definite conclusions about the evaluation of this ratio. More precise
experiments are needed in order to correct possible deficiencies present in the

theoretical results obtained until now.

It is worth noticing that while the individual ', and I'p disagree with the data

their sum conspires to a total rate which reproduces the measurements quite well.

The intrinsic lambda asymmetry parameter

The intrinsic lambda asymmetry parameter, a,, is also quite sensitive to the

inclusion of additional mesons in the weak mechanism.

In contrast to the previous observables we found the proton asymmetry to be
very sensitive to the p-exchange while the influence of the kaon is more moder-
ate. The strongest modification in the value of this parameter is caused by the
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addition of the p and w mesons. The final value obtained when the whole set
of mesons is included is 30% or 50% larger than the value corresponding to the
OPE mechanism, depending of the strong coupling constants used.

The asymmetry is therefore an important addition to the set of observables since
its sensitivity to the various ingredients is different from the total and partial

rates.

e There is a considerable level of uncertainty in the experiments concerning the
measure of the asymmetry parameter. It is again this uncertainty which prevents
one from using the asymmetry as an observable that can select between the

different models for the weak decay at this stage.

5.1 Future Perspectives

This study clearly indicates that further theoretical effort must be invested to under-
stand the dynamics of the nonmesonic weak hypernuclear decay. At present, it appears
to be impossible to reconcile the discrepancies observed in the partial rates when using
the different available models for the coupling constants within a one-boson-exchange
potential. In order to approach the present experimental values, the weak couplings
of the heavier mesons would have to be unreasonably large which would yield very
large total rates incompatible with the data. The sensitivity shown by the I, /T, ratio
and the asymmetry to the values of the weak coupling constants is an indication that
these observables could be used to discriminate between different theoretical models,
as soon as new data with reduced statistical errors are available. Within the one-meson
exchange picture it would be desirable to use weak coupling constants developed with
more sophisticated approaches. A beginning has been made by Savage and Springer
[SS96] in their evaluation of the weak NNK couplings in next-to-leading order xyPT
and the effect has been found to be important. However, an understanding of the
weak AN7 and ¥N7 couplings within the framework of chiral lagrangians is still miss-
ing. Furthermore, due to the importance of the K*-meson it would be desirable to
recalculate its weak NNK* couplings in improved models as well.

Several recent studies [IT96] have gone beyond the conventional picture of meson
exchange and have developed mechanisms based purely on quark degrees of freedom.
These works [IT96,CH83,HK86], although promising, are still at an early stage. The
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obtained results depend upon the relative sign between the pion contribution and the
one from quarks, which are assumed to be independent. One should keep in mind,
however, that such models have not always been able to reproduce the experimentally
measured free hyperon decays. Efforts continue in this direction trying to establish the

connection between the effective quark hamiltonian and the empirical A =N vertex.

Another avenue that is currently being pursued is the validity of the AT = 1/2
rule in the AN — NN process. While this empirical rule is well established for the free
hyperon and kaon decays there is some indication that it could be violated for the AN
— NN process. Within the framework of SU(3) and soft-meson theorems the weak
NNK and ANp vertices are related to the observable AN7 decay and, therefore, one
would expect small AT = 3/2 contributions for these mesons. On the other hand, the
vector meson vertices can receive substantial contributions from factorization terms
which have been shown not to fulfil the AT = 1/2 rule [MS94]. The attractive feature

of these additional terms is their strong influence on the ratio I',/T;.

On the level of implanting the basic AN — NN amplitude into the nucleus, un-
certainties have been minimized in this study by treating each ingredient as well as
possible. Nevertheless, within the framework of the impulse approximation and the
use of a shell-model description for the nuclear systems, the short-range correlations,
the spectroscopic factors and the single particle wavefunctions still come from separate
sources. This dilemma can be avoided in rigorous few-body calculations with realistic
wave functions. The nonmesonic decay of the hypertriton has been calculated using
correlated three-body hypernuclear wave functions for the initial hypertriton state and
continuum Faddeev solutions for the three-nucleon scattering state [Go97]. Thus, all
nuclear structure input is generated from the same underlying YN- and NN-potentials,
eliminating the ambiguities of the shell-model approach. It is therefore of utmost im-
portance to pursue experimental measurements of the nonmesonic decay of this light

hypernucleus.

Other works [IU95,Sh94] incorporate, in addition to the pion, the exchanges of the
o and the p mesons. In these new potentials (V;r/, and V,./,), two pions are coupled
to each of these mesons and the intermediate baryon is allowed to be a ¥ or a nucleon,
the weak process taking place at the A — Nm or ¥ — Nn vertex. However, it was
found that this inclusion increases the value of the T',/T, ratio to values around 0.2,

which, although going in the right direction, are still far from the empirical values.

On the experimental side, it is critical to obtain new high accuracy data soon.
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Improved partial rates for the proton- and neutron-induced decay modes are specially
important. Of help would be to not only measure rates but also exclusive spectra of
the decay products. Such distributions would be significant to disentangle the effects
of the ANN — NNN process from the two-body process discussed here. Recent works
[RO94,RV97] studied this 2N induced A decay channel and analyzed the possible reper-
cussions of this mechanism in extracting the neutron-to-proton induced ratio from the
measured data. After the calculation of the spectra of neutrons and protons following
the decay of the A in several hypernuclei, through the one- and two-nucleon induced
mechanisms, it was found that the two-nucleon channel was relevant specially in the
determination of the I'y /T, ratio. The fraction of this decay channel was found to be
only 30% of the free A width, or 20% of the total A width in the nucleus, but the er-
ror band in I', /T, was actually enlarged with respect to a determination omitting this
channel in the analysis. It was also pointed out that the ratio I'y/I'; can be determined
reliably provided one can measure the number of emitted protons and neutrons with

sufficient precision.

Beyond improving the present data base for the weak decay of A-hypernuclei, there
are two more avenues which would aid our understanding of the weak AS = 1 hadronic

interaction.

First, with the advent of new, high precision proton accelerators such as COSY in
Jilich, it may become possible to perform a direct study of the time-reversed process
pn — Ap [Ha95]. While the very low cross sections will make this direct investi-
gation of the AS = 1 baryon-baryon interaction difficult to measure, high efficiency
detection schemes should allow determining a branching ratio of 107!3. Thus, the
strangeness changing hadronic weak interaction could be studied similarly to the weak
parity-violating NN interaction. The asymmetry of this reaction has been measured
at several kinematics which are sensitive to different parts of the meson-exchange po-
tential. Furthermore, measuring the p n — A p process directly would give access to a

number of polarization observables since the A is self-analyzing.

Secondly, the hypernuclear weak decay studies should be extended to double-A
hypernuclei. Very few events involving these exotic objects — whose very existence
would place stringent constraints on the existence of the elusive H-dibaryon — have
been reported. Studying the weak decay of these objects would open the door to a
number of new exotic A-induced decays: AA — AN and AA — XN. Both of these
decays would involve hyperons in the final state and should be distinguishable from



110 Conclusions

the ordinary AN — NN mode. Specially the AA — AN channel would be intruiging
since the dominant pion exchange is forbidden, thus this reaction would have to occur
mostly through kaon exchange. One would therefore gain access to the AAK vertex.

The promising efforts at KEK with an improved measurement of the 3He decay,
the continuing program at BNL, and the advent of the hypernuclear physics program
(FINUDA) at DA®NE represent excellent opportunities to obtain new valuable infor-
mation that will shed light onto the still unresolved problems of the weak decay of
hypernuclei.



Appendix A
Coeflicients ((L'S)JM 7|0a|(LrSg) T M j)

In this Appendix the explicit expressions for the ((L'S)JMy|O&|(L+So)J M) co-
efficients appearing in the evaluation of the relative AN — NN amplitude (¢.¢ in §
2.3), will be given. The quantum numbers L., So,J and M; stand for the initial AN
state, while the numbers L', S, J and M correspond to the final NN system. Note that
due to the scalar nature of the spin-space O, operator, the values of the total angular

momentum and its projection, J and M, respectively, are conserved by the transition.

A.1 Central Transition

On =1
(L'S)T Ms|Oa|(LySo)I M) = 81,10 65,5 (A.1)

A.2 Spin-Spin Transition

A

Oa = 0_:15:2

((L'S)I My|Oul(LrSo) M) = (25(S + 1) = 3) b,/ 65,5 (A.2)
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A.3 Tensor Transition

A

Oo, = 512(7’:) = 351f32f - 5152

(L'S)IM|Oul(LrSo) I Mys) = 8% 11 85,5 651 (A.3)

where the coefficients Sy ;, are given in Table A.1.

A.4 Parity-Violating Transition

A.4.1 Pseudoscalar Mesons
On = o
((L'S)T M|O4|(LrSo)J M)
= (=1)7H1-'\/G\ /280 + 1y/2L, + 125 F 1

1 Lg L' L, 1
x (10L,0[L'0) (; : 1")(5 . J)
2 0

A.4.2 Vector Mesons

I

(A.4)

On = [61 X &3] 7
((L'S)T M|O4|(LsSo)J M)
= i(=1)7"F+56v/61/250 + 1\/2L, + 1V25 + 1

I
« (10L,0|L0) !
S S J

N N
O N
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Table A.1. Matrix elements of the tensor operator evaluated between generalized spherical

harmonic states of definite J,L and S

Si 1 I=J+1 I'=J L'=J-1

_ -2(J+2) 84/J(J+1)
L, = J+1 2J+1 0 2J+1

L.=J 0 2 0

L.=J—1 6y/IU+1) 0 -2(J-1)
r 2J+1 2J+1







Appendix B
PV amplitudes. An example

Ref. [D82] gives the necessary steps for obtaining the unphysical PV amplitudes
via the use of soft-meson techniques and SU(3) symmetry. The point is to relate these
quantities to the physical PV amplitudes for the nonleptonic hyperon decays B — B’
+ 7. As an example, the (nK* | Hy, | p) amplitude will be derived in this section. To

obtain this quantity the following tools will be necessary:

e The definition of the K*-meson as a member of the pseudoscalar-meson octet
(r%, 7%, K=, KO,R_O,U) and the definition of the proton and the neutron as
members of the spin 1/2 octet ($*, 5% p,=7,n,=% A).

1

K* = ‘\/'E(M4+iM5) (B.1)
1 .

p = -ﬁ(B4+1B5) (B2)

n = —(Bs+iBs) (B.3)

3

o The soft-meson reduction theorem given in Eq. (2.65).
o The action of the SU(3) generator F; on a baryon B, given by Eq. (2.66).

o The coupling defined in Eq. (2.67).
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o The values of the fi;x (completely antisymmetric) and d;jx (completely symmet-
ric) SU(3) coefficients shown in Table B.1.

Let us write the desired PV amplitude explicitely as:

(nK* | Hpy | p) = ((Be —iB7) (M4 — iMs) | Hpy | (B4 +iBs)) - (B.4)

2\/_

Applying the soft-meson reduction theorem to the last equation one gets the following

expression for the loww energy limit,

lim (nK* | Hpe | p) = —L — {B6|F4H6 HPFy | By)
q—0 F

—i (Be | F5H6 — H6F5 | B4> —l <B7 | F4H6 —_ H6F4 | B4>
— (By | FsH® — HFy | By) +i (Be | F4H® — H°F4 | B)
+ (Bg | FsH® — H°Fy | Bs) + (B | FyH® — H®Fy | B)

—i (B | FsH® — H°F; | Bs)} . (B.5)
Taking into account that:
Fi|By = 0 (B.6)
Fy|Bs) = —|B3)+Q|B8) (B.7)
Fy|Bs) = —;—|B2) (B.8)
FiB:) = 11B) (B.9)
FIB) = —51B) -2 By (B.10)
F5|Bs) = 0 (B.11)
Fs|Be) = —%|B1) (B.12)
Fs|B) = %|B2), (B.13)

the limit of the amplitude takes the form:

lim (C* | Hon [9) = = 5= {(Ba | B Bo)+ V3 (B | H°| Ba
—i (B | H® | Bg) — V/3i (B; | H®| Bg)} , (B.14)
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with
(Bs | H° | Bs) = iAfoss + Bdess = —%B (B.15)
(Bo| H® | Bs) = iAfoss + Bdegs = -;%B (B.16)
(B7 | H®° | Ba) = iAfesr + Bdgar = —;-iA (B.17)
(B7 | H® | Bg) = 1A fesr + Bdggr = —-\g—§iA : (B.18)

Finally one can express the limit of the PV amplitude in terms of the reduced

matrix elements A and B in the following way:
im (Kt - 1 1 A_B B.19
lim (K* | Hyn [7) =~ 575 (A= B). (B.19)

Let us now relate this quantity to the physical amplitudes for the A® (A — 7~ +p) and
53 (£ — 7%+p) decays. Once again Ref. [D82] is used to get:

i -3A-B

o _ ___ 2~ B.20
A F, 43 ( )
+ i A-B B.21
23 - Y (B.21)

From these relations one can solve A and B in terms of A% and £7:

.

1

Fr

.

1

£

—V3 A% + 3¢ (B.22)

ii

~V3 A2 -3 %% (B.23)

and substitute their corresponding expressions in Eq. (B.19) getting the final result:

. 3 1
}11_% (oK* | Hpy | p) = \/;- A% + 7 oE. (B.24)
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Table B.1. Non-zero elements of the SU(3) coefficients f,;x and d,x

ik for ik di
123 1 18 /i
147 1oue L
156 -1 157 1
246 1o \fE
257 L 247 -1
345 1 256 3
367 -1 338 /I
458 13 344 1
678 33 355 1
366 -1
377 -1
18 - ;Lo
558 - ;1=
668 - 1=
8 - L
888 - /1
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