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Abstract

Single and double coincidence nucleon spectra in the weak decay of A hypernuclei
are studied within a nuclear matter formalism extended to finite nuclei via the lo-
cal density approximation. With respect to previous calculations, the present work
adopts a unified microscopic approach for both the one— and two—body induced
mechanisms, including the channels Ann — nnn and App — npp in addition to the
mode Anp — nnp already considered in earlier phenomenological studies. The prop-
agation of the final nucleons in the residual nucleus is simulated by an intranuclear
cascade code. Through the comparison of our predictions with }EC KEK nucleon
coincidence data obtained with a nucleon kinetic energy threshold of 30 MeV and
an opening angle region cosfyy < —0.7 we determine I',, /I, = 0.66 £ 0.24. We
find that the value of T', /T, extracted from single nucleon distributions is strongly
affected by final state interaction effects. Some discrepancies between measured and
calculated proton spectra are also pointed out.

Key words: A-Hypernuclei, Non-Mesonic Weak Decay, I, /T, ratio,
Two—Nucleon Induced Decay
PACS: 21.80.+a, 25.80.Pw

Preprint submitted to Nuclear Physics A 20 January 2010



1 Introduction

Diversified efforts have been devoted to the study of hypernuclear weak decay
in the latest years. Theoretical reviews on the subject can be found in [1-3]
and recent, related KEK, BNL and FINUDA experiments in [4-17]. New ex-
periments are planned at J-PARC [18] and HypHI [19]. Strong evidences were
obtained for a solution of the long standing problem on the ratio I',,/I", be-
tween the widths for the weak non—mesonic processes An — nn and Ap — np.
They originated from theoretical analysis [20, 21] of KEK two—nucleon coinci-
dence data [8-10]. The problem was mostly due to a non—trivial interpretation
of experimental data, which required a careful analysis of nuclear medium ef-
fects on the weak decay nucleons, rather than to a poor understanding of the
weak decay mechanisms themselves. The lately extracted I, /", values [20, 21]
turned out to be in agreement with the previous, pure theoretical estimates
of [22-28] obtained by using one-meson-exchange potentials to describe the
one-nucleon induced, AN — n/N weak transitions.

Nevertheless, further theoretical and experimental work is desirable in order
to confirm the previously mentioned evidence in favor of a solution of the
I',, /T, puzzle and to have a more accurate determination of the ratio. Indeed,
on the one hand such an evidence relies on particular theoretical descriptions
of both the weak decay mechanism and the subsequent propagation of the
produced nucleons within the residual nucleus. In this direction, the use of
alternative weak decay and/or final state interaction models is of interest. On
the other hand, one has to consider another problem of the field: it concerns
the asymmetry of the protons emitted in the non—mesonic decay of polar-
ized hypernuclei, measured to be not far from zero in recent experiments [29]
while a large negative number is predicted by theoretical models [23, 30-32].
In the latest years, a strong effect of nucleon final state interactions (FSI)
was pointed out [30], without bringing new hints for a possible solution of
the asymmetry puzzle. Recently, however, the dominating effect on the asym-
metry of the scalar—isoscalar channel in the weak decay mechanism has been
emphasized [33-36], and the two—pion exchange chiral model developed in [22]
gives promising results for the rates [22,37] and the asymmetries [37] of both
2He and }2C hypernuclei. Establishing the connections existing among the
weak decay magnitudes: I',,/I",, T’y (the width for two-nucleon induced de-
cays, ANN — nNN), I'ny = I';, + ', + I's and the asymmetry parameters,
and the question concerning the validity of the AI = 1/2 isospin rule in
the non—mesonic decay are other important issues which deserve future in-
vestigations in the prospect of a better understanding of baryon—baryon weak



interactions.

On the experimental side, very recent measurements of single— [4-7,13,15, 17|
and double-coincidence [8-10] nucleon spectra from the non-mesonic hyper-
nuclear decay were reported with improved precision with respect to the ones
at disposal in previous experiments [38-42] and in forms that suggest suitable
comparisons with theory. Some of these experiments have somehow managed
to derive values of I';,/T",. They are discussed in the following paragraphs.

The T,/T, ratio was determined by KEK-E307 [4,5] for }2C, 28Si and ,Fe
hypernuclei from single-proton kinetic energy spectra measurements and by
making use of the intranuclear cascade code of [43] (based on the polariza-
tion propagator formalism of [44]) to simulate nucleon re-scattering in the
residual nucleus. For }2C, T',/T, = 0.87 £ 0.23 was obtained in [5] by ne-
glecting the two-nucleon induced decay mechanism and T',/T', = 0.601033
by assuming I'y/(I',, + ') = I'(Anp — nnp)/(I', +T'5) = 0.35. As the very
same authors of [4,5] noted in [6], these determinations of the ratio may be
affected by the fact that in the experiment the neutron—induced decay width
was estimated indirectly, from the proton measurement, using the relation
I'y=Ir—T,—Ts —I0(—I3). This method also required the measurement
of the total decay width I't as well as the decay rates for the mesonic chan-

On (T,o0, for which previous data from [39]

nels A - 77p (I'-) and A — 7
were used in the analysis of [5]). Moreover, the severe energy losses suffered
by protons inside the (thick) target and detector materials and the conse-
quently high kinetic energy threshold (about 40 MeV) for proton detection in
KEK-E307 did not permit an easy reconstruction of the low energy part of
the proton spectrum, which is essential for the indirect evaluation of I',,. As a
consequence, in [6] the hypothesis was advanced that I';, (I',) might be overes-
timated (underestimated) in the analysis of [5] because of an underestimation

in the number of emitted protons.

A controversial determination of I',,/I', from KEK-E369 data, based on un-
proven, delicate hypotheses and theoretical input (again from [43]), was re-
ported in [6]. In this experiment, direct measurements of single-neutron ki-
netic energy spectra were performed (with a 10 MeV threshold) for }*C and
Y once analyzed together with the single-proton spectra of [4,5], a ratio
I,/T, = 0.51 &+ 0.15 for }*C was derived by neglecting the two-nucleon in-
duced decay channel.

To overcome the difficulties of the discussed experiments, both single-neutron
and single-proton energy spectra were measured simultaneously by KEK-



E462 for 3 He and KEK-E508 for ;2C [7]. From these measurements, the au-
thors concluded that T',,/T, ~ (N, /N, — 1)/2 ~ 0.5 for both {He and }*C,
N,, (N,) being the total number of neutrons (protons) with kinetic energies
Ty above 60 MeV. However, one has to note that the previous approximate
relation between I',,/I", and N, /N, is only valid when FSI and two-nucleon
induced decay effects can be neglected. The predictions of [21] and the results
presented in Sections 3.1 and 3.2 prove that FSI are not negligible even when
a high detection threshold such as T = 60 MeV is used.

In the experiments KEK-E462 (3 He) and KEK-E508 (}>C), nucleon-nucleon
coincidence spectra were also measured [8-10]. Quite clean angular and energy
correlations between neutron—neutron and neutron—proton emitted pairs (i.e.,
back—to—back kinematics and Ty, + Ty, ~ 155 MeV) were observed, thus
representing the first direct experimental evidence of the existence of the one—
body induced decays An — nn and Ap — np. The ratio, N,,,/N,,, between the
numbers of emitted neutron-neutron and neutron—proton pairs was measured
to be around 0.5 for both 3 He and }2C after applying the angular and energy
restrictions: cos Oy < —0.8 and Ty > 30 MeV. The authors of [8, 9] concluded
that, under these constraints, I',/I") ~ N,,/N,, =~ 0.5 on the basis of a
supposed cancellation of FSI and two—nucleon stimulated decays effects in the
ratio Ny, /Nyp. In a more recent work [10], the result I',,/T", = 0.51£0.13+0.05
was deduced by the KEK collaboration for 2C after correcting for FSI effects
by making use of the number of detected proton—proton pairs in addition
to measurements of N,, and N,,. Two-nucleon stimulated decays were not
taken into account. A method similar to the one used in [6] was applied to
determine I, /T",. We shall widely discuss the non—negligible effect of FSI in
the extraction of I',/T", from measurements of N,,/N,, in Section 3.5.

Despite this recent experimental progress, improved and/or independent mea-
surements are awaited for a really complete understanding of the AN — nN
reaction in nuclei. On this respect, the observation of the weak decay of neu-
tron and proton rich hypernuclei [14,19] would also be source of new infor-
mation. Beyond these considerations, from the above paragraphs it is clear
that the extraction of the I, /I", ratio from data is a complex task, once FSI
and the two—body induced mechanism play non—negligible roles. A theoreti-
cal approach for the extraction of I',,/I', from experimental spectra (which,
contrary to the decay rates, are the actual observable quantities) is required.
Values of I',/T", determined in such a way are thus model-dependent; only
when different approaches lead to the same I',,/I', it is fair to call this ratio
the experimental value of I',,/T",.



On the theoretical side, an extensive study of single- and double—coincidence
nucleon spectra for the non-mesonic decay of 3He and }2C hypernuclei was
presented in [20, 21]. A one-meson—exchange (OME) potential was used for the
AN — nN transition in a finite nucleus framework. The model adopted for the
two—nucleon induced decay channel is described in [44]. In simple terms, this
model results from the product of an approximation to the 3p2h phase space
times a constant which embodies, phenomenologically, the strong interaction
dynamics. The process was assumed to proceed entirely from the Anp — nnp
reaction. The calculation was performed in nuclear matter together with the
local density approximation. The intranuclear cascade code of [43] was used
to simulate the nucleon propagation inside the residual nucleus. Comparison
with KEK-E462 and KEK-E508 two-nucleon coincidence data [8,9] lead to
the determination of T',,/T", values around 0.3-0.4 for both 3 He and }2C [21].
It was shown that FSI and two-nucleon induced decays affect the extraction
of ', /T, from two-nucleon coincidence data even when favorable energy and
angular correlation restrictions are imposed on the observed nucleon pairs. It
should be noted that an asymmetric treatment was given to one— and two—
body induced decay mechanisms in [20,21]: while the one-body stimulated
decay is evaluated in a finite nucleus framework, an approximated model in
nuclear matter is used in the calculation of the two—body induced decay.

The rather simple two—body induced decay model employed in those works, to-
gether with the non—negligible role played by the two—body stimulated process
in the interpretation of data, have motivated us to explore a unified approach
for both the one— and the two—body stimulated decay mechanisms. Our scheme
for the decay rates, developed in [25-28], puts on the same ground the mi-
croscopic evaluation of one— and two—body stimulated decay mechanisms and
includes the channels Ann — nnn and App — npp besides the standard mode
Anp — nnp. This scheme uses the same OME weak transition potential (con-
taining 7, p, K, K*, w and 1 exchange) of [23]. The huge number of two-body
induced configurations makes the use of nuclear matter more convenient, the
predictions being extended to finite nuclei via the local density approximation.
Most of the results shown in the present work are for the intermediate—mass
hypernucleus 2C, but we also present some results for a heavier hypernucleus,
PY. FSI are evaluated by means of the Monte Carlo intranuclear cascade code
of [43]. Our aim is twofold. First, we want to discuss predictions for the nu-
cleon emission spectra using the unified microscopic approach. Afterwards, by
fitting experimental spectra we address the question of the determination of
the experimental value of I',,/I',. Our main achievement is an agreement of
the present results with the ones of [20, 21| concerning the ratio N, /N,,. This
supports the idea that it is possible to determine from data a a basically model



independent value for I, /T",, which then truly qualifies as the experimental
value of the ratio.

The paper is organized in the following way. The weak decay model employed
in the calculation is outlined in Section 2.1. In Section 2.2 we give a very brief
summary of the intranuclear cascade simulation. Numerical results for single
and double coincidence nucleon distributions are presented and compared with
data in Section 3. The contribution of the two—nucleon induced decay channels
is analyzed with special regard in this Section. Finally, our conclusions are
drawn in Section 4.

2 Model

2.1 Weak decay

Let us consider the one and two—nucleon induced non—mesonic weak decay
widths for a A~hyperon with four-momentum k = (ko, k) inside infinite nu-
clear matter with Fermi momentum kr. In a schematic way, one can write:

Liy(k,kr) =D [(FIVAYTN0), *6(Ey — Eo) (1)
f
where VAN=NN is the weak transition potential, |0),, denotes the initial hy-

pernuclear ground state with energy Ey and |f) stands for a possible 2plh or
3p2h final state with energy E;. The 2plh and 3p2h final states contribute to
I'; and I'y, respectively.

The decay rates for a finite hypernucleus are obtained via the local density
approximation [45]

Pigy = [ dk [oa(R) [ dr [9a(r)PTs (K, ke(r) | 2)

i.e., by averaging the partial width over the nuclear volume, assuming a local
Fermi momentum kp(r) = {372p(r)/2}/3, where p(r) is the density profile
of the nuclear core. This average is weighted by the probability per unit vol-
ume of finding the A at a given position 7, [¢)5(7)|?. In a hypernucleus, one
needs to further average over the extended momentum distribution of the A
hyperon, ¢, (k), the Fourier transform of ¢, (r), for which we adopt a 1s; /2
harmonic oscillator wave—function with frequency hw = 10.8 MeV adjusted to



the experimental energy separation between the s and p A-levels in }2C. The
A hyperon energy is given by kg = my + k?/(2my) + Vi, i.e., it also contains
an experimental binding term V), = —10.8 MeV.

VAN=NN g a two-body operator, the emission of two nucleons may

Since
originate either from the Hartree-Fock vacuum or from ground state correla-
tions induced by the nucleon—nucleon interaction. At variance, the emission of

three nucleons can only be achieved when VAN=NN

acts over a ground state
correlation. It is therefore convenient to introduce the following model for the

hypernuclear ground state wave—function [27]:

<P/2h2p3h3\VNN| )
Epy = Ehy + Eps — Eny

|0)k, = N (kp) (| )— >

phhapshs

|p/2h2]93h3>) ® |pa) ,(3)

where | ) is the uncorrelated ground state wave—function, i.e., the Hartree—
Fock vacuum, while the second term in the rhs represents 2p2h correlations
introduced by the nuclear residual interaction V¥, The particular labeling
Ph, ha, ps and hz (each symbol denoting particle and hole four-momenta and
spin and isospin projections) is explained in Subsec. 2.1.2. Besides, |py) is the
normalized state of the A, the particle and hole energies are denoted by &;

9\ —1/2
) (4)

is the ground state normalization factor. The explicit expression for N (k) is

and:

<P’2h2p3h3|VNN‘ )
Epl, — Ehy + Epy — Ehy

N(kp) = (1+ >

phhapshs

given in [28].

2.1.1  One-nucleon induced decay

By inserting Eq. (3) into Eq. (1), one obtains for I'y:

Cu(k ) = A5 21V ) oty — o). (5)

the final states |f) being restricted to 2plh states. Note that in this expres-
sion we have kept only the dominant Hartree-Fock vacuum contribution. The
corresponding Goldstone diagrams for the direct and exchange A self-energies
are shown in Fig. 1. Explicit expressions for I'; are found in [25].



Fig. 1. Direct and exchange A self-energy diagrams corresponding to the one-nu-
cleon induced decay channel in nuclear matter.

2.1.2  Two—nucleon induced decay

We consider now the two—nucleon induced decay mode. From Egs. (1) and (3),
one gets for I's:

Do(k, kr)=N?(kr) >
!

Z <f‘VANHNN‘p/2h2p3h3§ pA)

phhapshs

2

o(Ey — Ey) (6)

o (Phhapshs; pAlV N [pa)
Epy — Ehy T Epy — Ehg

where | f) stands now for the possible 3p2h states. At variance with I'y, several
Goldstone diagrams contribute to I's. A microscopic evaluation of the two-
nucleon induced decay is a quite involved task which should be pursued on a
step—by—step basis.

The complexity of the problem makes the phenomenological approaches [44,
46] very valuable because they were able to establish a first estimation of the
size of the two—body induced decay mechanism, as compared to the domi-
nant one—nucleon induced one, as well as its effect on the determination of
the ratio I',/T',. In fact the first model for evaluating I'y [46] was proposed
in the hope of understanding the large fraction of neutrons, and hence the
large value of I, /T, observed in the experiments. The work was inspired by
the previous knowledge on pion absorption. The idea was that the near on—
shell pion produced at the weak vertex would be preferentially absorbed by a
neutron—proton pair producing twice as many neutrons than protons from this
process. Thereafter, a hybrid model was employed in [44], where the strength
of the mechanism was extracted from the phenomenology of the two—nucleon
absorption of real pions, and the extension to other kinematical regions was
done by taking an approximation for the 2p2h phase space. It was explic-
itly found that the consideration of the two-nucleon induced channel has a



non-negligible effect on the extraction of the ratio I',,/T", from the number
of emitted protons and neutrons. A following work [43] determined the en-
ergy distribution of nucleons, in order see whether the two decay mechanisms,
one— and two—nucleon induced, could be disentangled for a proper evaluation
of I',,/T',. These previous studies, based on a phenomenological evaluation of
'y, established the basis for the analyses performed in [20, 21| of experimental
two—nucleon coincidence nucleon spectra [8, 9], which contributed to the solu-
tion of the so—called I',,/T", puzzle. It is therefore important to check whether
the value of the ratio is stable against the use of different models of I's, in
other words, to try to establish a model-independent value for I';,/I",. This is
the main purpose of this work. In particular, we will employ a model which is
based on the same microscopic approach as that adopted for the calculation
of the one—nucleon induced mechanisms. Our unified scheme considers a full
meson—exchange model in the weak transition potential and 2p2h intermedi-
ate states excited by a realistic strong NN interaction. This produces a quite
different energy distribution of the three nucleons emitted in the two—nucleon
absorption processes, as we will see in Sect. 3.4.

In the present work we will keep only the dominating terms of the two-nucleon
stimulated contributions, namely those obtained by attaching the weak tran-
sition potential VAN=NN to the same 1plh bubble, an example of which is
seen in Fig. 2. Actually, a more complete set of diagrams, including terms
with the two weak transition potentials connected to different 1p1h bubbles
as well as Pauli exchange contributions, were discussed in [27,28]. The imple-
mentation of the full set of diagrams in the evaluation of the spectra is quite
involve and goes beyond the scope of the present contribution. Moreover, by
keeping the dominating terms it is expected that these missing terms would
not modify the value extracted for I',,/I', in a significant way. Therefore the
conclusions of the present work should not be altered. Note that there are
three different contributions to the dominating terms, which we denote by
TSP 5" and ThM (T, = TP 4+ T5" + T8, In the first one, the two VAN="N are
attached to the same particle (see Fig. 2, from which the notation employed
in Egs. (3) and (4) becomes clear). In the ph contribution one VAN=™ ig
connected to a particle and the other one to a hole. Finally, the two potentials
are attached to the same hole for the hh part. The corresponding ph and hh
Goldstone diagrams can be found in [26] (Fig. 1) together with their analyt-
ical expressions. In addition, the isospin summation in Eq. (6) allows three
isospin decay channels, I'y = I';,,, + 'y, + [, with: T'y, = I'(Ann — nnn),
I,y = I'(Anp — nnp) and I'y, = I'(App — npp). The results obtained in [26]
imply I'y, : I'pp : Iy = 0.78 1 0.17 : 0.05, which points to the need of incor-
porating also the effect of the isospin contributions I',, and I',,,, neglected in
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Fig. 2. pp—part of the two particle—-two hole contribution to the A self-energy in
nuclear matter.

the phenomenological models both for the evaluation of the nucleon spectra
and for the extraction of the I',, /', ratio from data. Finally, we point out that
for the nuclear residual interaction VN (which enters both 'y and N (kr))
we have used the Bonn potential [47] in the framework of the parametrization
presented in [48], which contains the exchange of 7, p, o and w mesons.

2.2  Intranuclear cascade

After the A interacts with one (two) nucleons, the two (three) produced nu-
cleons will interact with other nucleons in their way out of the nucleus. This
process, which will generate secondary nucleons, is accounted for by the in-
tranuclear cascade model described in [43].

This model considers a semiclassical propagation of primary (i.e., weak decay)
and secondary nucleons. Nucleons move along classical, straight trajectories
between collision points and under the influence of a local (i.e., r—dependent)
mean potential, V(r) = —kp(r)?/2m, where kp(r) = [372p(r)/2]'/? is the
local nucleon Fermi momentum corresponding to the nucleon density p(r).
Propagating nucleons collide with the nucleons of the medium according to
free—space nucleon—nucleon cross sections properly corrected to take into ac-
count the Pauli blocking and Fermi motion effects. At small energies, for which
the nucleon wavelength is comparable in size to the average distance between
nucleons, a semiclassical nucleon propagation is not appropriate. For this rea-
son we do not consider our spectra below 30 MeV kinetic energy to be realistic.
A quantum-—mechanical simulation of FSI would be preferred but it is not yet
available. We finally note that the adopted code was tested successfully in a
variety of other reactions [49]. For more details of the code we refer to [43].
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3 Results

We start our discussion by observing that the models of [23,25,26] on which
the present work is based have been recently improved. On one hand, a more
realistic A wave—function, obtained in terms of the experimental hyperon bind-
ing energy, has been considered in the local density approximation (LDA) cal-
culation of [25,26], leading to a reduction of about 25% on the one-nucleon
induced (hereafter referred to as 1N-induced) decay rates, I, and I, and of
30-40% on the two-nucleon induced (2N-induced) ones, I',,,, ', and ', with
respect to the original results. In addition, the normalization of the hypernu-
clear ground state (see Eqs. (3) and (4)) produces a further reduction of both
I'y and I'y of about 30%. The finite nucleus approach of [23] has been improved
by using numerically more accurate distorted final state wave—functions and
the rates increase by about 15%. In both cases the ratio I',,/I', is essentially
left unchanged. Fortunately, being normalized per non—mesonic weak decay,
the spectra discussed in [20, 21] are not affected by the corrections of [23].

The updated predictions, used in the present work, are given in Table 1 to-
gether with experimental results for I',,, T'p, I'na, I'n/T'p and I'y/T'xy. The
two sets of results for the finite nucleus calculation, denoted by OMEa and
OMEf, are obtained by using, respectively, the Nijmegen potentials NSC97a
and NSC97b [50] for the strong vertices and final state NNV interactions. The
weak transition potential VAN~V ig modeled, in both finite nucleus and LDA
models, by the exchange of the 7, n, K, p, w and K* mesons, whose formula-
tion has been taken from [23]. The finite nucleus results for I'yyr underestimate
data, as expected, since they lack the contribution of the 2 N—stimulated de-
cay mechanism. However, the results obtained for I';, and I',, within the model
OME(f are in good agreement with the data of [12]. The LDA prediction for
Iy slightly underestimates the most recent data of [8,12] but agrees with
the previous determinations of [5, 41].

Concerning I',,/T",, with the exception of the data from [12], we have only
quoted in Table 1 experimental determinations obtained from single—nucleon
measurements. Most of these determinations appear to be underestimated
by any theoretical prediction found in the literature, which leads to the well
known I, /T", puzzle. We note that large experimental errors affect all but
the most recent data, as mentioned in the Introduction. On the contrary, the
analyses of recent two—nucleon coincidence data performed in [21] enabled to
determine central values for I',/T", around 0.3-0.4, in agreement with pure
theoretical estimates.
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Table 1

Non—mesonic weak decay rates (in units of the free A decay width) predicted for
12C by the updated finite nucleus approach (OMEa and OMES calculations) of [23]
and LDA model of [25-27].

T, T, Con Crp Ty /T, IRy
FNa 0.190 0.625 0.303 0.815
FNt 0.173 0.484 0.356 0.657
LDA 0.155 0.543  0.010  0.138  0.036 0.285 0.882

r, r, Ty/Tnm /Ty T'nm
FINUDA [17] 0.24 4 0.10
KEK-E508 [12] 0.23+0.08 0.45+0.10 0.29+0.13 0.51 +0.14 0.95 + 0.04
KEK-E508 [8] 0.953 £ 0.032
KEK-E369 [6] 0.51 4 0.15
KEK-E307 [5] 0.87£0.09£0.21 0.828 + 0.056 + 0.066
KEK [41] 1.87 £0.5970:82  0.89 £0.15 £ 0.03
BNL [40] 133708 1.14 +£0.20
BNL [38] 0.58 +0.18

Concerning the 2 N-stimulated decay widths, the dominant contribution (about
75%) of the microscopic calculation originates from the np-induced decay,
Anp — nnp. Nevertheless, the other 2N-induced channels cannot be ne-
glected. The LDA prediction T'y/T'xyy = 0.21 is in agreement with the phe-
nomenological estimate of [20,21], I'y/I'ny = 0.20, as well as with the very
recent experimental determinations of the FINUDA collaboration [17] and of
KEK-E508 [12] reported in Table 1.

3.1 Single—nucleon spectra

In Figure 3 we compare results of the present LDA calculation with those
of the previous finite nucleus evaluation of [20,21]. The number of primary
protons emitted in the 1N-induced non—mesonic weak decay of >C is given
as a function of the proton kinetic energy. In order to make the comparison
model independent, the spectra are normalized per 1 N-induced decay assum-
ing T',,/T, = (I,,/T,)*PA = 0.285, which is equivalent to normalize per the
corresponding proton-induced decay rate. We observe that the Full Width at
Half Maximum (FWHM) of the LDA distribution is 15-20 MeV larger than
the one of the finite nucleus spectrum, which should be considered more re-
alistic. This is essentially due to the larger dispersion of Fermi motion in the
nuclear matter calculation.

In Figure 4 we show the single-proton kinetic energy spectra for the non-
mesonic weak decay of }2C once 2N-induced decays and FSI effects are in-
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Fig. 3. Kinetic energy spectra of primary protons from the 1 N—induced non—mesonic
weak decay of /1&2(]. The continuous line refers to the present LDA calculation, the
dashed one to the finite nucleus evaluation of [20,21]. Both curves are normalized
per 1N-induced decay assuming T, /T, = (T',,/T,)"P4 = 0.285.
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Fig. 4. Single-proton kinetic energy spectra for the non-mesonic weak decay of 2C
after 2N—induced decays and FSI effects are included. Data are from KEK-E508
[7] and Montwill et al. [38]. All results are normalized per non—mesonic weak decay.
See detailed explanation in the text.

cluded. All spectra are normalized per non—mesonic weak decay. The contin-
uous line refers to the present LDA result. The dashed line has been obtained
with the LDA of [43], where the weak transition potential was described by a
correlated pion—exchange. The old LDA spectrum has been obtained assuming
same I, /T, of the present model, T',,/T, = (I',,/T,)*P* = 0.285. Good agree-
ment is found between the two LDA calculations despite the different weak
decay models employed. The dot—dashed line has been taken from the finite
nucleus evaluation of [20,21] fixing T',,/T, = (I',,/T,)*PA = 0.285. Again, the
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differences between LDA and finite nucleus estimates are mainly due to the
different phase spaces in the two cases.

As it is apparent from Figure 4, all the theoretical spectra are in strong dis-
agreement with KEK-E508 data [7]. The LDA results are closer to the data
by Montwill et al. [38] !, especially if we a large value of T',/T, such as 1 is
enforced in the old LDA (dotted curve). We recall that such LDA model [43]
was also able to reproduce the KEK-E307 single-proton data of [5] with val-
ues of I', /T, larger than 0.6, as reported in the Introduction. Note, however,
that the proton spectrum obtained using the more realistic phase space of the
finite nucleus model (dot—dashed line) is in disagreement with all experimen-
tal single-proton spectra. Apparently, given the smooth dependence of the
normalized proton yield on I, /T",, the only way to reconcile the theoretical
predictions of models having I, /T", < 1 with the experimental data would be
the assumption of substantial modifications in the FSI approach employed, but
this would then spoil the success found by the same approach in other nuclear
reactions [49]. Note also that there exist in the literature two other experi-
ments giving the distribution of protons following the weak decay of }2C, that
of Ref. [40] and the recent one from the FINUDA collaboration [15,17]. Since
these spectra are unnormalized they cannot be displayed directly in Fig. 4.
However, there is a noticeable qualitative difference: the shape of the recent
FINUDA spectrum shows a shallow peak at T, ~ 80 MeV (the back—to—back
kinematics) that no theoretical calculation obtains and which is also lacking
in any of the other experimental data sets. This is an interesting point that
deserves a more careful study. Given the present dispersion of the different
experimental results (not only in shape but also in size), we cannot yet use
this observable to constrain the various non-mesonic weak decay models.

In Fig. 5 the results of the present LDA calculation for the the single-neutron
spectrum are shown, both for the primary neutrons coming from the 1N-
induced mechanism (dashed line) and after including 2 N—induced decays and
FSI effects (solid line). The full result is in good agreement with KEK-E369
data but overestimates somewhat the more precise KEK-E508 spectrum. Note
also that a more realistic finite nucleus calculation, based on the same one—
meson—exchange model for the weak transition, also obtains agreement with
the KEK-E369 data (see Fig. 6 of Ref. [21]), but going through the higher

L Actually, Montwill’s emulsion data refer to a a mixture of boron (?\B, OB and
HB), carbon (§1C, 2C and $2C) and nitrogen (2N, }'N and {°N) hypernuclei. As
expected, the proton spectra we predict for all these hypernuclei are very similar to
each other. It is thus justified to compare Montwill’s spectrum with other data and
our results for }\ZC, as done in Figure 4.
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Fig. 5. Single-neutron kinetic energy spectra for the non-mesonic decay of }2C, ob-
tained from our LDA model which predicts I'),/T'), = 0.285. The dashed line corre-
sponds to the distribution of primary neutrons, while the continuous line is obtained
once 2N—induced decays and FSI effects are included. Data are from KEK-E369
[6] and KEK-E508 [7]. The spectrum of primary neutrons (experimental data and
the full theoretical result) is (are) normalized per 1 N—induced (total) non—mesonic
weak decay.

side of the error bars.

The evolution of the neutron spectrum with the nuclear size can be easily
explored in a LDA-type approach, whereas it would become a prohibitive
task in a finite-nucleus model, especially in the higher mass region. In Fig. 6
we compare our LDA singleneutron spectrum with that measured by the
experiment KEK-E369 [6] in the case of Y. The decent description of data
provided by the present LDA model for a hypernucleus as heavy as Y is
already an indicator of the reliability of the intranuclear cascade code used to
simulate the nucleon FSI in hypernuclear decay.

3.2 Ratio N,/N,

We would like to compare now our results for the ratio between the number
of neutrons and the number of protons produced in the decay of }*C with
experimental observations. Since our definitive aim is to determine I',,/I", by
such a comparison, it is convenient [21] to start by introducing the number
of nucleons of type N (N = n or p) produced, for a given energy cut, in n—
induced (NAP"), p-induced (Ny’P), nn-induced (N2P™), np-induced (Nx™P)

and pp-induced (NZPPP) decays. By normalizing these quantities per n—, p-,
N Y y g
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Fig. 6. Single—neutron kinetic energy spectra for the non—mesonic weak decay of
Y. Data are from KEK-E369 [6]. All results are normalized per non-mesonic
weak decay.

nn—, np— and pp—induced decay, respectively, the total number of nucleons of
the type N normalized per non—-mesonic weak decay is given by:

n 1B - 2Bn 2B
NTa + Ny 'Ly + NPy + Ny Py + Ny 7T,

Ny =
N Lo+ L+ Do+ Dy + Dy

(7)

By definition, the nucleon numbers N3P, N }VBP, etc, are independent of the
model employed to describe the weak decay. In the absence of FSI effects, one
would have NJB* = 2, NPP = NJBP — 1 NP = 0, N2Pm = 3 NZBm —
0,NZ2Bw = NZBPp — 9 N2Bre — N2BPP — 1. Their actual values depend on
the strong interaction part of the problem, related to nucleon FSI, and on the
framework (finite nucleus or nuclear matter) used for treating the hypernuclear
structure effects, which produces different phase space factors. The dependence
on the weak decay model enters Eq. (7) via the various partial decay widths.

In Table 2 we report our results for the weak decay model independent nucleon
numbers for two kinetic energy thresholds for nucleon detection, T = 40 and
60 MeV. From Eq. (7), our results of Table 1, and taking the values of Table 2
for Tt = 60 MeV, we then determine:

Ny,

~n_133.
N, 33 (8)

We have to note that this result is close to the ones obtained in the finite
nucleus calculation of [21], namely N, /N, = 1.38 and 1.42, using the OMEa
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Table 2
Predictions for the weak interaction model independent quantities N ]{,Bn, N ]1\,Bp,

N3Bnn, N]%,Bnp, N]%,Bpp and for N3P of Egs. (7) and (10)-(12) for }>C by applying
nucleon kinetic energy thresholds of T f\? = 40 and 60 MeV.

T (MeV) NiBr NpPPo N2Ban EBueo NEBPP 2B

40 1.26  0.71 1.10 0.80 0.35 0.73
60 091 047 0.67 0.50 0.17 045

T (MeV) NiBr NpPP N2Bon EBue NEEPR 2B

40 0.25 0.80 0.19 0.42 0.89  0.50
60 0.11  0.54 0.08 0.21 0.56  0.27

and OMEf model, respectively. If the 2 N—stimulated decay mode is neglected,
the present calculation predicts

<%)m 198 (9)

p

These results underestimate the value N,,/N, = 2.00£0.17 obtained by KEK-
E508 [7] for T = 60 MeV. Such an occurrence is related to the disagree-
ment already observed for the single—proton spectra of Fig. 4. Our results for
T = 40 MeV, namely N,,/N, = 1.26 and (N,,/N,)'N = 1.23, do not compare
well either with the previous experimental determination, N,, /N, = 1.734+0.22,
obtained from KEK-E369 and KEK-E307 data [6] by applying the same de-
tection threshold.

This discrepancy will obviously be reflected in the value of the I', /T, ratio
that can be extracted from the one-nucleon observables. From Eq. (7) one
obtains:

r,

1 I,
Nan + Npr 4+ — <1 + _) (Nannan + Nanpan + Nngprp)
1

N, r, T r

P

N:

from which one derives the ratio I',, /T,

I 2\ N
Npr + N72LB (Npr + NEB 2) Yn
r, T, r,) N, .
F_p B (Nan+N2BF2) % _ N1Bn _ ]\/'2BF2 ’ ( )
p Pl Np " " F1

17

r, 1 r
p 1Bn_ "™ 1Bp n 2Bnn 2Bnp 2Bpp
Ny + N (1 - _rp> (NZBm,, + N2BPT,, + N2PPPT, )



where

szannan + N]2\7Bnprnp + N]2\7Bpprpp |
Lpn 4 Top + Tpp

Ny (12)

Therefore, the ratio I',/T", can be determined in terms of the observed ratio
N,./N,, the weak-model independent nucleon numbers NP, N;PP| etc (which
however depend on FSI effects), and a theoretical estimation for the two—
nucleon stimulated widths I',, /Ty, ', /Iy and ', /Iy, Using our predictions
of Tables 1 and 2 together with the datum of KEK-E508 [7] for T = 60
MeV, N,,/N, = 2.00 £ 0.17, we obtain:

Ly,
F = 0954021 (13)

bS]

Neglecting the 2 N—stimulated channel the result is:

T 1N
<—"> =0.88+0.16 (14)
Fp

while enhancing arbitrarily the 2 N—induced rates by a factor of two we obtain:

r T'y—2T9
<—"> —1.0240.27 . (15)
Fp

The sensitivity of the ratio I',,/I', to the values of the 2N-induced decay
widths turns out to be moderate, i.e., well within the error bars. This is due
not only to the minor role of the 2 N—stimulated processes in Eq. (11) (Nigj;
and NP5 are larger than NZ0 T'5/T'; since a quite high energy threshold is
employed), but also to the particular value of N, /N, used in the analysis,
which causes a certain cancellation among the 2/ N—stimulated contributions

in both the numerator and denominator of Eq. (11): N2 ~ NN, /N,

These occurrences can be better visualized in Fig. 7, which shows the relation
between the observable ratio N,,/N, and I',,/I", for different choices of I'y /T
and assuming a detection threshold of Ty = 60 MeV. The dot—dashed line
refers to the calculation in which I's is set to 0, the continuous line to the
['y/T; ratio predicted by the present LDA model and the dashed line to the
case in which the size of I'; is arbitrarily doubled. The dotted line corresponds
to the case in which 2N-induced decays and FSI are neglected.
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Fig. 7. Dependence of the observable ratio N,,/N, on I',,/T", and I'y/T"; for /1&2C and
a nucleon energy threshold of 60 MeV. The horizontal lines show KEK-E508 data
[7]. See text for further details.

Note that, even after applying a high kinetic thresholds such as 60 MeV, FSI
effects are not negligible. This is why the previously extracted I',,/I", values
are in disagreement with the value 0.5 given in [7] and expected on the basis
of the relation I',, /T, = (V,,/N, —1)/2, which holds if 2N—induced decays and
FSI effects are ignored. On the contrary, it is well manifest from Fig. 7 that
the 2N—induced decay mechanism plays a relatively small role in the whole
range of reasonable I',, /T", values.

We end this subsection by remarking that the value of 0.285 for I',/T", pre-
dicted by the weak decay model employed in the present paper, as well as those
of the other available weak decay models, strongly underestimate the values
of Egs. (13)—(15). Again, this is just a consequence of the discrepancy found
with the measured single—proton spectra, which in turn show an unfortunate
dispersion among themselves. This, together with the strong effect of FSI de-
picted in Fig. 7 makes it advisable to resort to better suited quantities for the
determination of I',,/T",, such as the two-nucleon coincidence observables, in
particular the ratio of nn to np pairs discussed in Sect. 3.5.

3.3 Double coincidence nucleon spectra

Now we discuss the NN coincidence spectra obtained from our model for the
decay of }2C. Figs. 8 and 9 show, respectively, the distribution of nn and np
pairs, as a function of the cosine of the opening angle, where FSI effects have
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Fig. 8. Opening angle distribution of nn pairs normalized per non—-mesonic weak
decay for }2C.
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Fig. 9. Opening angle distribution of np pairs normalized per non—mesonic weak
decay for }\ZC.

been incorporated and a kinetic energy cut of 30 MeV has been applied. We
observe that the distribution of pairs from the 1N-induced processes (dash—
dotted line) is more back—to—back dominated than the one coming from the
2N-induced processes (dashed line). In any case, the 1 N-induced channel still
provides the larger contribution of pairs in the whole range of opening angles.

For cos Oyn < —0.4 the results of Figs. 8 and 9 reasonably reproduce the ones
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of the previous finite nucleus calculation reported in Fig. 5 of [20] and Fig. 9
of [21]. On the contrary, for cos Oyn > —0.4 a discrepancy is evident, the finite
nucleus distributions being nearly flat in this region and the nuclear matter
ones going monotonically to almost vanishing values with increasing values of
cos . This is just a reflection of the recoil effects present in a finite nucleus
calculation, which make the NN pairs to be less back—to—back correlated.

Our distributions of Figs. 8 and 9 can also be compared with those obtained by
KEK-E508 and shown in Figure 3 of the paper by Kim et al. [10]. Due to the
limited statistics of data, we concentrate on the angular region with cos Oyy <
—0.7. In this region, the values N,,, = 0.083 £ 0.014 and N,, = 0.138 £ 0.014
have been determined experimentally, whereas our corresponding results are
Nyn = 0.111 and N,,, = 0.300. While there is decent agreement in the case
of Ny, we overestimate N,, by a factor of about 2. This discrepancy is a
consequence of the overestimation of the KEK-E508 single—proton spectra of
Fig. 4. Another effect of the difference between the predicted and the measured
number of protons can be seen when comparing our result for the number of
proton-proton pairs for Ti' = 30 MeV and cos Oyn < —0.7, N,, = 0.050,
with the experimental value N, = 0.005 £ 0.002.

The nn and np pair distributions as functions of the pair kinetic energy are
shown in Figs. 10 and 11, respectively, where the energy of each nucleon is
larger than a threshold kinetic energy of 30 MeV. The upper panels show the
distributions obtained without any cut in the opening angle, while in the bot-
tom panels only the back—to—back events are kept by applying the restriction
cos Ony < —0.7. We observe that the 2N-induced events (dashed lines) in
the upper panels scarcely contribute at the position of the the primary peak
of the 1 N-induced contribution (dot—dashed lines). Instead, they enhance the
total distribution at a pair energy of around 100 MeV, making the secondary
peak (associated to the re—scattering events) there to become even higher (see
the case of nn pairs) than the primary one at the Q—value of about 155 MeV.
When the angular cut is applied, many of the events in the low energy region
are removed and the so—called back—to—back peak at 155 MeV stands out more
clearly, although there is still an important fraction of events that lie outside
this peak. This is in quantitative agreement with the finite nucleus results
of our previous works (see Fig. 3 of [20] and Fig. 10 of [21]), the only qual-
itative difference being the width of the back—to—back peak, which appears
more smeared out in the present work due to Fermi motion. Note also that
the distributions from 1 N—-induced decays of Figs. 10 and 11 extend above the
largest possible QQ—values, @) ~ 152 MeV and ) ~ 157 MeV, corresponding
to the three body non-mesonic decays 32C —'° C 4+ nn and 2C —'° B + np,
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Fig. 10. Distribution of the total kinetic energy of mn pairs normalized per
non—mesonic weak decay for 11\2C. The energy threshold is 30 MeV for each nucleon
in the pair. In the upper panel there is no angular restriction, while the condition
cos 0, < —0.7 has been imposed in the results of the lower panel.

respectively. These unwanted effects are typical of nuclear matter LDA—type
calculations, which assume a continuum of states within the Fermi sea, and,
therefore, cannot appropriately handle the discrete transition of the hypernu-
clear state to the ground state of the residual system, which should be signaled
by a narrow peak in the distribution of nucleon pairs at a total kinetic energy
equal to the ()—value of the reaction. This effect, however, does not affect the
analysis nor the conclusions of the present work, which are based on the use
of integrated quantities.

3.4 2N-induced strength

In this subsection we compare the results of our microscopic model for the
2N-induced channel with those of the phenomenological model of Ref. [44].

In Fig. 12 we compare the momentum distributions of each of the three pri-
mary nucleons emitted in 2N—-induced processes (prior to FSI effects) for both
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Fig. 11. Distribution of the total kinetic energy of np pairs normalized per
non—mesonic weak decay for }\QC. The energy threshold is 30 MeV for each nucleon
in the pair. In the upper panel there is no angular restriction, while the condition
cos 0, < —0.7 has been imposed in the results of the lower panel.
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Fig. 12. Momentum distribution of each of the three primary nucleons emitted in
2N—-induced decay processes for /1\2C.

models. The differences observed are a consequence of the particular dynamics
embodied in each model. The phenomenological model assumes a one—pion—
exchange picture for the weak interaction and accounts for the phase space
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of 2p2h excitations in the two—nucleon absorption process. Since the partic-
ular kinematical constraints of the 2/N induced channel allow for pions to be
close to its mass—shell, this configuration will be especially enhanced. Conse-
quently, the nucleon emitted at the AN7 vertex, whose momentum is denoted
by p1, has very little kinetic energy left, whereas the other two nucleons of the
2N—-induced channel are quite energetic and come out in a practically back—
to—back geometry. In contrast, the microscopic one-meson—exchange model
of Ref. [26] used in the present work weights each 2p2h excitation with the
strong interaction responsible for its coupling to the ground state. Therefore,
the momentum ps of the nucleon emitted after absorbing the exchanged meson
(see Fig. 2) can reach high values (close to 500 MeV/c) from combining the
momentum ¢ of the virtual meson with the momentum p/, of the correlated
nucleon, which can be large due to the hard nature of the short range NN
interaction. The momentum p;, carried by the nucleon emitted at the A ver-
tex, and the momentum ps, corresponding to the spectator nucleon, are quite
similar, around 300 MeV /c. This value is characteristic of the range of the
interactions generating these nucleons, which are, respectively, the weak and
strong one-meson-exchange models used in [26].

phen. micr.
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Fig. 13. Opening angle distribution of np pairs from the np-induced channel for
}\2(], normalized per np—induced decay.

We now compare the phenomenological and microscopic models after the three
primary nucleons emitted in the weak decay process are allowed to undergo
collisions with the other nucleons as they move out of the nucleus. We re-
strict here to the np-induced decay mode, which is the most important one
in the microscopic approach and the only one considered by the phenomeno-
logical model. The distribution of np pairs, normalized per its corresponding
np-induced transition rate, is shown in Fig. 13 as a function of the opening
angle, where the threshold kinetic energy is 30 MeV for each nucleon of the
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pair. The dotted (solid) line shows the results without (with) FSI effects. It
is clear that, at variance to the microscopical approach, the phenomenological
model produces a distinct back-to—back distribution which is partly kept even
when FSI effects are included. The distribution of pairs as a function of the
total kinetic energy and for a threshold TE! = 30 MeV is displayed in Fig. 14.
We observe that the amount of [V, pairs per np-induced decay event in the
absence of FSI (area under the dotted curves) is smaller in the phenomenolog-
ical model, since the slow nucleon is always eliminated by the kinetic energy
cut of 30 MeV. This situation is compensated when the opening angle cut is
also applied (dashed lines), since it removes more events in the microscopic
distribution, which is not so back-to-back dominated. Therefore, even if the
kinematics of the primary nucleons look quite different, at the end, once the
effect of FSI is considered and the energy and angular cuts are applied, both
models produce similar neutron—proton angular and energy spectra per np—
induced decay event. This is a welcome feature since it will reduce the model
dependence in the extraction of the I',,/T", ratio.
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Fig. 14. Total kinetic energy distribution of np pairs from the np—induced channel
for /1&2C, normalized per np—induced decay.

3.5 Ratio Nyp/Npp

We start this section by comparing our predictions for the ratio between the
number of nn and np pairs, N,,/N,,, in ;°C with the experimental value
obtained by the KEK-E508 experiment [8-10]. As in previous papers [20, 21],
we introduce the numbers of NN pairs (NN = nn, np or pp) coming from one—
nucleon induced (N1B! and Ny»®) and two nucleon induced (N2Brm N2
and N3 2P) processes, each one of them being normalized per the rate of the

corresponding process. In the absence of FSI and ignoring the two-nucleon
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Table 3
Predictions for the weak interaction model independent quantities N ]{,]?\r,l, N ]1\5\?,

N3Bun, N]%,]?\?p, N]%,]?\I;p and for N3B; of Egs. (16) and (17) for }2C, for nucleon
energies Ty > 30 MeV and three angular regions.

Nan angp N2Bnn Nggﬂp Nggpp N2B

nn nn nn

all Oy 0.55 0.11 0.53 0.24 0.05 0.22
cosOyny < —0.7 0.37 0.05 0.21 0.09 0.01 0.08
cosOyny < —0.8 0.31 0.03 0.15 0.06 0.01 0.06

1Bn 1Bp 2Bnn 2Bnp 2Bpp 2B
N NgpP o N2Bon NpBee EBeR N2

all Onn 0.34 0.64 0.27 0.45 0.40 043
cosOyy < —0.7 013 041 0.07 0.15 0.13 0.14
cosyy < —0.8 0.09 0.34 0.05 0.10 0.09  0.09

NgEn N N N N g

all Onn 0.04 0.15 0.02 0.08 0.30 0.12
cosOyy < —0.7 0.01 0.06 0.005 0.02 0.12  0.04
cosyy < —0.8 0.01 0.05 0.004 0.02 0.08 0.03

induced channels, their values would be N1P" = NPP =1, N)B* = N BP =
and N2Bm = NP = Ny = 0 (NN = nn, np or pp). These weak decay
model independent quantities, which are given in Table 3 for nucleon kinetic
energies Ty > 30 MeV and three angular regions, determine the total number

of NN pairs emitted per non—mesonic weak decay event from:

NABET, + NNRT, 4+ NZET, 0+ NawPT,, + NuwPT,,

Nyn = 16
NN Lo+ L+ Do + Doy + Dy (16)
_ Nzl\f%\rflrn + le\g\lf)rp + le\f}?\fr2
B T, +T,+Ty ’
where

N2B = le\f}?\rfmrnn + N]%B\Iflprnp + N]%B\If)prpp ) (17>
h L + Pnp + Fpp

Before proceeding with the discussion on the ratio Ny, /N,,, we want to com-
pare the results of Table 3 with the ones obtained within the finite nucleus
framework of [20,21] and reported in Table 4. The agreement is in general
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Table 4

Predictions of the finite nucleus calculation of [21] for the weak interaction model
independent quantities N 11\5\?, N ]1\,}?\1? and for NZQ\,]?V (for nucleon energies Ty > 30
MeV and two angular regions) for }>C.

Nan rlwl?p N2B
all Oy n 0.57 0.11 0.30
cosfyny < —0.8 0.31 0.03 0.12

1Bn 1Bp 2B
an an an

all Oy n 0.34 0.68 0.39
cosOyny < —0.8 0.09 032 0.10

1Bn 1Bp 2B
Npp NPP Npp

all Oy 0.04 0.17 0.05
cosyny < —0.8 0.01 0.06 0.01

very good, especially in the case of the 1 N—induced contributions. This is ex-
pected since these numbers are independent of the weak decay model and, in
addition, the FSI effects are modeled with the same intranuclear cascade code
in both evaluations. Some discrepancies are observed in a few 2/N—induced
contributions. The reason is that the different primary nucleon momentum
distributions determined by the two—nucleon absorption models (see Fig. 12)
are influenced differently by FSI effects. The significance of these discrepancies
is anyhow relatively low for the total numbers Ny due to the smallness of
the corresponding decay rates.

We now come back to the N,,/N,, ratio. From Eq. (16) and our results of
Tables 1 and 3 we obtain:

N nn
Nyp

= 0.37 (0.36) (18)

for the case with cosfyy < —0.7 (in parentheses we give the predictions for
cosOyy < —0.8). The result for cosOyny < —0.8 is in agreement with the
KEK-E508 experiment, for which N,,/N,, = 0.40 & 0.10, but the prediction
for cosfnyy < —0.7 underestimates the datum from the same experiment,
0.60 £ 0.12, which is the one used in Ref. [10] to determine I',,/T",. Clearly,
the theoretical predictions for N,,/N,, are less dependent than the data for
variations of the opening angle region. The differences among our result of
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Eq. (18) for cosfyy < —0.8 and the finite nucleus predictions of [21] (from
Tables 1 and 4), namely N,,,/N,, = 0.43 and 0.47 for the OMEa and OMEf
models, respectively, are due to the different partial decay rates and phase
spaces predicted by the different models. If the 2 N—stimulated decay mode is
neglected, we obtain:

(%p)m — 0.35 (0.34) (19)

for cos Oy < —0.7 (cosOyy < —0.8), thus emphasizing a relatively small ef-
fect of the 2N—-induced channels on correlation observables appropriately cho-
sen. These last results are not so different from the naive estimation N, /N,,, =
I',,/T', = 0.285 obtained when FSI are also ignored, supporting the claim that
FSI effects in the case of coincidence observables is limited and, in fact, they
can be narrowed further down by using higher kinetic energy thresholds thresh-
olds and more restrictive back—to—back constraints. This gives us confidence
that the ratio NV, /N, is in fact a much more trustable and better controlled
observable to determine I',,/T,.

We now attempt to extract the ratio I';, /", from a weak decay model indepen-
dent analysis of the experimental double-coincidence data for N,,,/N,,, and
using our theoretical estimates for I',,,,/T'y, ', /Ty and T'p, /Ty From Egs. (16)
and (17), applied to NN = nn and np, one obtains:

r ')\ N,
NBp 4 N2BZ2 (Npr + N2B—2) o
Fn _ nn nn Fl np np Fl an (20>
r, ( 1Bn 2B F2) Noy, 1Bn apl2
NBny 2B_2) nm niBn 2B _2
np + np Fl an nn nn Fl

For the }2C datum of KEK-E508, N,,,/N,, = 0.60 & 0.12, corresponding to
the cuts Ty > 30 MeV and cos Oyy < —0.7, we derive:

L,
o= 066024, (21)

p

which agrees with the determination of KEK-E508: (I',,/T",)*® = 0.51£0.13+
0.05 [10]. By neglecting the 2 N—stimulated channel we obtain:

T IN
<—"> =0.66 £0.21 , (22)
FP
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whereas enhancing arbitrarily the 2/ N—induced rates by a factor of two we find:

I'y—2T9
(—) — 0.67+0.27 . (23)

Note that the above I',,/T", ratios are much larger than the values extracted
in Ref. [21]: for instance, the value of Ref. [21] corresponding to Eq. (21)
is I',, /T, = 0.27 £ 0.14. This apparent disagreement is only an effect of the
different data used in the two fits: the present determinations are based on the
datum (N, /Npp) P (cos Oy < —0.7) = 0.60£0.12, while the ones of Ref. [21]
used (Npn/Npp)®P(cosbyy < —0.8) = 0.40 £ 0.10. A fit performed with the
present framework and adopting the datum for cos Oy < —0.8 would provide
a value for I',, /I, = 0.34 £ 0.15, in good agreement with the determinations
of Ref. [21]. This indicates a moderate model dependence in the extraction of
the I',,/I", ratio from double—coincidence observables.

Another, more illustrative, way of visualizing the dependence of the I',/T,
ratio on the value of I'y, as well as on FSI effects, is displayed in Fig. 15, where
the relation between N,,,/N,, and I',,/T", is shown for different choices of I'y /T’y
and for T}\}“ = 30 MeV and cosfOyny < —0.7. The dotted line corresponds to
the case in which 2N-induced decays and FSI are neglected. The other three
lines incorporate FSI and different choices for I's: a vanishing value (dot—
dashed line), the two-nucleon induced rates I',, = 0.138, I';,, = 0.036, and
[ = 0.010 predicted by the present LDA model (continuous line) and a
case in which these rates are arbitrarily doubled (dashed line). The figure
clearly shows the very small effect of I'y in the determination of I',,/I", from
the measured N, /N,,. One can also see, upon comparing Fig. 15 with Fig. 7,
that F'SI affect much more the value of I',/T", extracted from a the single-
nucleon observable N,,/N,.

4 Conclusions

We have presented a study of single- and double—coincidence nucleon spectra
for the non—mesonic weak decay of A-hypernuclei, within a nuclear matter
framework which has been adapted to finite nuclei via the local density ap-
proximation. One-meson—exchange models have been used to describe one—
and two—nucleon induced decay processes, AN — nN and ANN — nNN.
Final state interactions of the outgoing nucleons with the residual nucleus
have been simulated with an intranuclear cascade code based on Monte Carlo
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Fig. 15. Dependence of the observable ratio N,,/N, on I',/T", and I'y/T"; for }\QC,
for a nucleon energy threshold of 30 MeV and cos Oy < —0.7. The horizontal lines
show KEK-E508 data [10]. See text for further details.

techniques.

Unlike previous papers, we have adopted here a microscopic approach to the
two—nucleon induced decay mode, which includes the isospin channels Ann —
nnn and App — npp, in addition to the dominant Anp — nnp mode considered
in the phenomenological studies. The consideration of a different model for the
two—nucleon induced rate is also helpful for establishing the amount of model
dependency of the extracted value of the ratio I',,/I", from data.

Our results have been compared with previous finite nucleus analysis [20, 21].
Apart from some differences ascribable to the phase space dependence and to
the different models for the two—nucleon induced decay channels, the present
predictions for the observable ratios N, /N, and N, /Ny, confirm the finite
nucleus results.

There is a considerable amount of data [5-10,15,17,38,40,41] to which our
results can be compared. The single-neutron spectra for }2C and Y measured
by KEK-E369 [6] and KEK-E508 [8] are satisfactorily reproduced. Our predic-
tion for the }>C single—proton spectrum overestimates the one measured by the
KEK-E508 experiment [8], although the shape is reasonably reproduced. Our
spectrum does not show the shallow peak at 7, ~ 80 MeV reported recently
by the FINUDA collaboration [15,17]. We note, however, that there exists a
certain dispersion between the different measured proton spectra, which we
hope will be resolved by the future experiments planned at Daphne, J-PARC
and HypHIQFAIR.
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From the single-nucleon observable N,,/N,,, we have determined the value of
the I', /T, ratio, analyzing in detail the effect of the two-—nucleon stimulated
decay branches as well as that of F'SI. The result obtained, I',,/T", = 0.95+0.21,
is clearly larger than pure theoretical predictions, which range between 0.3
and 0.5. However, while the contribution of the two-nucleon induced decay
channels in this analysis turns out to be of moderate size, FSI effects appear
to be of great importance.

Nucleon—nucleon correlation observables can be much less affected by FSI, as
we have explicitly shown here, especially when appropriate cuts are applied.
Comparing our predictions of nucleon—nucleon pairs with KEK-E508 data
[10], we find a fair agreement for NV,,, while we overestimate the observations
for N, and N,,, which is a similar type of discrepancy as that observed for
the single—proton spectra.

We have determined I',,/T", from the experimental value of the N, /N, ratio,
using a a weak model independent analysis, as done also in previous works
[20,21], but employing here the microscopic estimation of the two—nucleon
stimulated processes. The KEK N,,,/N,, datum for 120, a nucleon kinetic
energy threshold of 30 MeV and an opening angle range cosfyy < —0.7 is
reproduced with I',, /", = 0.66 = 0.24. A very small dependence on the two-
nucleon stimulated channels is found for the extracted ratio. The fitted value
of I',/I', is in agreement with the KEK determination, 0.51 = 0.13 £ 0.05
[10], and with some of today’s pure theoretical evaluations —which also suffer
from a certain degree of arbitrariness in the experimentally unknown baryon
couplings— ranging in the interval 0.3-0.5.

To summarize, while we can assert that analyses of correlation measurements
produce values for the ratio I',/T", in agreement with theoretical predictions,
singlenucleon spectra are less trustable, not only because their analysis is
more affected by FSI effects, but also because the experimental results still
show a certain amount of dispersion. It is our hope that the data expected for
the near future from Daphne, J-PARC and HypHI will help in clarifying the
situation. We finally note that the present work should be seen as the starting
point for more complex calculations. Additional diagrams contributing to I'y
and including both direct and exchange terms, ground state correlations con-
tributions to I';, quantum—mechanical formulations (alternative to the INC)
for the FSI taking care of the quantum interference terms, etc., are all top-
ics which can be important [27, 28] and have not been incorporated yet in the
present problem. Due to the huge amount of configurations involved, an imple-
mentation of these effects should be first accomplished in nuclear matter. The
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agreement and consistency between the finite nucleus results of Refs. [20, 21]
with those found in this work within a nuclear matter approach, makes it
advisable to attempt this goal using this last scheme.
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