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Abstract. The serious inconsistency problem between the values of experimental and theoreticalΓn/Γp ratio
of the nonmesonic weak decay ofΛ hypernuclei has been resolved recently. We have shown that the reason
behind the problem was the quenching of the nucleon yields which in turn was due to the contribution of the
three-body process. We have measured that the branching ratio of the three-body process in nonmesonic weak
decay, 0.29±0.13, is so large that the absolute values ofΓn andΓp must be determined taking account of the
contribution of the 3-body process. In this paper, the recent studies toward the finding of the 3-body process via
the exclusive coincidence experiments are presented.

1 Introduction

A Λ hyperon in a nucleus decays via either a mesonic or a
nonmesonic weak interaction process. The mesonic weak
decay process,Λ→Nπ, which is the same process as that
of freeΛ is strongly suppressed in the nucleus except in
very light nuclei due to the low decay momentum (∼100
MeV/c). Instead the nonmesonic weak decay (NMWD)
channels in which aΛ decays interacting with a neighbor
nucleon, either a proton or a neutron viaΛp→np (Γp) or
Λn→nn (Γn) emitting two energetic high momentum nu-
cleons (∼400 MeV/c) become open and dominant in the
nuclei beyond s-shell.
Γn/Γp puzzle: Fundamental interest on NMWD is that

it provides practically the only means to study the ele-
mentary∆S=1 baryon-baryon weak interaction process so
far since it is very difficult to realize the process in the
free space. Among the important issues of NMWD, such
as decay widths, asymmetry and the isospin dependence
(∆I), especially theΓn/Γp ratio has been the long stand-
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ing concern because of the serious inconsistency between
experimental and theoretical values of the ratio. The mea-
sured values have been consistently larger than or close to
unity while the theoretical ones, both the basic one-pion
exchange (OPE) model and the extended models, about
0.1 or so, much smaller than unity [1]. However, the long
standing inconsistency has finally been removed in the re-
cent developments. Theoretical ratios have been largely in-
creased from the values around 0.1 which is about the same
as that of the elementary OPE model to those distributed in
the region of 0.3-0.7, after the correction of the phase ofK
andK∗ exchange amplitudes [2–4].

Three-body nonmesonic weak decay process: In an
effort to cure theΓn/Γp puzzle problem, in addition to the
one-nucleon (1N) induced NMWD, the two-nucleon (2N)
induced NMWD mode in which aΛ interacts with a pair
nucleons and then three nucleons are emitted in the final
states of the decay, namely theΛNN→nNN process, was
first introduced by Alberico et al. in the nuclear matter cal-
culation of the one-meson exchange (OME) models in the
referecne [5]. The 2N-NMWD was later applied to finite
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Fig. 1. The neutron detection efficiencies as a function of the neu-
tron energy calculated by the modified DEMONS code (lines),
which are compared with those of existing experimental neutron
detection efficiencies (data points). The thresholds are 2.80, 5.58,
7.89, 11.15 and 15.75 MeVee from the top [13].

nuclei by Ramos et al. [?]. In the model they calculated the
contribution of 2N-NMWD process, in which the virtual
π− produced dominantly along with a low energy proton at
the weak vertex of sΛ is absorbed mainly on I=0 isosin-
glet pn pair nucleons producing two high energy neutrons.
The low energy proton is not likely to overcome the de-
tection threshold energy. Therefore essentially it produces
two high energy neutrons almost in back-to-back two-body
kinematics. Therefore it tends to enhance the emission of
neutrons so that its contribution will reduce theΓn/Γp ra-
tio. They predicted the contribution of the 2N-NMWD pro-
cess as high as 0.25ΓΛ for 12

Λ
C [6,7]. This model has re-

cently been extended further to include various exchange
mesons and all NN pairs, namely not only the np pair, but
also the nn and pp pair [8].

2 Experimental Progress

2.1 Inclusive measurement

The NMWD ofΛ hypernuclei has been extensively investi-
gated in a series of experiments at the 12 GeV proton syn-
chrotron (PS) of the High Energy Accelerator Research Or-
ganization (KEK). The mass dependence of the total width
and the proton spectra for medium massΛ hypernuclei
were measured in the background free (π+,K+) reaction
in the experiment E307 and reported in the references [9–
12]. The first high quality neutron spectra of NMWD of
12
Λ

C and89
Λ

Y were measured in the experiment E369 with
high statistics and the careful analysis of the neutron detec-
tion efficiency for which a new modified DEMOMS code
was made so that it could be applied to an array of rectan-
gular counters [13]. The results of the modified DEMONS
code are compared with the measured neutron detection
efficiencies in the Fig. 1. The figure shows the neutron
detection efficiencies as a function of the neutron energy
calculated by the DEMONS code (lines) compared with
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Fig. 2. The schematic view of the decay coincidence counter sys-
tem. T1 is the time zero counter. There are three coincidence
counter sets, two located at the top and bottom of the target opti-
mized for back-to-back coincidence events and one at the side to
allow the detection of non-back-to-back events. Each of the top
and bottom counter sets consisted of a start-timing counter (T2),
a drift chamber, a veto or stop-timing counter (T3), and neutron
counter (T4) arrays. The side set was similar, except that the drift
chamber was absent.

those of existing experimental data of the neutron detec-
tion efficiency measurements (data points with error bars)
for various thresholds of the energy deposition in the neu-
tron detectors. We can see that the efficiencis of the various
neutron detectors are well reproduced over the wide range
of the neutron energy.

The neutron spectrum made the direct comparison with
that of proton possible in order to derive the experimental
Γn/Γp ratio. The number ratio of the emitted neutrons of
E369 and protons of E307 above the common threshold en-
ergy 40 MeV, 1.73±0.22, gaved theΓn/Γp ratio for the first
time significantly smaller than unity, namely 0.51±0.15
(stat. error) [6] when assumed that the NMWD consists
of one-nucleon (1N) induced channels,ΛN→nN. The as-
sumption was necessary in order to compensate the effect
of the final state interaction (FSI), especially those due to
channel cross-over which can not be cancelled in the num-
ber ratio of neutrons and protosn since there is a strong
asymmetry between the neutron and proton number in the
final state. The cross-over ratio was obtained by using the
result of the model calculation of FSI, the intranuclear cas-
cade calculation (INC) [13].

2.2 Exclusive coincidence measurement

The adoption of the direct experimental ratio of the neu-
tron to proton number for the derivation ofΓn/Γp ratio
was very successful cancelling the effects of the final state
interaction on the neutron and the proton, and thereby re-
moving the strong model dependence of the final state in-
teraction. However, there still remained the inherent ambi-
guities due to two nucleon induced (2N-) NMWD process,
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Fig. 3. The normalized proton (a) and neutron (b) spectra and
the angular correlations of np (c) and nn pair (d) of NMWD of
12
Λ C [14–16] are compared with those of INC(1N) results (solid
lines) for whichΓn/Γp =0.51 was adopted.

ΛNN→nNN and some residual model dependence of the
FSI calculation. Such ambiguities seem to be unavoidable
in the inclusive measurement of theΓn/Γp ratio. Though
it has not been experimentally identified yet, the strength
of the 2N-NMWD channel was predicted to be significant
[7]. It was necessary to remove such ambiguities for the
accurate measurement ofΓn/Γp ratio.

In this regards, we performed the recent high statistics
measurements, E462 and E508, in which all the emitted
nucleons from the NMWD of5

Λ
He and12

Λ
C were measured

in coincidence, respectively, and the decay channels were
exclusively identified. Fig. 2 shows the setup of the experi-
ment. There are three coincidence counter sets, two located
at the top and bottom of the target optimized for back-
to-back coincidence events and one at the side to allow
the detection of non-back-to-back events. Each of the top
and bottom counter sets consisted of a start-timing counter
(T2), a drift chamber, a veto or stop-timing counter (T3),
and neutron counter arrays (T4). The side set was similar,
except that the drift chamber was absent. The details of the
setup and the analysis of the experiment are refered to the
reference [14,15]. One of the biggest systematic uncertain-
ties was that of the neutron detection efficiency which was
calculated by the modified DEMONS code after careful
examination of its validity.

The spectra of emitted nucleons and the angular cor-
relations of the two pair nucleons detected, namely the
pair yields as a function of the opening angle between the
momenta of the two nucleons, were reported for s-shell
5
Λ

He and a p-shell12
Λ

C hypernuclei in the references [?,16,
15]. The results of12

Λ
C are shown in the Fig.3. The nor-

malized proton and neutron spectra per NMWD are shown
in the upper figures, (a) and (b), while the angular correla-
tions of np and nn pair of NMWD in the lower figures, (c)
and (d), respectively.

Table 1. The normalized nucleon pair numbers,Nnp and Nnn,
of the NMWD of 12

Λ C in each kinematics region, back-to-back
(cosθ ≤ −0.7; bb) and non-back-to-back (−0.7 ≤ cosθ ≤ 0.6;
nbb), are shown [15] and compared to those of the previous
INC [7] and present INC(1N and 1N+2N). NNN is the sum,
Nnp + Nnn.

E508 INC INC INC
(Prev.) (1N) (1N+2N)

Nnp(bb) 0.138±0.014 0.35 0.231
Nnn(bb) 0.083±0.014 0.15 0.118
NNN (bb) 0.221±0.020 0.50 0.349 0.261

Nnp(nbb) 0.059±0.018 0.52 0.089
Nnn(nbb) 0.059±0.017 0.18 0.046
NNN (nbb) 0.118±0.027 0.70 0.135 0.109

In the experiment E508 theΓn/Γp ratio was derived
from the number ratio of np and nn pair satisfying the
back-to-back (bb) two-body topological condition, namely
cosθ ≤ −0.7. The integrated pair numbers normalized to
unit NMWD over each kinematics region is listed in the
second column of Table 1. TheΓn/Γp ratio was measured
0.51± 0.14± 0.04 for 12

Λ
C which are quite free from the

above mentioned ambiguities [15]. These agree with the
results of recent theoretical values very well and the long
standingΓn/Γp puzzle problem seemed to be finally solved.
Naturally, the next step in the study of NMWD would be
to determine theΓn andΓp themselves. However, in order
to determine the decay width of each channel, it would be
necessary to understand why the experimentalΓn/Γp ratios
have been so high.

3 INC and Quenching

The upper figures of Fig. 3 show the normalized energy
spectra of proton and neutron emitted per NMWD of12

Λ
C in

the E508 [14] and compared with those (solid lines) of the
INC (IntraNuclear Cascade) calculation for FSI which in-
cluded one-nucleon induced NMWD only, which will be
refered INC(1N), adopting theΓn/Γp value 0.51 which is
now well established. We observe that the proton yields
are about 20 percent lower than that of INC calculation. If
we had to determine theΓn/Γp ratio out of proton mea-
surement, we would have to compare the proton yields to
that of INC varyingΓn/Γp. Then the deficiency of proton
would be compensated by increasing theΓn/Γp ratio. In
fact it has been the practice. In the right figure, we now
see that the neutron yields are also quenched by a simi-
lar amount from that of the INC(1N) calculation. It is now
clear that the quenching is universal for both proton and
neutron and the old procedure compensating the proton de-
ficiency by increasingΓn/Γp ratio was not justified since
the neutron yield was also quenched. We now understand
that the quenching of the nucleon yields emitted in the de-
cay was really the source of the confusion behind the long
standing puzzle.

As a consequence of the quenching, the coincidence
nucleon pair yields must also be quenched accordingly.
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Fig. 4. The normalized momentum sum distributions of np and
nn pairs of NMWD of12

Λ C are compared with those of INC(1N)
(histogram) withΓn/Γp=0.51.

In the lower figures of Fig. 3, np (c) and nn (d) pair an-
gular correlations are also compared to those of INC(1N)
shown in solid lines. Again we clearly observe the signifi-
cant quenching. In the Table 1 the numerical nucleon pair
yields,Nnp andNnn, per NMWD of12

Λ
C are shown for each

kinematics region and compared to those of various INC
calculations. The non-back-to-back (nbb) kinematics re-
gion is defined as−0.7 ≤ cosθ ≤ 0.6 excluding the region
near cosθ = 1 where are non-negligible event contribution
in that single nucleon into the counter can be misidentified
as a pair event due to the neutron cross-over in the counter.
The measured total pair numberNNN (= Nnp + Nnn) in the
back-to-back kinematics region is quenched about 56 and
37 percent from those of the previous and present INC(1N)
calculation, respectively [7].

Quenching mechanism ; Then what would be the
mechanism for the nucleon quenching? Two mechanisms
can be considered, namely a stronger FSI strength than
that used in the INC calculation and 3-body or many-
body NMWD process. A stronger FSI would push the nu-
cleon spectrum to lower energy region so that the observed
quenching would be explained. However, INC calculation
itself is the model of FSI which has been tested for a good
reproduction of the nuclear scattering and reaction cross
section. In order to reproduce the quenching, one would
need a drastically stronger FSI, which would be unphysi-
cal.

Momentum sum distribution ;
Fig. 4 shows our recent result of the normalized NN

pair yields of the NMWD of12
Λ

C in the momentum sum
(p12 = |p1 + p2|) of the two emitted nucleons of the ex-
periment E508 [17]. The np and nn pair distributions of
the momentum sum show two groups, one at the low mo-
mentum centered around 200 MeV/c and the other at the
high momentum around 500 MeV/c. The events in the low
momentum group mostly correspond to those in the back-
to-back kinematics (−1 ≤ cosθ ≤ −0.7) in the angular
correlations of Fig. 3, thereby cancelling the momentum
of each other. The events in the high momentum group in-
dicate that there must be the third party which carries the
conjugate momentum to conserve the initial momentum.
Therefore, the high momentum events directly indicate the
existence of the non-two-body decay in NMWD, namely
those of 3-body or many-body process. The solid lines are
the prediction of the INC(1N) calculation. In the low mo-

mentum region, we again observe the quenching in both np
and nn pair yields. In order to reproduce the quenching of
nucleons (and pair nucleons) yields, next we introduce the
3-body NMWD process, namely the two-nucleon induced
(2N-) NMWD, in addition to the 1N-NMWD.

It is now clear that the INC based on 1N-NMWD over-
produce nucleon and nucleon pair yields. In order to study
the quenching of nucleons, we introduced the three-body
NMWD process in addition to the traditional 1N-NMWD
in our INC calculation code. At the moment, the three-
body is 3 nucleons so that it is equivalent to 2N-NMWD.
Previously Garbarino et al. reported the results of the INC
calculations on the nucleon spectra and angular correla-
tion of nucleon pair incorporating the 2N-NMWD with
Γ2N=0.2Γnm in the reference [7]. The third column of Table
1 shows their results for the pair yields in each region, but
the yields much overproduced. We reported recently that
the INC incoorperated with 2N-NMWD can explain the
quenching of nucleon yields successfully, but only with a
large branching ratio of 2N-NMWD channel [18]. How-
ever, the further numerical determination of its contribu-
tion has been defered due to the uncontrolled INC model
dependence.

INC calculation Next we briefly explain the ingre-
dient of the present INC calculation code in which 2N-
NMWD is incorporated to 1N-NMWD.

We have formulated an INC calculation based on the
Monte Carlo technique. In order to establish the function-
ality of the INC, first we tested it for the proton inelastic,
(p,p’) scattering and charge exchange, (p,n’) reaction over
wide dynamic ranges of mass and energy fixing the INC
intrinsic nuclear shape parameters such as the radius and
thickness. Then we apply these parameters to the INC cal-
culation of FSI of the emitted nucleon in NMWD.

Nuclear structure is treated as a mixture of degenerate
Fermi gas of neutrons and protons in the realistic Wood-
Saxon type density distribution. The nuclear potential is
taken to be the sum of Fermi surface energy at the local
point and the nucleon seperation energy. Therefore, there
are no free parameter to adjust in the calculation. A ver-
tex point is randomly selected according to the mean free
pathλ = (ρNσt)−1 incorporating the Pauli principle.ρN

is the nuclear density andσt the total NN scattering cross
section adopted from those of the free NN scattering ex-
periments [19]. The momentum distribution of the target
nucleons is assumed to be those of zero temperature Fermi
gas of the local density. A straight line approximation is
used for the trajectory of a nucleon.

We have confirmed that the INC model calculation re-
produced the experimental inelastic scattering (p,p’) and
the charge exchange reaction (p,n’) data quite well and
were able to fix the INC intrinsic parameters. Overall the
present simple INC model calculation reproduces the an-
gle integrated total cross sections of inelstic and charge
exchange reactions of the target nuclei from carbon to
zirconium well over the wide energy range up to 160
MeV which covers exactly that of the emitted nucleons in
NMWD.

Then we apply the INC model for the final state in-
teractions of the emitted nucleons in the NMWD of12

Λ
C. A

05013-p.4
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Λ is produced at a weak interaction site by the Monte Carlo
method according to the desnity and momentum distribu-
tion of 1s-state in the harmonic oscillator potential. The
density and the momentum distribution of the interaction
partner nucleon at the site is that of Fermi gas model. The
solid lines of the Fig.1 which were compared to the exper-
imental nucleon spectra are the results of the present INC
calculation, but including only 1N-NMWD process.

INC calculation for 2N-NMWD process: In a 2N-
NMWD process, three nucleons were produced at a ver-
tex point with the kinematics of uniform phase space shar-
ing. This is in somewhat different kinematics from that
of the above-mentioned previous INC calculation whose
kinematics was similar to that of 2-body. However, we have
selected the current one considering a couple of points.
First, the previous two-body like kinematics model could
not reproduce the quenching of nucleons as can be seen in
the fifth column of Table 1. Second, we study the effects of
three-body phase space first before we introduce any par-
ticular dynamic model for 2N-NMWD.

4 The branching ratio of 3-body NMWD

Next we explain how we measured the branching ratiob2N

of the 3-body process from the quenching of the low mo-
mentum group. Since the nucleons rescattered via FSI and
those of the 3-body processes share the same phase space,
it is impossible to disentangle them kinematically. There-
fore we extract the branching ratio by reproducing the yield
quenching since it is a direct consequence of the 3-body
process. Hence we need an accurate way to account for
FSI. Though INC calculation is one of the most popular
models for FSI, since it can be subject to a large uncer-
tainty, we take the following approach. Instead of adopting
the FSI values of INC model calculation, we varied the FSI
strength of INC to fit the measured inelastic total cross sec-
tion so that the FSI strength is determined from the mea-
sured data. Then we applied it to the nucleons emitted in
the decay.

Fig. 6. The momentum sum distribution of the pair sum is
compared with those of INC(1N+2N) (solid histogram) with
b2N=0.29. The decomposed 1N- (dashed one) and 2N-NMWD
(dotted one) contribution also are shown.

Experimental FSI value: We first fit the experimen-
tal 12C(p, p′) inelastic scattering total cross section spec-
trum atEp=62 MeV shown in Fig. 5(a) adopting the INC
technique but varying the nucleon-nucleon (NN) cross sec-
tion which determines the strength of FSI [20]. We intro-
duced a renormalization fitting parameterα of the FSI as
σNN (E) → ασNN (E). We obtainedα = α0 = 1.09± 0.04
by fitting the spectrum of the above reaction over a wide
dynamic region from 15 to 52 MeV, except the statistical
and the discrete resonance level regions. There are no ad-
justable parameters except for the renormalization factor.
With the experimentally determined renormalization fac-
tor, α0 = 1.09, we were able to reproduce the total cross
section distribution excellently not only for the12C(p, p′),
but also the90Zr(p, n) at Ep=160 MeV which covers a
much wider dynamic range [21], as we can see in Fig. 5.

Then we applied the INC calculation withα0 for the
FSI on the emitted nucleons in the decay of12

Λ
C. For a

3-body process, three nucleons were produced uniformly
over the 3-body phase space. The branching ratiob2N(=
Γ2N /Γnm) was obtained so as to reproduce the quenching
in the momentum sum distributionNNN (p12)(= Nnp(p12)+
Nnn(p12)) in the low momentum region (≤300 MeV/c). We
consider the sum of nn and np pair so that it does not de-
pend on the pair ratio of the 3-body decay model. Fig. 6
shows the pair sum distribution in the momentum sump12.
Though the high momentum group could provide informa-
tion on processes such as many nucleon-induced NMWD,
the statistics are so limited that we concentrated on the
low momentum group in this analysis. We obtained the
branching ratio of the 3-body processΛNN→nNN, b2N =

Γ2N/Γnm = 0.29± 0.13 by reproducing the yields at the
low momentum sum region. The solid histogram shows the
result of the INC calculation including 2N-NMWD with
b2N=0.29. The dashed and dotted lines are the contribu-
tions of 1N- and 2N-NMWD respectively. Combining this
with Γnm [22,23], we getΓ2N = 0.27±0.13ΓΛ. The major
errors inΓ2N include the fitting (statistical) error (34%),
the FSI renormalization error (13%) and that of detection
efficiency (8%).

Fig. 6 shows the INC reproductions, including the
3-body process, of the angular correlation of pair sum

05013-p.5
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Fig. 7. The angular (left) correlation of the pair sumNnp(θ) +
Nnn(θ) and the normalized nucleon yieldsNn(E) + Np(E) (right)
are compared with those of INC(1N+2N) (solid lines) with
b2N=0.29. The decomposed 1N- (dashed lines) and 2N-NMWD
(dotted lines) contribution also are shown.

NNN (cosθ) (left) and the nucleon sum spectrumNN(EN)
(right). The solid lines are those of INC withb2N = 0.29.
Each dashed and dotted line is the contribution of 1N-
and 2N-NMWD, respectively. It reproduces the quench-
ing of not only the momentum sum distribution, but also
the angular correlation and the nucleon energy distribution
simultaneously and successfully by including the 3-body
process in addition to the two-body process. We clearly
see that the low energy nucleon distribution of the right fig-
ure of Fig. 6 can be well reproduced only by including the
3-body process. It is noted that though it requires almost
30 percent of the 2N-NMWD to reproduce the pair cor-
relation, the pair yield contribution of 2N-NMWD in the
back-to-back kinematics region is much less than 10 per-
cent as can be seen in the left figure so that the its effect on
the pair number ratioNnn/Nnp is small. Namely, the previ-
ousΓn/Γp value is valid and accurate evenif the presence
of the 3-body NMWD process. The present reproduction
of the coincidence pair distributions and nucleon spectrum
is much improved from the previous one [7]. This is the
first measuredΓ2N value and its magnitude is so large that
Γn andΓp value have to be derived by taking account of the
value ofΓ2N . Though the 3-body processΓ2N is confirmed
to be surprisingly large, it is in fact well consistent with
the branching ratio, 0.288, of the most recent extensive
model calculation of 2N-NMWD contributions which in-
cluded the effects of the complete set of exchange mesons
and NN pairs [8].

5 Summary

We have shown that the reason behind theΓn/Γp puzzle
was the universal quenching of nucleon yields and in
turn the quenching is due to the three-body process in
NMWD. Reproducing the quenching of the yields of
nucleons and the coincidence pair nucleons incooperating
2N-NMWD, we have measured the branching ratio of the
3-body NMWD process of12

Λ
C, 0.29±0.13, for the first

time. This is the first successful reproduction of the singles
and coincidence yields of NMWD simulaneously. The
contribution of the 3-body (or non-two-body) processes is
so large that it should be accurately measured first before
theΓn andΓp which are the most fundamental observables
of NMWD. Now its error reaches almost 50 percent. In

this regards, the next extensive coincidence experiment on
NMWD is planned at the J-PARC 50 GeV PS accelerator
and the improved measurements of the decay widths of
NMWD are very much awaited.
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