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Abstract

The FINUDA experiment has recently completed an extensive study of the weak decay of p-shell Λ-
hypernuclei including both mesonic and non-mesonic modes. Charged mesonic decay rates have been
determined based on the analysis of π− kinetic energy spectra, never measured before. The study of proton
spectra from non-mesonic weak decay for p-shell hypernuclei, both single and in coincidence with a neu-
tron, has triggered the investigation of the two-nucleon induced ΛNN → nNN decay channel: its weight

has been evaluated to be Γ2/ΓNM = 0.21 ± 0.07stat
+0.03 sys
−0.02 sys. Finally, a direct experimental evidence of the

occurrence of the weak reaction Λnp → nnp in nuclei is presented for the first time. Three events have
been found which can be attributed to 7

ΛLi and 9
ΛBe two-nucleon induced non-mesonic weak decay; the

kinematical analysis is discussed here.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Λ-hypernuclei are produced in the ground state or in an excited state of the Λ-particle
neutron–hole configuration. If the excitation is below the particle emission threshold, the hyper-
nucleus decays to its ground state via fast electromagnetic transitions. A Λ-hypernucleus in the
ground state decays to non-strange nuclear systems through the mesonic (MWD) or non-mesonic
(NMWD) weak decay mechanisms.

In MWD the Λ-hyperon decays into a nucleon and a pion in the nuclear medium, similarly to
the weak decay mode in free space:

Λfree → p + π− + 37.8 MeV (B.R. = 64.2%), (1)

Λfree → n + π0 + 41.1 MeV (B.R. = 35.8%) (2)

in which the emitted nucleon carries a momentum q ≈ 100 MeV/c, for a decay at rest. The
branching ratios of the channels (1) and (2) are consistent with the empirical �I = 1/2 rule, valid
for all non-leptonic strangeness-changing processes. Inside a hypernucleus the binding energy of
the Λ (∼ 3 MeV for 5

ΛHe, ∼ 11 MeV for 12
Λ C, ∼ 27 MeV for 208

Λ Pb) further reduces the energy
available to the final state particles. MWD is thus suppressed in hypernuclei with respect to
the free-space decay due to the Pauli principle in all nuclei except for the lightest s-shell ones
since the momentum of the emitted nucleon is by far smaller than the nuclear Fermi momentum
(kF ∼ 270 MeV/c).

In NMWD the Λ-hypernucleus decays through processes which involve a weak interaction of
the constituent Λ with one or more core nucleons. The importance of such a process was pointed
out just at the beginning of hypernuclear physics: Cheston and Primakoff gave a quantitative
discussion of the possibility that a Λ-hyperon bound to nucleons might undergo NMWD in
1953 [1]. If the pion emitted in the hadronic vertex Λ → πN is virtual, then it can be absorbed
by the nuclear medium, resulting in a non-mesonic decay of the following types:

Λn → nn (Γn), (3)

Λp → np (Γp), (4)

ΛNN → nNN (Γ2), (5)
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where the Γ ’s stand for the decay rates. The channels (3) and (4) are globally indicated as one-
nucleon induced decays, in particular by one-neutron (3) and one-proton induced decay (4).
The channel (5), referred to as two-nucleon induced decay and suggested in Ref. [2], can be
interpreted by assuming that the pion from the weak vertex is absorbed by a pair of nucleons
(np, pp or nn), correlated by the strong interaction. Note that the non-mesonic processes can
also be mediated by the exchange of mesons more massive than the pion.

The NMWD mode is possible only in nuclei; the Q-value of the elementary reactions (3)–(5)
(∼ 175 MeV) is high enough to avoid any Pauli blocking effect, being the outgoing nucleons
momenta as high as ∼ 420 MeV/c for the one-nucleon induced process and ∼ 340 MeV/c for a
two-nucleon induced process, if the available energy is equally distributed among the final state
particles; the final nucleons thus have a large probability to escape from the nucleus. Indeed,
the NMWD dominates over the MWD for all but the s-shell hypernuclei and only for very light
systems (A� 5) the two decay modes are competitive.

The total decay width of a Λ-hypernucleus ΓT (AΛZ) is given by the sum of the mesonic and
the non-mesonic decay widths:

ΓT = ΓM + ΓNM, (6)

where the first term can be further expressed as the sum of the decay widths for the emission of
negative (Γπ− ) and neutral (Γπ0 ) pions:

ΓM = Γπ− + Γπ0 , (7)

and the second term can be written as the sum of the one-nucleon (Γ1) and two-nucleon induced
(Γ2) decay widths:

ΓNM = Γ1 + Γ2, (8)

with Γ1 = Γp + Γn. The total decay width ΓT (AΛZ) is expressed in terms of the hypernucleus
lifetime by:

ΓT

(A

Λ
Z
) = h̄/τ

(A

Λ
Z

)
. (9)

It is then clear that several observables must be measured for a complete understanding of the
weak decay of hypernuclei. The final, ambitious goal of this study is to obtain information on
the four-fermion, �S = 1, baryon–baryon weak interaction, which represents the first extension
of the weak, �S = 0, NN → NN interaction to the strange baryon sector; the weak processes
ΛN → nN (3), (4) are the only practical way to obtain such information. It is worthwhile to
mention the classification, made by Block and Dalitz in [3], of the possible ΛN → NN transition
amplitude for 4

ΛH and 4
ΛHe. We recall that the short Λ lifetime prevents from producing hyperon

targets or beams of suitable intensity and only scarce ΛN scattering data are presently available.
Moreover, the �S = 1 interactions (3) and (4) are the best candidate to allow the investigation of
the parity-conserving part of the baryon–baryon weak interaction, which is completely masked
by the strong component in the NN → NN reaction [4–6].

To reach this objective, a series of coordinated experiments has to be pursued. All the spurious
effects, in particular the Final State Interactions (FSI) which affect the measurements in a nuclear
medium, must be clearly understood and parametrized. The decay mode (5), which introduces
a further complication in the elementary decay mechanism, namely the correlation among two
nucleons, has too to be deeply understood and parametrized.
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This program was recently started with the measurement of some of the observables under-
taken systematically in the last two decades, allowing a considerable progress in the understand-
ing of the process, supported also by dedicated theoretical efforts (for recent reviews see [4–6]).
The FINUDA experiment provided recently a remarkable contribution to the subject, in particu-
lar with the measurement of Γπ−/ΓΛ and Γ2/ΓNM in p-shell hypernuclei. The present paper is
organized as follows. In Section 2 we provide a short description of the FINUDA detector perfor-
mances, in particular concerning the measurement of the observables described in the following.
Section 3 summarizes the main results obtained so far for Γπ−/ΓΛ. Section 4 summarizes the
results on proton spectra from NMWD and the determination of Γ2/ΓNM . Section 5 reports the
first direct experimental evidence of the weak Λ + (np) → n + n + p decay.

2. FINUDA, a detector optimized for the study of hypernuclear weak decay

The FINUDA detector has been described in several papers [7–10] and we refer to them for
details concerning the data takings, the targets and the performances of the various subdetectors.
It was installed at one of the two interaction regions of the DA�NE (e+, e−) φ(1020)-factory
of INFN–LNF (Italy). Hypernuclei were produced by means of the strangeness exchange reac-
tion: K−

stop + n → Λ + π−, on very thin targets (∼ 200 mg/cm2) [8]. FINUDA was a magnetic
spectrometer immersed in a uniform solenoidal magnetic field of 1 T. The tracker included a com-
bination of silicon microstrips (OSIM), low mass drift chambers (LMDC) and a stereo system
of straw tubes (ST). It was optimized for the detection of charged particles featuring a momen-
tum resolution < 1% FWHM for π− of 250–290 MeV/c, corresponding to the formation of
hypernuclear bound states, and an energy resolution for p ranging from 1.3% to 4% FWHM for
kinetic energies from 90 MeV down to 50 MeV [8]. Its angular acceptance was ∼ 2π sr. OSIM
and LMDC were used also for P.Id. of the charged particles. The inner FINUDA detector was
an hodoscope of thin scintillator slabs (TOFINO) arranged around the beam pipe at the (e+, e−)
interaction point. An array of silicon microstrips (ISIM) was located outside TOFINO, very close
to the targets, to determine the position of the K± interaction point. An array of eight target tiles
was located between ISIM and the tracker. The outer FINUDA detector, called TOFONE, was a
plastic (CH)n scintillator barrel of 80 elements (10 cm thick) surrounding the tracker. It was also
used to detect neutrons (and photons) with a flat detection efficiency of about 10% for neutrons
in the energy range 15–150 MeV [11]. The particles Time-Of-Flight (TOF) was measured by the
(TOFINO–TOFONE) system. Neutrons and photons are identified looking for events in which
TOFONE elements are not connected to curve trajectories belonging to charged particles. The
β of the neutral particle is evaluated by the measured TOF and the corresponding base of flight.
The analysis of the β values of the neutral candidates allows to discriminate neutrons from γ ’s
emitted, for instance, in the π0 decay. A contamination from neutron scattering in the FINUDA
apparatus is also present in the neutrals spectrum. Applying a cut on the 1/β value it is possible
to eliminate the γ peak from the single neutron detection, but the most effective way to identify
neutron from 2N-induced NMWD, however, is to tag them with the proton emitted in coinci-
dence. The neutron energy resolution is ∼ 11% at 20 MeV and ∼ 20% at 100 MeV [9]. The
global (detection plus acceptance) efficiency for neutrons is quite flat with an average value of
(5.08 ± 0.14)%.

With FINUDA several reactions induced by stopped K− were studied, taking advantage of the
good detection capabilities briefly outlined. Moreover impressive and unexpected results were
obtained, with FINUDA, for the weak decays studies. To this purpose, pions and nucleons from
reactions (1)–(5) have to be detected in coincidence with a π− signaling the formation of a
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Fig. 1. (a) Binding energy spectrum of π− emitted from 12C targets. The spectrum is background subtracted and the
dashed lines correspond to known 12

Λ C energy levels; (b) energy spectrum of protons emitted in coincidence with π−
from 12

Λ C formation [12]; (c) energy spectrum of low energy π− emitted in coincidence with π− from 11
Λ B formation [7];

(d) energy spectrum of protons emitted in coincidence with π− from 11
Λ B formation [8].

hypernucleus in the ground state. The quality cuts applied to π− tracks in the analysis of these
coincidence events were looser than the ones used from hypernuclear spectroscopy [10], with a
worsening of the resolution (from 0.5% to 1%) but with an increase of a factor 6 in the statistics.
Fig. 1a shows, as an example, the binding energy (B.E.) spectrum of 12

Λ C obtained with these
looser cuts on the π− spectrum. The two prominent peaks can be interpreted as due to the Λ

in an s-state, the ground state of 12
Λ C, and in a p-state. The peak at lower B.E. is mainly due

to 11
Λ B + p configurations. Thus, by selecting a window in the π− spectrum, corresponding

to the 12
Λ Cg.s. and 11

Λ B bound states, the spectra of protons emitted in NMWD for these two
hypernuclides can be obtained (Figs. 1b and 1d) [8,12]. The same technique was used to obtain
the neutron spectrum of NMWD of a well defined hypernuclide. Also the low momentum π−’s
from charged MWD may be detected. In this respect, for 12C targets, only the 11

Λ B MWD was
studied [7] and it is reported in Fig. 1c, due to the 80 MeV/c threshold on the detection of
low-energy π−.

We recall that several nuclear targets of p-shell nuclei were used in the same data taking, and
a complete systematics of the corresponding p-shell hypernuclei was obtained in a unique run
avoiding the need of a subsequent normalization between the targets.
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3. Measurement of Γπ−/ΓΛ

MWD is strictly forbidden in normal infinite nuclear matter, where the nucleon Fermi momen-
tum is about 270 MeV/c, while in finite nuclei it can occur because of three important effects:

(i) in nuclei the hyperon has a momentum distribution, being confined in a limited spatial
region, that allows larger momenta for the emitted nucleon;

(ii) the final pion feels an attraction by the nuclear medium, due to the p-wave part of the optical
π -nucleus potential, which modifies the pion dispersion relation; for a fixed momentum, the
pion carries an energy smaller than if it was free and the energy conservation increases the
chance for the emitted nucleon to lie above the Fermi surface. Indeed, it has been shown
that the pion distortion increases the MWD width by more than one order of magnitude for
very heavy hypernuclei (A ∼ 200) with respect to the value obtained without the medium
distortion [13];

(iii) at the nuclear surface the local Fermi momentum can be smaller than 270 MeV/c and the
Pauli blocking is less effective in forbidding the decay. In any case, the MWD rate rapidly
decreases as the hypernucleus mass number increases.

It must be stressed that the information available before the FINUDA measurements on the
charged MWD of light hypernuclei consisted almost entirely of Γπ−/ΓΛ values obtained by
counting coincidences with the hypernuclear formation π−, with no magnetic analysis of the de-
cay meson; the π− kinetic energy spectra were reported for 12

Λ C MWD only [14]. The π− energy
spectra of Ref. [7], on the other hand, allow a more careful confirmation of the elementary mech-
anism that is supposed to underlie the decay process, through the determination of the decay
rates, as well as to gain information on the spin-parity of the initial hypernuclear ground state. In
this respect, the study of pion spectra from MWD can be regarded as an indirect spectroscopic
investigation tool.

In particular, the ratios Γπ−/ΓΛ were obtained from the measured branching ratios, using
the available ΓT/ΓΛ values or relying on a linear fit to the known values of all measured
Λ-hypernuclei in the mass range A = 4–12 [15]. Fig. 2 reports the values obtained by FINUDA
(full (red) circles) compared with previous experimental data (full (black) triangles) and theoret-
ical calculations (full (green) squares and full (blue) stars) for 5

ΛHe, 7
ΛLi, 9

ΛBe, 11
Λ B and 15

Λ N.
Being characterized by a small Q-value, the MWD mode is strongly affected by the de-

tails of both the hypernucleus and the daughter nucleus structure. Indeed, the calculations of
Refs. [20,21] evaluate the p-shell hypernuclei total and partial MWD decay rates by incorporat-
ing the pion final state interaction by pion-nuclear distorted waves and by describing the structure
of the nuclear core with the Cohen–Kurath spectroscopic approach [23]. The authors found that
for p-shell hypernuclei the total π− decay rate is dominated by Λ1s → p1p transitions, while
only little contributions are given by higher energy configurations of the final nuclear system,
mainly through Λ1s → p2s,1d transitions.

Recently, in Ref. [22] these calculations were revisited, following the same approach, and a
new sum rule was introduced to encapsulate the suppressive effect of the Pauli principle on the
total and partial π− decay rates. In Fig. 2, both calculations of Refs. [20,21] (full (green) squares)
and Ref. [22] (full (blue) stars) are reported, for ground state spin-parity 1/2+ for 5

ΛHe and 7
ΛLi,

5/2+ for 11
Λ B and 3/2+ for 15

Λ N.
A good agreement holds among the FINUDA results and previous measurements (full (black)

triangles), when existing, and among the FINUDA results and the theoretical calculations. The
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Fig. 2. The Γπ−/ΓΛ ratios obtained by the FINUDA experiment (full (red) circles) [7], compared with previous mea-
surements (full (black) triangles) [16–19,14] and with theoretical calculations [20,21] (full (green) squares) and [22] (full
(blue) stars). See Ref. [7] for more details. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

total decay rates for the other set of ground state spin-parity calculated in Refs. [20–22] (3/2+ for
7
ΛLi, 7/2+ for 11

Λ B and 1/2+ for 15
Λ N) are substantially lower and disagree with the experimental

values; an exception is given by 15
Λ N, for which the calculated values reported in Ref. [21] do not

allow to fix the ground state spin-parity.
The agreement between experimental data and calculations supports the correctness of the

theoretical hypotheses. It clearly indicates the possibility to evaluate typical nuclear physics
observables, like the rates of the MWD of hypernuclei, starting from the knowledge of the ele-
mentary phenomenological Hamiltonian which describes the decay of the free Λ. The agreement
also confirms the presence of the distortion of the outgoing π− wave function due to the polar-
ization effect of the nuclear medium and of the effectiveness of the Cohen–Kurath spectroscopic
calculations in describing both the hypernucleus core and the daughter nucleus, which allow to
account naturally for the strong final state shell-structure-dependence and charge-dependence of
the measured decay rates.

The kinetic energy spectra of the decay pions obtained by FINUDA for MWD of 7
ΛLi, 9

ΛBe,
11
Λ B and 15

Λ N [7] show interesting structures which can be directly related to the excitation
function of the daughter nucleus as calculated by Refs. [21,20,22], allowing to determine the
spin-parity configuration of the hypernucleus ground state. In Fig. 3 the π− kinetic energy spec-
trum from 15

Λ N is showed. For instance, before the FINUDA measurement, the ground state spin
of 15

Λ N was not determined experimentally. The most recent theoretical study of hypernuclear
spin-dependence [24] predicts Jπ(15

Λ Ng.s.) = 3/2+, setting the 1/2+ excited state of the ground
state doublet about 90 keV above the 3/2+ state. The spin ordering, however, could not be de-
termined from the γ -ray de-excitation spectra measured recently on a 16O target at BNL [25].
The FINUDA measured spectrum of π− supports this 3/2+ theoretical assignment. It is thus
evident that the study of the MWD spectra has strong potentialities for the determination of the
ground state spin-parity for s- and p-shell hypernuclei; for sd-shell strange nuclear systems, the
spectroscopy of particles emitted in the decay processes can help as well in fixing the spectro-
scopic configuration of the ground state, although in this case the MWD branching ratios drops
below 10% for these hypernuclei and the errors become consequently sizable. The MWD spectra



FINUDA Collaboration / Nuclear Physics A 881 (2012) 322–338 329
Fig. 3. Upper part: kinetic energy spectrum of MWD π− for 15
Λ N after acceptance correction. The solid curve is a two-

Gaussian fit to the peaks in the spectrum, to compare with theoretical predictions in the lower part. Lower part: calculated
major decay rates to final 15O states from [22], in red bars for 15

Λ N ground-state spin-parity 3/2+ , and in blue bars for
15
Λ N ground-state spin-parity 1/2+ . From Ref. [7]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

analysis has thus demonstrated its reliability as light- and medium-A hypernuclei spectroscopic
tool, complementary to the γ -ray spectroscopy of low-lying excited states [26], whose spin or-
dering cannot be determined. It represents a new version of the old technique based on the study
of the decay rates and of the angular distribution of the MWD π−, which allowed the ground
state spin-parity determination of light hypernuclei in emulsion experiments [27–31], based on
the known properties of the free Λ weak decay.

Very recently plans for performing high resolution (∼ 100 keV) spectroscopy of π− from
MWD of hyperfragments produced by electroproduction at JLab and MAMI-C on nuclear targets
were put forward [32]. However, it will be difficult from such experiments to determine the
spin-parity of the hypernuclear ground states, since the quantum numbers of the initial state are
difficult, if not impossible, to determine.

4. Proton spectra from NMWD and determination of Γ2

The proton energy spectra were first measured, with high statistics, in experiments at KEK
[33,34] for 5 He and 12C hypernuclei, by means of a combination of TOF and total energy de-
Λ Λ
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position. The energy loss inside the thick targets was corrected with an event-by-event analysis.
The energy resolution was poor in the high energy region, especially above 100 MeV, with the
consequence that the spectra could be strongly distorted. Whereas for 5

ΛHe an indication for a
peak at ∼ 80 MeV appeared, as expected by the occurrence of the reaction Λ+p → n+p in nu-
clei, no structure at all was reported for 12

Λ C. The proton spectrum with an energy threshold of 35
MeV showed a continuous distribution [35,36], in some agreement with theoretical calculations
based on IntraNuclear Cascade (INC) model [37].

In FINUDA the proton momentum was measured by magnetic analysis, with an excellent
resolution and without distortion of the spectra due to the target thickness. A further advantage
of FINUDA was its lower energy threshold (15 MeV). In a first analysis proton energy spectra
coming from NMWD of 5

ΛHe, 7
ΛLi and 12

Λ C were studied [12]. All of them show a quite similar
shape, i.e. a peak at around 80 MeV, with a low energy rise, due to Final State Interaction (FSI)
and 2N-induced weak decays (Λ+ (np) → n+n+p, Λ+ (pp) → n+p+p). If the low energy
rises were predominantly due to FSI effect one should naturally expect that the broad peak struc-
ture at 80 MeV (coming from clean Λp → np weak processes broadened by the Fermi motion
of nucleons) were smeared out for the heavier nuclei. Concerning the 2N-induced NMWD, if the
weak decay Q-value is shared by three nucleons, a low-energy rise may exist even for the very
light s-shell hypernuclei. The first FINUDA data, thus, seem to indicate a substantial contribution
of the two-nucleon induced NMWD.

Triggered by this observation, proton spectra for all other p-shell hypernuclei were studied.
These spectra, shown in Fig. 4, feature a similar behavior, i.e., the presence of a structure around
80 MeV even for 16

Λ O.
A technique was devised to disentangle the contribution coming from the two-nucleon in-

duced decays, from the one-nucleon induced decays with FSI [8]. The systematics in the mass
number range A = 5–16, covered by FINUDA was exploited. Each spectrum was fitted, for a
proton kinetic energy from 80 MeV onwards, with a Gaussian function to determine, through its
mean value, the energy corresponding to the maximum of the one-proton induced contribution.
The spectrum was then divided in two parts, one below the mean value, with area Alow, and one
above it, with area Ahigh. It was assumed the first part to be populated by one-proton induced
decays, two-nucleon induced decays and FSI processes, while the second part has contributions
from one-proton induced decays and FSI, neglecting the two-nucleon induced decays, which,
above 70 MeV, accounts for only 5% of the total two-nucleon induced strength [38].

With the assumption that the FSI effects are proportional to A and that the Γ2/Γp is constant
in the A = 5–16 hypernuclear mass range [4,5], we found [8]:

Γ2

Γp

= 0.43 ± 0.25. (10)

In order to determine Γ2/ΓNM, the average of the values of Γn/Γp from Ref. [40] was used.
The result is:

Γ2

ΓNM

= 0.24 ± 0.10. (11)

This value is in agreement with the theoretical predictions [39,41–46] and the latest KEK exper-
imental results of Ref. [48].

A similar approach was used later by FINUDA to extract the Γ2/ΓNM ratio for A = 5–16 hy-
pernuclei using np coincidence spectra [9]. We remind that, whereas the TOFONE was not well
suited to detect one-nucleon induced NMWD due to the low detection efficiency (∼ 10%) [9], it
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Table 1
Summary of the theoretical and experimental values of Γ2/ΓΛ and Γ2/ΓNM .

Ref. Γ2/ΓΛ Γ2/ΓNM Notes

[41] 0.23 0.16 12
Λ C, Γ2 = Γnp

[42] 0.16 0.16 12
Λ C, Γ2 = Γnp

[46] 0.25 0.26 12
Λ C, Γ2 = Γnp + Γnn + Γpp

BNL-E788 [47] � 0.24 4
ΛHe, n and p spectra

KEK-E508 [48] 0.27 ± 0.13 0.29 ± 0.13 12
Λ C, nn and np spectra

FINUDA [8] 0.24 ± 0.10 A = 5–16, p spectra

FINUDA [9] 0.21 ± 0.07stat
+0.03 sys
−0.02 sys A = 5–16, np spectra

was useful for the study of two- (or more) nucleon induced NMWD thanks to the full azimuthal
angle coverage. We selected (π−, n,p) coincidence events with a π− in the momentum region
corresponding to the formation of a ground state hypernucleus, and a proton with a kinetic en-
ergy more than 20 MeV lower than the mean value μ of the Gaussian function determined in [8],
Ep < (μ−20 MeV), and an opening angle between the two emitted nucleons, cos θ(np) � −0.8.
These selections enhanced the contribution of two-nucleon induced weak decays.

Also in this case we applied the same considerations on the A-dependence of FSI and Γ2/Γp

used for the study of the single proton spectra, obtaining finally:

Γnp

Γp

= 0.39 ± 0.16stat
+0.04 sys
−0.03 sys. (12)

The obtained Γnp width can be used to evaluate Γ2/ΓNM by following the theoretical predic-
tions of Ref. [39]; moreover, assuming again the same Γn/Γp value used in (11) we found:

Γ2

ΓNM

= 0.21 ± 0.07stat
+0.03 sys
−0.02 sys, (13)

where the error is reduced with respect to that of Ref. [8]. The most updated theoretical evalua-
tion [46] and experimental determinations of Γ2/ΓΛ and Γ2/ΓNM can be found in Table 1, to-
gether with information on the hypernucleus, the isospin channels considered in the calculations
and on the spectra (single or in coincidence) analyzed in the experiments. All the calculations
were performed within a nuclear matter approach and then extended to 12

Λ C via the local density
approximation. In Refs. [41,42], a phenomenological scheme based on data on pion absorption
in nuclei was used to predict the np-induced decay rate Γnp . Ref. [42] updates the predictions of
Ref. [41] by using more realistic Λ wave functions in hypernuclei and short-range correlations
in the baryon–baryon strong interactions. All charge channels of the two-nucleon stimulated de-
cay, Λnn → nnn, Λnp → nnp and Λpp → npp, are included in the diagrammatic microscopic
approach of Refs. [39,44–46]. In particular, Pauli exchange and ground state correlations were
also studied [39,46].

It is worthwhile to notice that the two values obtained by FINUDA are not independent of
each other, since the proton required in coincidence with a π− in Ref. [8] and with a (π−, n) pair
in Ref. [9] belongs to the same experimental sample. To compare with the KEK-E508 determi-
nation [48], the FINUDA value affected by a smaller error [9], can be used: the two results are
completely compatible within errors.
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Table 2
Kinematics of the three Λ(np) → nnp candidate events: pπ− indicates the momentum of the hypernucleus formation
π− , Tp the p kinetic energy, Tn1 the n kinetic energy of one of the neutrons, Tn2 the kinetic energy of the second one,
θn1n2 the angle between the two n’s, θn1p the angle between the first n and the p, θn2p the angle between the second
n and the p, θπ−p the angle between the formation π− and the p, pmiss the missing momentum of the final state,
corresponding to the recoil momentum of the residual nucleus in a 4-body final state, and MM the missing mass for the
decay of the hypernucleus from its ground state.

Target 7Li 7Li 9Be

pπ− (MeV/c) 276.9 ± 1.2 276.5 ± 1.2 286.7 ± 1.2
Tp (MeV) 51.11 ± 0.85 90.83 ± 0.50 71.77 ± 0.80
Tn1 (MeV) 110 ± 23 21.0 ± 2.0 20.2 ± 2.5
Tn2 (MeV) 16.9 ± 1.7 35.3 ± 3.6 31.5 ± 4.2
θn1n2 (deg) 94.8 ± 3.8 126.5 ± 5.4 133.6 ± 7.5
θn1p (deg) 102.2 ± 3.4 53.5 ± 4.3 128.5 ± 5.5
θn2p (deg) 154 ± 19 124.6 ± 3.9 95.4 ± 3.6
θπ−p (deg) 33.4 ± 3.7 121.7 ± 3.2 159.3 ± 5.9
pmiss (MeV/c) 217 ± 44 447 ± 18 253 ± 18
MM (MeV/c2) 3710 ± 23 3720.3 ± 4.7 5617.3 ± 5.0

5. Direct experimental evidence of the 2N-induced NMWD

Even though the assessment of the existence of 2N-induced weak decay, inferred from differ-
ent experiments with different techniques, leads to the same results within the (large) errors, some
skepticism could remain. The “smoking gun” proof, i.e. the measurement of a triple (n,n,p) co-
incidence, in well defined and clean kinematics, of the three outgoing nucleons from the decay
of an hypernucleus in its ground state is lacking.

Analyzing the full FINUDA data sample, 101 (π−, n,p) coincidence events have been found
with the analysis selection on Ep and cos θ(np) described in Section 4. This sample is well
enriched (a factor ∼ 2.5) in events due to the two-nucleon induced NMWD reaction, as outlined
in the previous paragraph. Taking into account a Γ2/ΓNM ratio value of 0.21 [9], the enrichment
factor and the global neutron efficiency of the apparatus, it is expected to find ∼ 2.5[Λ+ (np) →
n + n + p] decay events. One event was found, in fact, satisfying the above requirements and
with an additional neutral particle in the final state, on 7Li target.

For this event the missing momentum is evaluated according to the hypothesis of a decay at
rest of the hypernucleus and the missing mass of the reaction is calculated. The angular cor-
relation among the three nucleons and between the π− and proton is then considered to define
exclusively the final state of the decay process. Table 2 reports, in column 2, the kinematics while
Fig. 5 displays this event into the r–φ plane of the apparatus.

The statistical uncertainties on the angles between the tracks (rows 6, 7, 8 and 9) have been
evaluated with Gaussian error propagation taking into account the spatial resolution of the sub-
detectors. The event on 7Li target, corresponding to the second column of Table 2 and to Fig. 5,
displays a total kinetic energy of the three nucleons Tn1n2p = 178 ± 23 MeV and a missing mass
MM = 3710 ± 23 MeV/c2. In the first two columns of Table 3 the possible final state config-
urations following the 2N-induced decay of 7

ΛLi to bound or partially bound residual nuclear
systems are indicated, together with the corresponding expected missing mass. The configura-
tion containing 4He has the smallest missing mass due to the high binding energy of the nucleus
(∼ 28 MeV). The missing mass value measured in the event is compatible within the global res-
olution at the 0.76σ level with the 4He final state and within (1.62–1.65)σ with the other two
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Fig. 5. Triple coincidence (π− , p, n, n) event coming from 7Li target detected with the FINUDA spectrometer.

Table 3
Column one: undetected nuclear systems for the 2N-induced decay of 7

ΛLi; column two: missing mass with respect to

the detected (n1, n2,p) system; column three: undetected nuclear systems for the 2N-induced decay of 9
ΛBe; column

four: missing mass with respect to the detected (n1, n2,p) system.

7
ΛLi MM (MeV/c2) 9

ΛBe MM (MeV/c2)
4He 3727.4 6Li 5601.5
3He + n 3748.0 5Li + n 5607.2
3H + p 3747.2 4He + d 5603.0

3He + 3H 5617.3

states, thus favouring the hypothesis of the first configuration. The topology of the event, with
the neutron n2 of Tn2 = (16.9 ± 1.7) MeV kinetic energy at an angle of (154 ± 19)◦ with respect
to the proton of Tp = (51.11 ± 0.85) MeV, and the neutron n1 of Tn1 = (110 ± 23) MeV kinetic
energy at an angle of (102.2 ± 3.4)◦ with respect to the proton and an angle of (94.8 ± 3.8)◦
with respect to n2, introduces the possibility of a proton induced decay followed by a nn scat-
tering, for which the angle should be 90◦ without considering the Fermi motion. However, for
a 16.9 MeV kinetic energy scattered neutron to be emitted, the incident neutron should have an
energy � 130 MeV. In [8] the energy spectrum of protons coming from NMWD of 7

ΛLi has been
discussed and the contribution of the one-proton induced NMWD has been described by a Gaus-
sian function centered at 76.7 ± 5.2 MeV, with a standard deviation of 15.0 ± 2.5 MeV. From
this consideration, it is possible to exclude with a confidence level higher than 99% (normal test)
that n2 comes from a n1n2 rescattering process. We conclude that the event can be attributed to
the exclusive 7

ΛLi → 4He + n + n + p reaction.
Triggered by this observation we looked at events in which no cut was imposed on the proton

kinetic energy and we found 307 (π−, n,p) events. Asking in addition the presence of a neutral
particle, detected in coincidence, two more events were found, one again from a 7Li target and
one from 9Be target. Both (π−, n,n,p) events fulfill the request that the total kinetic energy of
the three nucleons is � 195 MeV to fit with the Q-value of the 2N decay reaction (kinematics in
Table 2, columns 3 and 4).
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Fig. 6. Correlation between θπ−p and the proton energy for the simulated K−(np) → Σ−p background events.

Extensive Monte Carlo simulations allowed to identify one source of background for these
(π−, n,n,p) coincidences, due to events in which a one-proton induced decay is detected to-
gether with a γ coming from the decay chain K+ → π+π0, π0 → γ γ , for which the π+ and
the second γ are not detected. Taking into account the detection efficiency for γ ’s with energy
�70 MeV, for the 307 (π−, n,p) coincidence events ∼ 0.3 spurious (π−, n,n,p) events are
expected; so it is safe to consider the two observed events as free from that background.

Moreover, when selecting the π− momentum to identify the formation of the hypernucleus
in the ground state another background source appears in the same momentum range, due to
the K−(np) → Σ−p absorption on two correlated nucleons in the absorbing nucleus, followed
by the in-flight Σ− → π−n decay. Events from this background show a significant back-to-back
correlation; this feature rules out completely the first event discussed before. Considering the two
additional events, the angle (θπ−p) between the π− and p was respectively (121.7 ± 3.2)◦ and
(159.3 ± 5.9)◦, allowing them to be due to the K−(np) → Σ−p background. This background
reaction was simulated and the correlation between cos(θπ−p) and the proton energy Ep was
studied; the result is reported in Fig. 6. It shows that the major contribution of this background
channel is expected for π− and p emitted in a quasi back-to-back topology and for proton with
Ep larger then ∼ 100 MeV. In order to estimate the contribution of this reaction to the two
(π−, n,n,p) additional events we evaluated the number of simulated events surviving to a 3σ

cut on cos(θπ−p) and Ep for the 7Li and 9Be target from which these events come. A value of
the order of 10−3 events was found for both targets and using a Poisson statistics it is possible
to state that the two Λnp → nnp real events do not arise from background to a confidence level
larger than 99%.

In the second event on 7Li target, corresponding to the third column of Table 2 and to Fig. 7
(on the left), a total kinetic energy of the three nucleons Tn1n2p = 147.1±4.2 MeV and a missing
mass MM = 3720.3 ± 4.7 MeV/c2 have been measured. The missing mass value of the event is
compatible within 1.5σ with the 4He final state and within (5.7–5.9)σ with the other two states,
clearly favouring a 4He exclusive reaction. In this case, the angle between the proton having
Tp = 90.83±0.50 MeV and the neutron of Tn1 = 21.0±2.0 MeV is (53.5±4.3)◦; the hypothesis
that n1 could come from a final state rescattering of the energetic proton can be rejected, being
the difference between the masses of the two particles so small that angles sensibly different from
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Fig. 7. Four-particle coincidence (π− , p, n, n) event coming from 7Li target (on the left) and from 9Be target (on the
right) detected by FINUDA.

90◦ are not kinematically allowed. Therefore, this event also can be attributed to the exclusive
7
ΛLi → 4He + n + n + p reaction.

Finally, concerning the event on 9Be target, corresponding to the fourth column of Table 2 and
to Fig. 7 (on the right), a total kinetic energy of the three nucleons Tn1n2p = 123.5 ± 4.9 MeV
and a missing mass MM = 5617.3±5.0 MeV/c2 have been obtained. Columns three and four of
Table 3 list the possible final state configurations for the 2N-induced decay of 9

ΛBe to bound or
partially bound residual nuclear systems and the corresponding missing mass. The configuration
with 6Li is the only possible four body final state and has the smallest missing mass due to the
binding energy of the 6Li nucleus, even smaller than that of the configuration with 4He due to
the small binding energy of the partner deuteron; the mirror 3He + 3H configuration features the
largest missing mass value. The measured missing mass is compatible to less than 0.1σ , with
the 3He + 3H final state, to 2.1σ with the 5Li + n state, to 2.9σ with the 4He + d state and
to 3.2σ with the 6Li final state. The kinematics of the event excludes the possibility of a one
proton induced decay followed by a nucleon–nucleon scattering with a confidence level > 90%
(normal test). In fact, the neutron n2 with Tn2 = (31.5 ± 4.2) MeV kinetic energy forms an angle
of (95.4 ± 3.6)◦ with the proton having Tp = (71.77 ± 0.80) MeV, while the neutron n1 with
Tn1 = (20.2 ± 2.5) MeV kinetic energy forms an angle of (128.5 ± 5.5)◦ with the proton and an
angle of (133.6 ± 7.5)◦ with n2. Again, from the kinematic analysis, we conclude that the third
event can be attributed to the exclusive 9

ΛBe → 3He + 3H + n + n + p reaction.
The three events discussed above represent the first direct experimental evidence of (nnp)

triplets following the NMWD of hypernuclei, very likely two-nucleon induced NMWD decays.
From a quantum mechanical point of view it is not possible to disentangle two-nucleon induced
NMWD events from spurious events attributable to FSI. However, the importance of the two
contributions can be varied by selecting specific kinematical configurations. It is the case for
the three discussed events. The probability that these events could be due to FSI effects may be
deduced from the quoted errors, and has been evaluated for each event, as discussed before.

The exiguousness of the sample, however, prevents from making calculations of the 2N-
induced NMWD rate. Some consideration can be put forward. 7

ΛLi is a suitable hypernucleus
to observe an exclusive 2N-induced decay since the structure of the system is a 6Li core nucleus
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plus a Λ; moreover, it is well known [49,50] that 6Li can be understood as a quasi-molecule
(α +d). Also 9

ΛBe is a suitable hypernucleus to observe an exclusive 2N-induced decay since the
structure of the system is a 8Be core nucleus (α +α) plus a Λ [51]. The main difference between
the decay mechanisms of 7

ΛLi and 9
ΛBe is related to the final state multiplicity: for 7

ΛLi the resid-
ual nucleus is completely bound while for 9

ΛBe the final configuration is composed by two mirror
nuclear fragments. In [8] it was noticed that, for one-proton induced decays, a final nuclear state
consisting of two or more nuclear fragments is more probable for larger mass numbers. This
circumstance seems to be confirmed by the present observation of 2N-induced decay final states
with a single residual nucleus for 7

ΛLi and with two equivalent nuclear fragments for 9
ΛBe.

6. Conclusions

Thanks to its excellent instrumental capabilities, FINUDA was able to provide a substantial
step forward in the weak decay study of p-shell hypernuclei. π− decay rates and spectra were
measured for the first time allowing the determination of the spin-parity of 15

Λ N (Jπ = 3/2+).
Proton spectra from NMWD were measured with an unprecedented resolution and low energy
threshold. The branching ratio for the ΛNN → nNN was determined with an error of 33%, the
smallest so far. Finally three events, featuring all the three particle emitted in the 2N-induced
NMWD (n,n,p), were found and they can be quite safely attributed to this decay mode. They
represent the first direct experimental evidence of this reaction.

The limitation of the above results is the low statistics that could be improved at the new J-
PARC machine; they could serve as a starting point for more precise and complete experiments.
Improvements are needed on both the aspects of beam intensities and purity and of the design of
novel detectors featuring new state-of-art technologies. Concerning the secondary beams (K− or
π+), J-PARC is the answer, when the intensity of the proton beam in the slow extraction mode
will reach a value close to the design one. Concerning the detectors, the recently approved con-
struction of a new SKS-like spectrometer will be again the best tool to prepare Λ-hypernuclei in
a defined initial state with both K− and π+ beams. A major effort is needed for the design and
construction of new detector’s arrays for measuring the weak decay products. Of big importance,
but also of big difficulty, detectors for neutrons featuring complete angular coverage, good effi-
ciency and good energy resolution. We think that the first requirement is the most important for
a good mapping of the properties of both one nucleon and two-nucleon induced weak decays. As
discussed, the interaction must be cleaned up as much as possible from the unavoidable effects
of FSI. Systematic studies over some nuclei are necessary, as part of a coherent research pro-
gram. Another instrumental aspect that could be looked for is the investigation of the advantages
provided by gaseous detectors, eventually at low pressure, to detect some of the nuclear recoils
produced in some processes, that could help in disentangling different hypotheses.

From the theoretical side, the predictions concerning MWD taking into account most of the
effects (nuclear structure, bare interaction, etc.) are in good shape and just well confirmed by the
recent data. Concerning NMWD, only the raw features were obtained, without detailed predic-
tions on exclusive processes, in which also the final state is fully constrained. The calculations
are indeed very hard, like the experiments, but something has to be started, just for stimulating
the experimentalists to perform harder measurements.
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