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Mesonic and nonmesonic weak decay widths of medium-heavy � hypernuclei
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We have measured the energy spectra of pions and protons emitted in the weak decay of 12
� C, 28

� Si, and �Fe
hypernuclei produced via the (π+, K+) reaction. The decay widths of the π− mesonic decay (� → pπ−) and
the nonmesonic decay (�N → NN ) were extracted. The present results demonstrate an increase of the mesonic
decay width due to a distortion of the pion wave function in nuclear medium for the first time. The ratios of the
neutron- to proton-induced nonmesonic decay widths, �n(�n → nn)/�p(�p → np), were evaluated by a direct
comparison of the measured proton energy spectra with the calculated ones. No theoretical calculation which has
been proposed so far can simultaneously account for both the nonmesonic decay widths and the �n/�p ratios in
the present data.

DOI: 10.1103/PhysRevC.71.025203 PACS number(s): 21.80.+a, 13.30.Eg, 13.75.Ev, 21.10.Tg

I. INTRODUCTION

The � hypernuclei have been extensively studied since their
first discovery in a nuclear emulsion [1]. A � hyperon, which
carries a degree of freedom, “strangeness,” can be used as a
unique probe to investigate the interior of the nucleus because
it does not suffer from the Pauli exclusion principle.

A � hypernucleus is usually produced in an excited
state of a �-particle neutron-hole configuration. When a �
hypernucleus is excited above the particle emission threshold,
it decays dominantly by the strong interaction and then
deexcites to its ground state via electromagnetic transitions.
From the ground state, it eventually decays through the weak
interaction.

The total decay width (�tot = 1/τHY ) of a � hypernucleus
is composed of the mesonic decay width (�m) and the
nonmesonic decay width (�nm). In the mesonic decay, a �
hyperon decays into a nucleon and a pion in the nuclear
medium, similarly as in free space. The mesonic decay width
(�m) can be further expressed as a sum of the decay widths for
emitting negative (�π− : � → pπ−) and neutral (�π0 : � →
nπ0) pions, respectively. In two-body nonmesonic decay,
however, a � hyperon in a nucleus interacts with a neighboring
nucleon and decays into a pair of nucleons without emitting
a pion. The nonmesonic decay width (�nm) is composed
of the proton-induced (�p : �p → np) and neutron-induced
(�n : �n → nn) decay widths. In addition, the importance of
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the two nucleon-induced decay width (�2N : �NN → NNN )
has also been discussed theoretically [2], although it has not
been experimentally established yet.

Therefore, the lifetime (τHY ), the total (�tot) and partial
decay widths of � hypernuclei are connected by the following
relationship,

1/τHY = �tot = �m + �nm, (1)

�m = �π− + �π0 , (2)
�nm = �p + �n(+�2N ). (3)

The mesonic decay releases energy of Qfree � 40 MeV,
corresponding to a momentum of about 100 MeV/c in the
center-of-mass system (c.m.) for the emitted nucleon and
pion. Because this is much smaller than the nuclear Fermi
momentum (kF ∼ 270 MeV/c) in typical nuclei, except for
light ones, the mesonic decay is strongly suppressed in heavier
hypernuclei due to the Pauli exclusion principle acting on the
nucleon in the final state.

Although there are several experimental data of �π− and/or
�π0 on light � hypernuclei, such as 4

�H [3], 4
�He [4], 5

�He [5],
11
� B, and 12

� C [5–7], no finite value has been reported for the
mesonic decay widths of � hypernuclei heavier than 12

� C.
It has been pointed out that the mesonic decay widths are
sensitive to the nuclear structure in the final state and the
choice of the pion-nucleus optical potentials [8–10]. Although
the pion-nucleus potentials have been studied so far through
π -nucleus scattering experiments and measurements of x rays
from the pionic atoms, the study of mesonic weak decay
offers a unique opportunity to investigate pion wave functions
deep inside a nucleus, where the � hypernuclear weak decay
occurs. Therefore, precise and systematic measurements of the
mesonic decay widths are long awaited.

Nonmesonic weak decay provides a unique opportunity to
study both the parity-conserving and parity-violating terms
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in the baryon-baryon weak interaction, which are difficult to
experimentally investigate by other means, because the weak
component of nucleon-nucleon scattering is usually masked
by the strong interaction.

In nonmesonic decay of a � hypernucleus, the released
energy is Qfree � 176 MeV, and the c.m. momentum of two
nucleons in the final state is about 400 MeV/c. Because the
momentum transfer is larger than the Fermi momentum, the
nonmesonic decay does not suffer from Pauli blocking so
seriously. Therefore, it dominates over the mesonic decay,
except in very light � hypernuclei.

Currently, there is no clear picture concerning the non-
mesonic decay, although various experimental and theoretical
efforts have been attempted for a long time. Nonmesonic decay
width (�nm), the neutron- and proton-induced partial decay
widths (�n and �p), and their ratio (�n/�p) are thought to be
good experimental observables.

The lifetimes and partial decay widths of several spin-
isospin saturated � hypernuclei were measured at Brookhaven
National Laboratory (BNL) and the High Energy Accelerator
Research Organization (KEK) (5

�He [5], 11
� B, and 12

� C [5–7]).
It was reported that the �n/�p ratios were close to unity
or larger, although the quoted errors were large. Contrary
to the experimental data, theoretical calculations based on
the framework of meson exchange models, assuming the
|�I | = 1/2 rule, yield �n/�p ratios much smaller than unity
(typically 0.1–0.3) [11–13]. The smallness of the �n/�p

ratios essentially comes from the tensor dominance of one-
pion exchange, which contributes only to the proton-induced
nonmesonic decay. The inclusion of the 2π/ρ exchange
processes was discussed in an attempt to cancel out the
strong tensor dominance of one-pion exchange potential [14].
Another approach based on the direct quark current exchange
has also been suggested to take the short-range nature of the
nonmesonic decay and the violation of the |�I | = 1/2 rule
into account [15]. All of these efforts still resulted in small
�n/�p ratios. Good experimental data are seriously required
to reveal the mechanism of the nonmesonic decay.

We carried out an experiment to measure the precise
lifetimes and partial decay branching ratios of 12

� C, 28
� Si,

and �Fe hypernuclei produced via the (π+,K+) reaction
(KEK-PS E307). Because the contribution of mesonic decay
to the total decay width becomes smaller, measurements of the
nonmesonic decay widths becomes less ambiguous in heavier
� hypernuclei. The results of lifetime measurements in the
present experiment have already been published elsewhere
[16,17]. The present article reports results for the π− mesonic
decay widths (�π−), the total nonmesonic decay widths (�nm),
and the �n/�p ratios of 12

� C, 28
� Si, and �Fe hypernuclei, a part

of which has already been published in Ref. [18].
The experimental setup is described in Sec. II. The data

analysis and results are explained in Sec. III and discussed
along with previous studies in Sec. IV. The conclusion is
described in Sec. V.

II. EXPERIMENT

The � hypernuclei produced by the (π+,K+) reaction were
identified in the hypernuclear mass spectrum reconstructed

using the momenta of the incident pions and the outgoing
kaons. The charged particles emitted in the weak decay were
detected by the decay counter systems located above and
below the experimental target in coincidence with kaons. The
branching ratios of the π− mesonic decay were obtained
as ratios between the numbers of identified � hypernuclei
and pions emitted after the mesonic decay. The π− mesonic
decay width (�π−) and the nonmesonic decay width (�nm)
were then derived by combining the results of the present
lifetime measurement and the previous data of the π0 mesonic
decay branching ratios. The �n/�p ratios were evaluated by a
direct comparison of the observed proton energy spectra with
calculated ones as described in the next section.

The (π+,K+) reaction has several advantages in the
measurement of the weak decay of heavy � hypernuclei.
Conversely, the (K−, π−) reaction, whose momentum transfer
is very small, dominantly excites substitutional states and
poorly populates the bound region of a � hypernucleus [19].
On the contrary, the (π+,K+) reaction, whose momentum
transfer is about 400 MeV/c, is suitable to excite deeply bound
states of a � hyperon. Another advantage of the (π+,K+)
reaction over the (K−, π−) reaction is that the pion beams
are relatively clean compared with kaon beams, which are
subject to a large contamination of pions originated in the
in-flight decay. It is crucial for a precise measurement of the
branching ratios for heavier � hypernuclei such as 28

� Si to
obtain inclusive spectra in which each peak is clearly separated
with high statistics and less background contamination.

The present experiment was carried out at the K6 beam
line [20] of the KEK 12-GeV Proton Synchrotron (PS), which
is depicted in Fig. 1. Primary proton beams were extracted
for 1.4–1.8 s in each 4.0 s period. The central momentum
of pion beams was set to 1.06 GeV/c, where the production
cross section of the elementary (π+,K+) reaction becomes
maximum [21]. The typical beam intensity at the target was
adjusted to 3.6 × 106 π+ per 1.8 s for 2.0 × 1012 primary
protons to maintain the stability of the total detection efficiency
of the tracking chambers on the beam line. The accumulated
numbers of incident pions used in the present analysis are
listed in Table I.
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FIG. 1. Schematic view of the KEK-PS K6 beam line and SKS.
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Plates of graphite (natC), natural silicon (natSi), and iron
(natFe) were used as the experimental targets. These targets
were tilted up by 10–15 degrees from the beam direction to
maximize the thickness in the beam direction (6–10 g/cm2)
and minimize the threshold energy of the charged decay
particles. Detailed specifications of the experimental targets
can be found in Ref. [17].

The momenta of the scattered particles were analyzed by the
Superconducting Kaon Spectrometer (SKS). SKS has speci-
fications particularly suitable for coincidence experiments of
hypernuclei, such as a large solid angle (100 msr) and short
flight length (∼5 m), as well as a good momentum resolution
(FWHM ∼ 0.1% at 720 MeV/c) [22]. Kaon events were
selected in the mass spectrum of scattered particles, which
were reconstructed by their time-of-flight and momentum. The
mass of � hypernuclei was calculated for selected (π+,K+)
events through the momentum vectors of incident pions and
scattered kaons with corrections of the energy loss in the beam
counters and the experimental target. The correction of the
horizontal scattering angle measured by SKS was applied to
the momenta of outgoing kaons. In addition, constant offsets
were applied to the present hypernuclear mass spectra so as to
adjust the measured ground states to the ones measured by the
previous studies [23–25]. The constant offsets applied for the
spectra with the 12C(π+,K+),28Si(π+,K+), and Fe(π+,K+)
reactions were 0.62, 3.51, and 2.0 MeV, respectively.

Charged particles emitted in the weak decay of � hyper-
nuclei were detected by the decay counter systems located
above and below the experimental target, as shown in Fig. 2.
Each system was composed of timing scintillation counters (T1
and T2), multiwire drift chambers (PDCU and D), and range
counters (RangeU and D). The plastic scintillation counters
(T1 and T2) were designed to realize good time resolution
(σ ∼ 40 ps) even under the high rate of 106 particle/s [26].
The T1 counters installed on the beam line gave the time of
hypernuclear production, and the T2 counters located above
and below the target measured time information and deposited
energy (�E) of the decay particles. A detailed description of
the fast timing measurement in the present experiment can be
found in Ref. [17].

The PDC is a multiwire drift chamber having two plane
pairs parallel and one plane-pair perpendicular to the beam
direction. The distance between the sensitive wires in each
plane was 8 mm, and the elements of each plane pair were
displaced relative to the other by a half of the wire spacing to
solve the left/right ambiguity. The typical spatial resolution of
the PDC was σ � 300 µm. Tracks of the decay particles were

FIG. 2. Schematic view of the decay counter system.

reconstructed by fitting the hit positions on the PDC and the
reaction vertex on the target plane.

The range counter is composed of twenty plastic scin-
tillators, of which 12 slabs were of 4 mm thickness and
8 slabs were of 6 mm thickness, respectively. The region of
kinetic energy measured by the range counter system was from
30 MeV to 150 MeV for protons and from 12 MeV to 70 MeV
for pions, respectively. The total kinetic energy deposited in
the range counters (Etot) was also evaluated by summing up
all ADC data after adjusting the pulse height gain of each
segment.

Pions and protons were identified with the functions (PID1
and PID2) given by the measured �E, range, and Etot. These
functions were defined as follows:

X = ln(range),

Y = ln(dE/dx),

Z = ln(Etot),

PID1 = Y − P2(X), (4)

PID2 = Y − P2(Z). (5)

Here, the mean energy loss (dE/dx) of each decay particle was
calculated by the energy deposit (dE) with a correction of the
flight length (dx) in the T2 counters. The symbol P2 denotes a
second-order polynomial function, which was used to correct
the correlations and make the one-dimensional plot of particle
identification functions (PID functions). Protons and pions
which passed the criteria of both PID1 and PID2 functions
were used in the analysis. Figure 3 shows the PID functions
obtained in the 12

� C ground state region with Gaussian-shape
fitting curves. The accepted efficiency of the PID window for
pions and protons is (98.8 ± 1.2)%, and it was included in
the estimation of detection efficiency. The proton events in the
pion window were evaluated to be less than 1% of pion events,
after applying both PID1 and PID2 gates.

The overall solid angle of the two decay counter systems
was estimated to be �coin/4π = (27 ± 1)% for 12

� C and
�Fe, and �coin/4π = (28 ± 1)% for 28

� Si by a Monte-Carlo
simulation based on GEANT [27]. The error of the solid
angle comes from the angle resolution of the drift chambers.
The total detection efficiency (εcoin) of each decay counter

FIG. 3. The particle identification functions in the region of the
12
� C ground state with fitting curves. (a) PID1 function made from
�E and range. (b) PID2 function made from �E and Etot.
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system, including the ambiguity of the particle identification,
was estimated to be (84 ± 2)% for the carbon and iron targets
and (86 ± 2)% for the silicon target. These efficiencies were
obtained by analyzing the calibration data of the (π+, pp′) and
(π+, pπ ) reactions, which were taken simultaneously with the
(π+,K+) trigger data.

The stability of the detection efficiency during the exper-
iment was studied by monitoring the detection efficiency in
each data-taking run, which usually took about 2 h. The errors
in the detection efficiency are dominantly due to statistics
of the calibration data. These errors in the evaluation of the
solid angle and the detection efficiency are included in the
systematic errors of the branching ratios.

III. ANALYSIS AND RESULTS

A. Hypernuclear mass spectra

Figures 4–6 illustrate the measured hypernuclear mass
spectra. The horizontal axis is the mass difference between
a produced � hypernucleus and a target nucleus (MHY − MA).
A scale in the binding energy of the � hyperon (B�) is
also given in the same figure. The top spectrum (a) in each
figure is the inclusive spectrum of the (π+,K+) reaction. The
middle and bottom spectra, (b) and (c), are the coincidence
spectra with protons (Ep > 40 MeV) and charged pions (Eπ >

12.5 MeV), respectively.
In Figs. 4(a) and 5(a), the two dominant peaks, denoted as

s� and p� at B� = 10.8 and −0.1 MeV for 12
� C and B� = 16.6

and 7.1 MeV for 28
� Si, were interpreted as the neutron-hole �-

particle configurations of [0p−1
3/2, s�] and [0p−1

3/2, p�] for 12
� C

and those of [0d−1
5/2, s�] and [0d−1

5/2, p�] for 28
� Si, respectively.

The quasifree � production process rises from its threshold
(B� = 0 MeV). Compared to the previous hypernuclear weak
decay experiments carried out at BNL [5] and KEK [7], the
background level in Fig. 4(a) is greatly improved, and each
peak can be clearly identified.

The peak assignments and interpretations of 12
� C and 28

� Si
hypernuclei are taken from the previous spectroscopic study
of light-to-heavy � hypernuclei with SKS [24] and theoretical
investigations [28]. Because the hypernuclear spectra of 12

� C
with a resolution of 2 MeV in (FWHM) revealed that the
subpeaks between the predominant ones have about 10%
strength to the dominant ones, these subpeaks were taken into
account in the present peak fitting.

The fitting functions applied for the inclusive and coinci-
dence spectra on 12C(π+,K+) and 28Si(π+,K+) reactions are
as follows:

f (x) =
n∑

i=1

gi(x − xi) + QF (x) + const.

(n = 4,5 for 12
� C and 28

� Si) (6)

gi(x) = Ai√
2πσi

exp

(
− x2

2σ 2
i

)

[
for the i-th peak, σi =

√
σ 2 + (

σ old
i

)2 ]
(7)

FIG. 4. Hypernuclear mass spectra by the 12C(π+, K+) reaction;
(a) inclusive, (b) with coincident protons (Ep > 40 MeV), and
(c) with coincident pions (Eπ > 12.5 MeV).

QF (x) = 1√
2πσ1

∫
R(x − xth + q) exp

(
− q2

2σ 2
1

)
dq

(8)

R(t) =
{
a
√

t + bt + ct2 + dt3 for t > 0
0 otherwise

, (9)

where the peak position (xi), relative intensity to the ground
state (Ai/A1), and peak width (σ old

i ) of each Gaussian-
like function were taken from the previous experimental
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FIG. 5. Hypernuclear mass spectra by the 28Si(π+, K+) reaction;
(a) inclusive, (b) with coincident protons (Ep > 40 MeV), and
(c) with coincident pions (Eπ > 12.5 MeV).

results [24]. The parameter σ was adjusted at first by fitting
the ground state for 12

� C and 28
� Si in the proton coincidence

spectra, representing the effect on the energy resolution
because the present targets are much thicker than those
in the previous singles experiment. The function for the
quasifree continuum [R(t)] was assumed to be a sum of
the squared-root type function and third-order polynomial
function convoluted with the width of the ground state (σ1)
as shown in Eq. (9). A constant background was also assumed.

FIG. 6. Hypernuclear mass spectra by the Fe(π+, K+) reaction;
(a) inclusive, (b) with coincident protons (Ep > 40 MeV), and
(c) with coincident pions (Eπ > 12.5 MeV).

The measured energy resolutions of the ground state in the
12C(π+,K+) and 28Si(π+,K+) spectra were 4.8 and 6.3 MeV
in FWHM, respectively. In the fitting of the 12C(π+,K+) and
28Si(π+,K+) inclusive spectra, the free parameters were the
yield of the prominent peak (A1) and the shape of quasifree
continuum (a–d).

In Figs. 4(b) and 4(c), the peak positions of two subpeaks
(2 and 3) are lower than the energy threshold of proton
emission and these states supposedly decay to the ground state
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by emitting γ rays. Because the lifetimes of these states are
supposed to be on the order of 1 ps, which is much shorter
than those of the typical hypernuclear weak decay (τ ∼ 200–
300 ps), the subpeak events can be regarded as the ones by the
weak decay from the 12

� C ground state. Conversely, it is known
from the old emulsion experiments that the p� state of 12

� C
emits a proton and sequentially produces 11

� B hypernucleus,
which then deexcites to the ground state and eventually decays
due to the weak interaction [29,30]. Therefore, events in the
p� state can be thought as those due to the weak decay of 11

� B.
It is confirmed by the previous experimental study

[31,32] that quasifree � hyperons can make � hypernuclei
in the target. Those � hypernuclei eventually emit protons by
the nonmesonic decay. Therefore, the tagged protons in the
quasifree region can be regarded as the ones associated with
the nonmesonic decay of � hypernuclei, not as misidentified
pions.

In the fitting of Figs. 4(b) and 4(c), the yield of p�(A4) was
also treated as free parameters. For peaks 2 and 3, their relative
intensity and position to the peak 1 in the inclusive spectrum
were kept constant. The free parameters were the yields of
peaks 1 and 4, and the shape of quasifree continuum. In
Figs. 5(b) and 5(c), the p� states (3 and 4) located above the
proton emission threshold can be regarded as those of the weak
decay of 27

� Al after emitting a proton. Therefore, the yields of
the dominant peak (1, 3, and 5) were treated as free parameters,
whereas the relative peak intensity of each subpeak (2 and 4)
to the dominant one (1 and 3) was fixed to be constant.

In the Fe(π+,K+) spectrum, events gated in the region
of a � hyperon bound to the 55Fe nucleus were used in the
analysis since each hypernuclear state could not be separated.
Considering the proton emission threshold of the excited states
of 56

� Fe, a series of � hypernuclei (56
� Fe, 55

� Mn, and 55
� Fe) can

be included in the gated region. The symbol �Fe represents
those � hypernuclei whose mass numbers are close to
A ∼ 56.

The yields and statistical errors of 12
� C,11

� B,28
� Si, and 27

� Al
are summarized in Table I. The systematic errors due to the
choice of functional shapes for the quasifree region were
examined with square-root and polynomial functions. No
significant difference was found on the results of the s� state of
12
� C and 28

� Si. However, significant systematic changes of about
20% for 12

� C and 50% for 28
� Si were found in the results on the

p� states. Such variations were included in the systematic
errors of the π− branching ratios of 11

� B and 27
� Al.

TABLE I. The number of incident pions used in the present
analysis and the estimated yields of each hypernuclear state.

Nπ+ (×109) YHY Yp Yπ−

12
� C 314 4132 ± 70 273 ± 17 93 ± 10
11
� B 4016 ± 92 213 ± 20 ± 18 155 ± 24 ± 32
28
� Si 620 2631 ± 74 190 ± 15 23 ± 5
27
� Al 3693 ± 83 218 ± 20 28 ± 7 ± 13

�Fe 919 3981 ± 96 222 ± 15 23 ± 5

TABLE II. The π− mesonic decay branching ratios (bπ− ) ob-
tained in the present analysis and the mesonic decay branching ratios
(bm = bπ− + bπ0 ). The quoted errors are statistical and systematic,
respectively.

bπ− (×10−2) bπ0 (×10−2) bm (×10−2)

12
� C 9.9 ± 1.1 ± 0.4 17.4 ± 5.7 ± 0.8 [6] 27.3 ± 1.1 ± 5.8
11
� B 17.0 ± 2.7 ± 3.6 14.0 ± 3.9 ± 2.5 [6] 31.0 ± 2.7 ± 5.9
28
� Si 3.6 ± 0.8 ± 0.2 8.3 ± 8.3a 11.9 ± 0.8 ± 8.3a

27
� Al 3.2 ± 0.8 ± 1.5 2.0 ± 2.0a 5.2 ± 0.8 ± 2.5a

�Fe <1.2 (90% CL) 1.5 ± 1.5 [9]

aThe ratios of �π0/�π− were assumed to be 2.30 for 28
� Si and 0.65

for 27
� Al with 100% errors, according to the theoretical calculations

by Motoba et al. [9].

For �Fe hypernuclei, the number of events in the gated
window was used to estimate the yields. The expected number
of true pion events in the bound region of a � particle was
evaluated to be less than 12.4 at the 90% confidence level
(CL) by fitting the quasifree region in Fig. 6(c). Only an upper
limit of the π− mesonic decay branching ratio was obtained
for �Fe.

B. Branching ratios of the mesonic and nonmesonic decay

The branching ratios of the mesonic decay and the
nonmesonic decay can be expressed by the experimental
observables as follows:

bπ− = �π−

�tot
(10)

= Yπ−

YHY
(εcoin�coin)−1, (11)

bm = bπ− + bπ0 , (12)

bnm = 1 − bm, (13)

where the symbols of YHY and Yπ− represent the yields of each
� hypernucleus and associated decay pions, as described in
the previous section. The symbol εcoin�coin denotes a product
of the detection efficiency and the solid angle of the decay
counter system, which was discussed in Sec. II. Table II shows
the results of the π− mesonic decay branching ratios (bπ− )
of 12

� C and 28
� Si hypernuclei. An upper limit of the branching

ratio of the π− mesonic decay on �Fe was evaluated at the
90% CL.

Figure 7 shows the energy distribution of pions emitted by
12
� C. The pion energy threshold was set at 12.5 MeV. It was
found that more than 99% of the pion events in the energy
spectrum were accepted based on a simulation taking into
account the energy level distributions of the daughter nucleus,
12N, calculated in Ref. [8].

Branching ratios of the nonmesonic weak decay were de-
rived incorporating those of charged and neutral mesonic weak
decay. As for 12

� C and 11
� B, the π0 mesonic decay branching

ratios (bπ0 ) were taken from the previous experimental data [6].
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FIG. 7. The pion energy spectrum of 12
� C. The vertical axis is

normalized to the total counts in the experimental data.

The errors of the π0 branching ratios were treated as the
systematic ones in the present result. As for 28

� Si and 27
� Al, the

ratios of the π0 to π− decay width (�π0/�π−) were assumed
to be 2.30 for 28

� Si and 0.65 for 27
� Al, respectively, according

to the theoretical calculations [9]. The calculated ratios of
�π0/�π− were adopted to the present results. The errors of the
adopted π0 branching ratios for 28

� Si and 27
� Al were assumed

to be 100%. The mesonic decay branching ratio of �Fe was
also taken from the theoretical calculation to be 0.015 [9]. The
uncertainty of bm was assumed to be 100%.

C. Proton energy spectra and �n/� p ratios

Figure 8 shows the proton energy spectra measured in the
present experiment. The number of protons measured by the
decay counters is plotted as a function of the proton energy
measured by the range counter (Eexp

p ). It is emphasized that
E

exp
p denotes the kinetic energy of the decay protons at the

range counter, but not the one at the weak decay vertex because
the decay protons generated at the reaction vertex undergo
energy loss and struggling processes in the experimental target
and the T2 counter. The proton energy spectrum is normalized
by the number of hypernuclear weak decays as follows:

Rexp
p

(
Eexp

p

) = Ycoin
(
E

exp
p

)
Yinclusive

, (14)

where Yinclusive represents the number of events in the inclusive
hypernuclear-mass spectrum and Ycoin(Eexp

p ) is the one in the
corresponding proton-coincidence spectrum. The error bars
plotted in the spectra are statistical ones only. The events above
40 MeV are analyzed to avoid the uncertainty of the detection
limit near 30 MeV.

In accord with Ref. [33], the initial proton energy spectra at
the vertex of the nonmesonic weak decay were calculated with
the pion-exchange potential and local density approximation in
finite nuclei, assuming various �n/�p ratios on 12

� C,28
� Si, and

�Fe hypernuclei. After the nonmesonic decay, the outgoing
nucleons propagate through the nucleus colliding with other
nucleons, the so-called intranuclear cascade process (INC).
Authors of Refs. [33,34] calculated the proton energy spectra
emitted from nuclei with help of the INC code [35].

In Refs. [33,34], the proton energy spectra generated by the
proton- and neutron-induced nonmesonic decay were summed
incoherently for a given �n/�p ratio. Explicitly, the number of
protons emitted in a nonmesonic weak decay can be expressed

FIG. 8. Comparison of the simulated energy spectra with the
experimental data. The horizontal axis is the observed energy by
the decay counter. The vertical axis is normalized by the number of
hypernuclear weak decays.

as a function of proton energy (Ep) and �n/�p ratio as follows:

Np(Ep; �n/�p)

=




anN
ini
p (Ep; �n) + apN ini

p (Ep; �p)
× (an + ap = 1) for 1N process only

anN
ini
p (Ep; �n) + apN ini

p (Ep; �p) + a2NN ini
p (Ep; �2N )

× (an + ap + a2N = 1) for 1N + 2N process,

(15)

where an, ap, and a2N are the fractions of neutron- and proton-
induced nonmesonic decay (� → NN ) and the two-nucleon
induced decay (�NN → NNN ), respectively. N ini

p (Ep; �n)
and N ini

p (Ep; �p) are the numbers of protons originated in
the neutron- and proton-induced process, the so-called 1N

process, and N ini
p (Ep; �2N ) is that originated in the two-

nucleon induced decay, the so-called 2N process, respectively.
The number of protons in the above equation is normalized to
be the one per nonmesonic weak decay of a � hypernucleus.

The proton energy spectra measured by the decay counters
were calculated by the GEANT simulation code described in
the previous section. In the Monte Carlo simulation, energetic
protons emitted from the target nucleus with the energy
distributions of protons [Np(Ep; �n/�p)] were transported
through the target material and the decay counters. The
geometrical acceptance, the energy loss, and its straggling
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TABLE III. Nonmesonic decay widths and �n/�p ratios in the present experiment. All the decay widths are listed in units of the total
decay width of a � hyperon in free space (��).

�nm / �� �n/�p

“1N only” “1N and 2N” Refs.

Experiment
12
� C 0.828 ± 0.056 ± 0.066 0.87 ± 0.09 ± 0.21 0.60+0.11+0.23

−0.09−0.21 Presenta

(�1N = 0.80, �2N = 0.28) [33]
0.89 ± 0.15 ± 0.03 1.87 ± 0.59+0.32

−1.00 [7]
1.14 ± 0.20 1.33+1.12

−0.81 [5]
11
� B 0.861 ± 0.063 ± 0.073 Present

0.95 ± 0.13 ± 0.04 2.16 ± 0.58−0.45
−0.95 [7]

1.04+0.59
−0.48 [5]

28
� Si 1.125 ± 0.067 ± 0.106 0.79+0.13+0.25

−0.11−0.24 0.53+0.13+0.25
−0.12−0.24 Presenta

(�1N = 0.94, �2N = 0.28) [33]
27
� Al 1.230 ± 0.062 ± 0.032 Present
�Fe 1.21 ± 0.08 1.13+0.18+0.23

−0.15−0.22 0.87+0.18+0.23
−0.15−0.21 Presenta

(�1N = 1.02, �2N = 0.27) [33]
Theory

12
� C 1.060 0.368 [41]

0.82 [42]
0.726 0.288 NSC97a [45]
0.554 0.341 NSC97f [45]

28
� Si 1.556 0.402 [41]

1.02 [42]
56
� Fe 1.679 0.455 [41]

1.12 [42]
p+209Bi 1.82 ± 0.09 ± 0.29b [40]
p+238U 1.10 ± 0.28b [39]
A = ∞ 2.456 0.716 π + K + DQ [44]

aThe uncertainty of theoretical calculations in the proton energy spectra is not included in the systematic errors.
bThe results of lifetime measurements were converted to the nonmesonic decay widths, assuming that no mesonic decay occurs in heavy �

hypernuclei.

in the target and decay counters together with the energy
threshold of 40 MeV were automatically taken into account.
The notation of < �coinNp(Ep; �n/�p) > is introduced to
represent the proton energy spectra obtained by the GEANT
simulation code.

The simulated proton energy spectrum [Rcal
p (Eexp

p )] to
be compared with the experimental data [Rexp

p (Eexp
p )] was

obtained as follows:

Rcal
p

(
Eexp

p

) =< �coinNp(Ep; �n/�p) > εcoinbnm, (16)

where εcoin, �coin, and bnm represent the detection efficiency,
the solid-angle acceptance of the decay counters, and the
branching ratio of the nonmesonic decay described in the
previous section, respectively.

The �n/�p ratios of 12
� C,28

� Si, and �Fe were obtained
by fitting the experimental data with the simulated spectra,
changing the �n/�p ratio as a free parameter. The results in
both cases of the 1N -only and 1N and 2N processes are listed
in Table III. The simulated proton energy spectra in the case
of �n/�p = 0.1, 1.0, and 2.0 are overlaid on the experimental
data in Fig. 8. It is shown that the proton yield is much smaller
than the calculated one assuming �n/�p = 0.1, which seems
to exclude very small values of �n/�p.

Recently, an Erratum of Ref. [33] was published, giving the
new proton energy spectra [36]. Because much stronger final
state interaction in the INC process was applied in the updated
spectra than that in the original article, the shape of the spectra
was greatly shifted toward the lower energy side. The present
results of the �n/�p ratios listed in Table III are updated from
the ones published in our previous report [18] by applying the
new proton energy spectra given by the authors of Ref. [36] to
the experimental data. It should be noted that the experimental
proton energy spectra published in Ref. [18] themselves
do not change at all in the present report. Because the
experimental data of proton energy spectra noted in Eq. (14)
contains only experimental observables, they are free from
theoretical assumptions. As a result, the �n/�p ratios of 12

� C
and 28

� Si became smaller than our previous ones published in
Ref. [18].

The statistical error of each �n/�p ratio for 12
� C,28

� Si, and
�Fe was evaluated by the conventional least-squares method.
In addition, the systematic error was evaluated considering
the uncertainty of the nonmesonic decay branching ratio, the
detection efficiency of the decay counters, and the solid angle
acceptance. The systematic errors of the ratio Rcal

p (Eexp
p ) in

Eq. (16) were found to be 0.09, 0.10, and 0.05 for 12
� C,28

� Si, and
�Fe, respectively. For �Fe, the dependence of the gate position
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for the � bound state on the �n/�p ratio was also examined.
The differences of the obtained �n/�p ratios for 160 MeV
< MHY − MA < 180 MeV and 160 MeV < MHY − MA <

190 MeV were found to be 13% for the 1N process and 15%
for the 1N+2N process. These errors were included in the
systematic errors for �Fe.

Assuming that the decay widths of the 1N and 2N process
are 0.803 and 0.277 on 12

� C [33,34], the �n/�p ratio on 12
� C

is 0.60+0.11+0.23
−0.09−0.21. Recently, Alberico et al. evaluated the decay

width of the 2N process to be 0.16 on 12
� C, based on the

propagator method [42,46]. When we take this value, the
�n/�p ratio of 12

� C changes from 0.60 to 0.70. Because most
of protons emitted by the 2N process are not detected by our
decay counter systems, the inclusion of the 2N process in the
fitting gives smaller �n/�p ratios than those in the case of 1N

process only. The systematic error of the present data listed in
Table III was evaluated only by the experimental conditions
described above. The uncertainties of the derived �n/�p ratios
due to theoretical assumptions and models, such as degree of
the 2N process contribution and the ambiguity coming from
the intranuclear cascade calculations, are not included in the
systematic errors quoted in the present results.

IV. DISCUSSION

A. Mesonic decay widths

Table IV and Fig. 9 summarize the present results for
the mesonic decay widths together with those obtained by
Szymanski et al. [5] and Noumi et al. [7]. The results of
�π− were derived from the obtained branching ratios using

TABLE IV. Mesonic decay widths with theoretical calculations.
All the decay widths are listed in units of the total decay width of a
� hyperon in free space (��).

�π−/�� Refs.

Experiment
12
� C 0.113 ± 0.014 ± 0.005 Present

0.14 ± 0.07 ± 0.03 [7]
0.052+0.063

−0.035 [5]
11
� B 0.212 ± 0.036 ± 0.045 Present

0.23 ± 0.06 ± 0.03 [7]
28
� Si 0.046 ± 0.011 ± 0.002 Present
27
� Al 0.041 ± 0.010 ± 0.019 Present
�Fe <0.015(90% CL) Present

Theory
12
� C 0.058 (FREE) [8]

0.134 (MSU) [8]
0.107 (WHIS) [8]
0.098 (FULL) [9]
0.086 (Nieves) [10]

11
� B 0.134 (FREE) [8]

0.294 (MSU) [8]
0.223 (WHIS) [8]
0.213 (FULL) [9]

28
� Si 0.027 (FULL) [9]
27
� Al 0.065 (FULL) [9]

FIG. 9. Comparison of the existing and present data with theoret-
ical calculations by Motoba et al. [8,9] and Nieves et al. [10]. “FREE”
uses a plane wave and only the Coulomb potential for the pion wave
function. “MSU” uses an optical potential developed by a group of
Michigan State University [37]. “WHIS” uses an optical potential
developed by Whisnant [38]. “Nieves” uses a theoretical calculation
by Nieves et al. “Szym” and “Noumi” are the previous experimental
data by Szymanski et al. [5] and Noumi et al. [7], respectively. The
closed circles are the present results.

the total decay widths measured simultaneously in the present
experiment [16,17] by the relation �π− = �totbπ− . The present
π− decay widths of 12

� C and 11
� B hypernuclei are much more

precise than the previous experimental data and allow us a
critical comparison with theoretical calculations. Furthermore,
finite values of �π− for 28

� Si and 27
� Al were measured for the

first time. For �Fe, an upper limit of the π− mesonic decay
width was obtained.

In Ref. [8], Motoba et al. calculated the mesonic decay
widths of 12

� C and 11
� B with the pion-nucleus optical potentials

given by a group at Michigan State University (MSU) [37]
and Whisnant [38] that have a strong and weak imaginary
part, respectively. Another potential was introduced to resolve
the singularity in the pion wave function (FULL) [9]. The
calculated results are compared to the calculations with the
plane wave, including the Coulomb distortion (FREE). In
addition, Nieves et al. have developed an optical potential,
which was derived from a purely theoretical calculation, and
can reproduce the experimental data of pionic atoms and
π -nucleus scattering data [10]. They applied their optical
potential to the mesonic decay of � hypernuclei incorporating
the nuclear shell model wave functions. A similar comparison
of the experimental results for the π− mesonic decay of 28

� Si
and 27

� Al with the theoretical results is also shown in Table IV
only for the case of “FULL.”

It can be said that theoretical calculations taking into
account the distortion effects of the pion wave function
and nuclear wave functions agree well with the present
experimental results. In particular, the result on 12

� C, whose
experimental error has been drastically improved, is consistent
with an increase of �π− due to the distortion of the pion wave
function by the pion-nucleus optical potentials.
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FIG. 10. Total nonmesonic decay widths of � hypernuclei.
The open circles are previous experimental data in which the
hypernuclear production was explicitly identified. The open diamonds
are experimental data by the p + Bi and p + U reactions with the
recoil shadow method in which the production of strangeness was
not explicitly identified. The solid circles are the present results. The
solid line is a calculation by Itonaga et al. [41]. The dash-dotted line
is a calculation by Ramos et al. [43]. The dashed line is a calculation
by Alberico et al. [42] (�1N only). The open square shows a result
with the direct quark exchange model in nuclear medium by Sasaki
et al. [44].

B. Nonmesonic decay widths and �n/� p ratios

Table III summarizes experimental results of nonmesonic
decay width and �n/�p ratios along with theoretical ones.
Figure 10 shows the mass-number dependence of the
nonmesonic weak decay widths derived by the present
and previous experiments. There are experimental data of
lifetime measurement for very heavy hypernuclei in the mass
region of A ∼ 200 with recoil shadow method on p + Bi
and p + U reactions at COSY, although the strangeness
production was not explicitly identified [39,40]. The plotted
data around A ∼ 200 in Fig. 10 were the ones converted
from the results of lifetime measurements, assuming that no
mesonic decay occurs in heavy � hypernuclei. Theoretical
calculations of the nonmesonic decay widths by Itonaga et al.
[41], Ramos et al. [43], Alberico et al. [42], and Sasaki et al.
[44] are also illustrated in the figure.

The calculation by Ramos et al. [43], on which present
derivation of �n/�p ratios rely, was based on one-pion
exchange potential in which the vertex renormalization effect
in the nuclear medium and the local density approximation
are taken into account. Their results of the nonmesonic decay
widths are much larger than the experimental results and do not
seem to saturate around A = 56. Recently, Alberico et al. [42]
updated Ramos’s calculation and obtained results closer to the
present data by adjusting the Landau-Migdal parameter, which
controls the short-range part of the pion potential.

The present data substantially improved the knowledge of
the �n/�p ratios for 12

� C and 11
� B as shown in Fig. 11. Although

all available experimental data agree with the present ones
within 1 sigma level, the present �n/�p’s are in the region

FIG. 11. The �n/�p ratios of � hypernuclei. The closed and open
circles are the results of the present experiment, assuming the “1N

only” and “1N and 2N” processes, respectively. The open squares
are previous experimental data by Szymanski et al. [5] and Noumi
et al. [7]. Theoretical calculations by Itonaga [41], Parreno [45], and
Sasaki [44] are plotted.

around 0.5–1.0, whereas the previous ones were significantly
larger than unity.

The direct quark current exchange model (DQ) was applied
to explain the very short-range part of the nonmesonic decay in
light � hypernuclei and nuclear matter [15,44], incorporating
it with the contribution of π and K meson exchanges. Parreno
et al. carried out a systematic study about various combinations
of meson exchange potentials, such as π,K, η, ρ, and ω

mesons [45], which contains an update of the results published
in Ref. [13]. Itonaga et al. introduced additional potentials,
V2π/ρ and V2π/σ , in which terms of correlated 2π/ρ and 2π/σ

exchanges are taken into account [41] because it has a strong
tensor force but still has opposite sign to that of the one-pion
exchange potential. It was also pointed out that two-nucleon
induced nonmesonic decay (�NN → NNN ) could play an
important role in the nonmesonic weak decay [42]. However,
no experiment has so far explicitly measured the contribution
of the two-nucleon process.

The present results of the nonmesonic decay widths and
the �n/�p ratios provide good criteria to test the short-range
nature of the nonmesonic decay, which is essentially important
to understand its mechanism. However, as shown in Fig. 10
and 11, there is no theoretical calculation that explains both
the nonmesonic decay width and the �n/�p ratio consistently.
For instance, the quark-current exchange model gives the
�n/�p ratio in nuclear matter comparable to the present
experimental data, but overestimates the nonmesonic decay
width. The conventional meson exchange models, in which
the contribution of heavy mesons are included, provide larger
�n/�p ratios than those by the one-pion exchange model,
though the results of meson exchange models are still smaller
than the experimental data.

From an experimental point of view, more exclusive
information, such as the angular correlation of outgoing
nucleons and the detection of low-energy neutrons, would
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also help to solve the puzzle of the �n/�p ratio. Recently, an
experiment to measure the neutron spectra of the nonmesonic
weak decay of 12

� C and 89
� Y was carried out at KEK [47,48].

The observed number of neutrons in 12
� C [49] was reported

to be smaller than that expected from Refs. [33,36]. In
addition, coincidence measurements of the decay particles,
including neutrons from the s- and p-shell hypernuclei, 5

�He
and 12

� C, were carried out at KEK [50,51], and the data
analysis is underway. A study of the correlation of pair
nucleons emitted in the nonmesonic weak decay with much
greater statistics would help to completely understand the
nucleon spectra and to reduce any ambiguity in the final state
interaction.

V. CONCLUSION

In the present study, we measured the pion and proton
energy spectra and extracted the π− mesonic decay widths
(�π− ), the total nonmesonic decay widths (�nm), and the
�n/�p ratios on medium-to-heavy � hypernuclei with high
precision. The results of �π− on 12

� C confirmed an increase
of the mesonic decay width, which is interpreted as due to
the distorted pion wave function and the nuclear shell-model
configurations. The total nonmesonic decay widths (�nm)
in medium-to-heavy � hypernuclei almost saturates at A ∼
56. This suggests that the short-range nature and the local

density approximation take central roles in the mechanism
of the nonmesonic decay. The present �n/�p ratios are now
comparable with the recent calculations based on the meson
exchange potentials taking into account of heavy mesons such
as kaon, ρ and ω and/or the quark current. Although the
experimental uncertainty in deriving the �n/�p ratios become
less than ever, the experimental �n/�p ratios are still larger
than the theoretical calculations. At this moment, there is no
theoretical calculation that can reproduce both the nonmesonic
decay widths and the �n/�p ratios. Further experimental and
theoretical efforts are needed to fully reveal the mechanism of
the nonmesonic weak decay.
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