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Abstract. The proton decay asymmetry, αNM
p , of the polarized Λ-hypernuclei, 5

ΛHe, 12
Λ C and 11

Λ B, has
been investigated to understand the reaction mechanism of the non-mesonic weak-decay process. These
Λ-hypernuclei were produced in the highest statistics ever via the (π+, K+) reaction at 1.05 GeV/c by
using the SKS spectrometer at KEK 12 GeV PS. The results show that the αNM

p are very small for these
s-shell and p-shell hypernuclei.

PACS. 21.80.+a Hypernuclei – 13.30.Eg Hadronic decays – 13.75.Ev Hyperon-nucleon interactions

1 Introduction

In free space, a Λ-hyperon mainly decays through a
mesonic decay process (Λ → Nπ), in which the momen-
tum transfer (∆q) is about 100MeV/c. On the other hand,
the non-mesonic weak-decay process (NMWD: ΛN →
nN) becomes dominant in heavy hypernuclei because of
the large momentum transfer of ∆q ∼ 400MeV/c. The
NMWD process is a weak-interaction process between two
baryons specific to Λ-hypernuclei. While in the nucleon-
nucleon case, the parity-conserving part of the weak pro-
cess is masked by the strong interaction, the NMWD has
the advantage that both, parity-conserving and parity-
nonconserving parts can be investigated via the flavor-
changing weak process.

There have been two experimental observables used to
investigate the NMWD process. One is the ratio of the

a Present address: Department of Physics, Tohoku Univer-
sity; e-mail: tmaruta@post.kek.jp.

partial decay width between neutron-induced decay, Γn

(Λn → nn), and that of proton-induced decay, Γp (Λp →
np), called the Γn/Γp ratio. It is sensitive to the isospin
structure of the ΛN weak interaction, because it allows
only the final isospin If = 1 in neutron-induced decay,
while If = 0 and 1 are allowed in proton-induced decays.
The other is the asymmetry parameter of the decay proton
from the NMWD process (αNM

p ). It is obtained from the
angular distribution W (θ) of the decay particles emitted
from the polarized hypernuclei, as follows:

W (θ) ∝ 1 + A cos θ = 1 + αPΛ cos θ, (1)

where A is the asymmetry, PΛ denotes the polarization
of a Λ-hypernucleus and θ is the emission angle of decay
particles with respect to the polarization axis.

The asymmetry parameter reflects the interference be-
tween different final parity and isospin states. The ΛN →
nN transition in s-shell hypernuclei is categorized by the
six 2S+1Lj amplitudes listed in table 1 [1]. Three ampli-
tudes (a, b, f) have the final-state isospin If = 1, and the
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Table 1. Six channels of NMWD start from the ΛN relative
s-states.

ΛN NN Amplitude If Parity conservation

1S0
1S0 a2 1 yes
3P0 b2 1 no

3S1
3S1 c2 0 yes
3D1 d2 0 yes
1P1 e2 0 no
3P1 f2 1 no

others (c, d, e) have If = 0. Then, the asymmetry param-
eter αNM

p can be expressed as [2]

αNM
p =

2
√

3 Re[ae∗ − 1√
3
b(c −√

2d)∗ + f(
√

2c + d)∗]

|a|2 + |b|2 + 3(|c|2 + |d|2 + |e|2 + |f |2) .

(2)
So far, much attention has been paid to the Γn/Γp

ratio both experimentally and theoretically, because early
measurements suggested Γn/Γp values � 1, while naive
theoretical estimates based on a one-pion-exchange model
gave small values of around 0.1 [3]. This large discrepancy
seems to be resolved with a new measurement [4,5] and
new theoretical calculations which take into account the
kaon exchange etc. [6]; both are consistent with a Γn/Γp

ratio in the range of 0.4 ∼ 0.5.
Concerning the αNM

p , two experimental results were
reported for 12

Λ C and 5
ΛHe. In KEK-PS E160 experiment,

a large negative αNM
p of −0.9±0.3 was observed for p-shell

hypernuclei [7], while the αNM
p of 5

ΛHe studied by the
KEK-PS E278 experiment, was as small as 0.24±0.22 [8].
Furthermore, there existed a large difference between the
measured αNM

p value and theoretical values; those models
which reproduced the experimental Γn/Γp ratio predict
large and negative values of around −0.6 ∼ −0.7. The
contribution of relative p-states in p-shell hypernuclei is
predicted to be very small theoretically. It is, therefore,
expected that αNM

p ’s for s-shell and p-shell hypernuclei
should have similar values.

There could be several effects to reduce the ampli-
tude of the measured value. One of the effects is the
final-state interaction (FSI) for nucleons emitted in the
ΛN → nN processes. The detected proton could not be
a proton directly emitted from the Λp → np process, but
secondary protons which experienced FSIs, thus losing the
initial asymmetry information. Another effect is the pos-
sible contamination by two-nucleon–induced decay pro-
cesses (ΛpN → npN) in which the proton decay asym-
metry would be very small because the emitted nucleons
are assumed to be distributed in three-body phase space
rather uniformly. Protons from the secondary processes
or two-nucleon–induced processes should have lower en-
ergies compared to the proton produced in in the direct
process. A previous measurement set a rather high detec-
tion threshold at ∼ 60MeV for protons to avoid possible
contaminations of such low-energy protons. However, the
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Fig. 1. The excitation energy spectra of 6Li (a) and 12C (b)
targets.

ambiguity on the contaminations left a substantial sys-
tematic error.

2 Experiments

A series of experiments, E462 and E508, were carried
out at the K6 beam line of the KEK 12GeV proton
synchrotron (PS) with the high-resolution and large-
acceptance superconducting kaon spectrometer (SKS).
Polarized Λ-hypernuclei, 5

ΛHe (E462) and 12
Λ C (E508),

were produced in the (π+,K+) reaction at 1.05GeV/c on
5
ΛHe and 12

Λ C targets. Because of the large acceptance of
the SKS spectrometer, scattered kaons up to ±15◦ in the
horizontal reaction plane were detected. The ground state
of 6

ΛLi, which is proton unbound, is initially produced, and
decays into 5

ΛHe by emitting a proton. The excitation en-
ergy spectra shown in fig. 1 are derived from the momenta
of the incoming pion and outgoing kaon.

Both, charged particles and neutral particles emitted
from the weak decay of Λ-hypernuclei were detected in
a newly constructed decay counter system symmetrically
installed above and the below the experimental target;
even coincidence measurements were possible because of
the large statistics.

Each decay counter system consisted of a set of drift
chambers, two sets of timing counters and a neutron
counter array with six layers of plastic counters. Both
charged and neutral decay particles were identified. Con-
cerning charged particles, pions, protons and deuterons,
which were observed for the first time, were clearly sep-
arated. Neutrons were well separated from gamma rays
and we selected neutrons with energies from 5MeV to
150MeV. The details of the experimental setup and par-
ticle identification are described in ref. [9].
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Table 2. Observed asymmetry parameter and polarization of
5
ΛHe and 12

Λ C/11
Λ B (see text).

2 < θK < 6◦ 6 < θK < 9◦ 9 < θK < 15◦

5
ΛHe

PΛ 0.10 ± 0.05 0.27 ± 0.07 0.71 ± 0.07

αNM
p 0.07 ± 0.08+0.08

−0.00

Ep ≥ 40 0.09 ± 0.08+0.09
−0.00

Ep ≥ 60 0.12 ± 0.08+0.09
−0.00

Ep ≥ 80 0.03 ± 0.12+0.08
−0.00

np coin 0.31 ± 0.26
12
Λ C/11

Λ B

αNM
p −0.16 ± 0.28+0.18

−0.00

3 Result and discussion

By selecting the ground state region from −4 to 4MeV
in excitation energy as shown in fig. 1, we succeeded to
detect 5.2× 104 events of 5

ΛHe and 6.7× 104 events of 12
Λ C

in their ground states. It is noted that the statistics are
several times higher than that of the previous experiments.

The asymmetry, A, in eq. (1) was obtained from the
up/down ratio between the yield in the up counter system,
NU , and that in the down counter system, ND. Owing
to the large acceptance of the SKS spectrometer, we can
polarize the hypernucleus upwards and downwards in one
setup by selecting the (π+,K+) scattering direction to the
left or right, respectively. Thus, we can take the double
ratio, R, as

R =
(

N+
U × N−

D

N−
U × N+

D

) 1
2

=
1 + A cos(0 + ε)
1 + A cos(π − ε)

=
1 + Aη

1 − Aη
, (3)

η ≡ cos(ε), (4)

where N
+(−)
U(D) presents the yield in the up (down) counter

system at the scattering angle to the left (right). Since
the decay counter systems have some finite solid angles,
the average measured angle 〈θ〉 cannot be 0 and π, and
is shifted by some fraction ε which was calculated from
Monte Carlo simulation. In this expression, systematic er-
rors coming from the difference of the detection efficien-
cies and the acceptances between the up and down decay
counter systems are canceled out. This first-order cancel-
lation was examined in an analysis with the (π+, pX) reac-
tion, where X is either a proton or a pion, simultaneously
obtained with the (π+,K+) reaction. No asymmetry is
expected for protons and pions in this reaction and we
confirmed it within an error of less than 0.3% for all kaon
scattering angles.

Concerning the analysis of 5
ΛHe, the polarization of

5
ΛHe, PΛ, was initially obtained as PΛ = Aπ/αM

π from the
mesonic decay process of the ground state, in which αM

p

is assumed to be almost the same as that in free space.
The obtained polarizations PΛ’s are listed in table 2. It
should be noticed that they are larger than the previous
result [10], particularly in the large scattering angle region.
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Fig. 2. (a) Opening angle distribution of a neutron and a pro-
ton from the non-mesonic decay of 5

ΛHe. Back-to-back events
are clearly seen. (b) An excitation energy spectrum with the
proton-neutron pair emitted in the back-to-back direction.

Then, using these PΛ values, αNM
p was obtained from

the asymmetry of proton Ap from the NMWD process
of the 5

ΛHe ground state as αNM
p = Ap/PΛ. The αNM

p

value obtained from a weighted average was found to be
0.07± 0.08 for 6◦ < |θK | < 15◦. The systematic error was
estimated by assuming the maximum pion contamination
of the protons. Since the pion asymmetry parameter has a
large negative value (αM

p = −0.642± 0.013), the contami-
nation tends to reduce αNM

p . Even by taking into account
this effect, we obtained αNM

p to be 0.07 ± 0.08+0.08
−0.00, and

confirmed with better statistical accuracy that αNM
p is

small and possibly slightly positive.
Up to this point, all protons detected in the decay

counter systems having an energy threshold of about
30MeV, were included in the analysis. As already dis-
cussed, there could be some protons not directly emitted
from the Λp → np process, which might reduce the ob-
served asymmetry of protons. In fig. 2(a), the opening an-
gle distribution between a proton and a neutron emitted
from the 5

ΛHe in coincidence is shown. As expected from
two-body kinematics, the peak structure at cos θnp ∼ −1
is attributed to the proton-neutron pairs directly emitted
from the Λp → np process. An excitation energy spectrum
with proton-neutron pairs in the back-to-back direction
(cos θnp < −0.8) is shown in fig. 2(b). The ground-state
peak was clearly identified with very small background.
The proton decay asymmetry parameter αNM

p was ob-
tained with these back-to-back coincidence events with
the same procedure as for the inclusive proton events, and
found to be 0.30 ± 0.26. This is the first derivation of the
αNM

p value for the exclusive process Λp → np.
The threshold-energy dependence of the αNM

p values
was further scrutinized by changing the proton detection
energy thresholds to 40, 60, and 80MeV (see table 2).
When protons are coming from the Λp → np process,
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Fig. 3. Two-dimensional plot of recent theoretical calculations
and our experimental results of the Γn/Γp ratio (vertical) and
αNM

p (horizontal).

the proton energy distribution should have a broad bump
structure peaking at ∼ 75MeV. The effects of FSIs and
two-nucleon induced decay mode (ΛpN → npN) would
contribute mainly at lower energies and would reduce the
proton decay asymmetry. In a recent calculation by Al-
berico et al. [11], it was demonstrated that the αNM

p cen-
tral values can be reduced by 16% with the 30MeV thresh-
old, as compared to that with the 70MeV threshold, due
to the FSI effect introduced in their calculation. On the
contrary, we obtained rather stable αNM

p values within
error level.

Figure 1(b) gives the selected gates for 12
Λ C and 11

Λ B
formation. There are two well-known prominent peaks at
0MeV and 11MeV. We selected the region of −4MeV to
4MeV as the ground state (12Λ C) gate. The other peak
of 11MeV is interpreted as (P−1

n , PΛ) state of which by
releasing a proton decay to 11

Λ B; the 11
Λ B gate was set as

7MeV to 15MeV.
Since the 11

Λ B gate is located near the Λ binding energy
of 0MeV region, the quasi-free Λ decay process is consid-
ered to leak into the 11

Λ B gate. The level structure and
the cross-section of 12

Λ C were already measured precisely
by the KEK-PS E369 experiment [12]. The asymmetry of
11
Λ B was estimated from the number of actual 11

Λ B inside
the 11

Λ B gate, which was calculated by fitting the excita-
tion energy spectrum.

The αNM
p ’s of 12

Λ C and 11
Λ B were obtained from the

asymmetry of proton, Ap’s, and PΛ’s which were estimated
based on a theoretical calculation performed by Itonaga
et al. [13], with the same procedure as for the 5

ΛHe case.
Then the averaged αNM

p of both hypernuclei was obtained
as −0.16±0.28+0.18

−0.00 for the scattering angle of 6◦ < |θK | <
15◦. This result —obtained with significantly improved
statistics— contradicts the previous reported [7] large and
negative value.

Figure 3 summarizes recent theoretical calculations
and our experimental results [4,5]. Our Γn/Γp ratio is
well reproduced by the theoretical calculations taking par-
ticularly the K exchange into account together with π,
ρ, ω, etc. exchanges, or a model further including a di-
rect quark exchange. However, they fail to reproduce the
asymmetry parameter. In a recent theoretical analysis, a
model —including the scalar-isoscalar meson σ with the
direct quark exchange or pseudovector meson a1— could
reproduce both the Γn/Γp ratio and αNM

p [14,15]. To
confirm this analysis, the measurement of four body Λ-
hypernuclei, 4

ΛH and 4
ΛHe, is required at J-PARC facility.

4 Summary

The decay asymmetry of polarized Λ-hypernuclei, 5
ΛHe,

12
Λ C and 11

Λ B, has been investigated to understand the re-
action mechanism of the non-mesonic weak decay ΛN →
nN . These Λ-hypernuclei were produced in the highest
statistics ever via the (π+,K+) reaction at 1.05GeV/c by
using the SKS spectrometer at KEK 12GeV PS.

The asymmetry parameter, αNM
p , of protons resulting

from a non-mesonic weak decay Λp → np was obtained
for 5

ΛHe with improved statistics. The αNM
p for inclusive

protons with Ep � 30MeV was 0.07± 0.08+0.08
−0.00, and that

for p-n coincidence events was 0.31 ± 0.26.
In the case of 12

Λ C and 11
Λ B, we found a asymmetry

parameter close to zero, −0.16 ± 0.28+0.18
−0.00, which is con-

sistent with the value for 5
ΛHe within the statistical er-

rors. This result contradicts a previously measured value
of −0.9± 0.3. The present result indicates no large differ-
ences in the NMWD reaction mechanism between s-shell
and p-shell Λ-hypernuclei.

In a recent theoretical analysis, a model including the
scaler-isoscaler meson σ exchange with the direct quark
exchange or pseudovector meson a1 exchange could repro-
duce both the Γn/Γp ratio and αNM

p .
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