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Measurement of the mesonic decay branch of the K̄NN quasibound state
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We conducted measurements of K− + 3He → πYN + N ′ reactions using a 1 GeV/c K−-beam, with the
objective of understanding the broad decay width of K̄NN (approximately twice as broad as that of �(1405)
considered to be the K̄N quasibound state). We successfully reproduced distributions of the πYN invariant mass
and momentum transfer for πYN using model-fitting functions for K̄NN formation and quasifree K̄ absorption
(QFK̄−abs) processes. The model can describe the experimental data quite well, and four K̄NN → πYN cross
sections were obtained. The results indicate that mesonic decay is the dominant decay branch of K̄NN . The
results also suggest that �π�N ≈ �π�N , which indicates that the IK̄N = 1 absorption channel, in addition to the
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IK̄N = 0 absorption channel, substantially contributes to the K̄NN decay, making the K̄NN state approximately
twice as unstable as �(1405).

DOI: 10.1103/PhysRevC.110.014002

I. INTRODUCTION

Quasibound systems of an antikaon (K̄) and a nucleus—the
so-called kaonic nuclei—represent an exotic nuclear state in
which a meson exists as a constituent particle inside nuclei.
The existence of a kaonic nucleus is predicted as a natural ex-
tension of the interpretation of the �(1405) resonance, which
is not considered a simple three-quark state but rather a K̄-N
hadronic molecule attributable to the strongly attractive K̄N
interaction in the isospin IK̄N = 0 channel. Neither knowledge
of the properties of kaonic nuclei, such as their binding en-
ergies, widths, and branching ratios, nor even confirmation
of the existence of kaonic nuclei is essential to construct
a precise model of the K̄N interaction. Understanding these
properties enables us to determine the energy dependence of
the K̄N interaction or the K̄-absorption strength to nucleon(s)
in the energy region below the K̄N mass threshold. This energy
region cannot be directly probed by K̄N scattering or K−-atom
experiments.

Among kaonic nuclei, the lightest system, K̄NN , which is
considered to have quantum numbers I = 1/2 and JP = 0−,
must be understood for the system’s fundamental features
to be elucidated. We conducted the J-PARC E15 experi-
ment to search for K̄NN and reported observing the I3 =
+1/2 K̄NN state, also known as “K− pp,” produced in the
3He(K−, n) reactions and decaying into the nonmesonic �p-
decay channel [1,2]. The binding energy and the decay width
for K̄NN (I3=+1/2) were determined to be BK̄NN ≈ 40 MeV and
�K̄NN ≈ 100 MeV, respectively, as the Breit-Wigner parame-
ters.

In theoretical studies, the binding energy and the decay
width for K̄NN have been calculated to be in the ranges 10–50
and 40–70 MeV, respectively, using the chiral-SU(3)-based
potential [3–9]. In theoretical studies with phenomenologi-
cal potentials, substantially larger binding energies (by ≈ 20
MeV) and similar decay widths have been reported [5–9].
Therefore, the obtained BK̄NN is within the range of the theo-
retical calculations. However, the obtained �K̄NN is larger than
predicted. Because the �(1405) resonance is considered to
be the K̄N quasibound state, the dominant decay branch of
K̄NN is naively expected to be K̄NN → π�N , similar to the
�(1405) → π� decay (100%). We would then expect �K̄NN
to be similar to the decay width of �(1405). However, the
obtained �K̄NN is approximately twice as large as ��(1405).

Two reasonable scenarios can explain the large �K̄NN . First,
the K̄NN might decay into nonmesonic YN channels with
strength similar to that of the π�N channel. This nonmesonic
decay occurs via K̄ absorption by two nucleons in the nucleus,
which most theoretical calculations have not considered. Sec-
ond, the IK̄N = 1 interaction might play an important role,
similar to the IK̄N = 0 interaction, at least in the absorption
channels (i.e., K̄NN → [πY ]I=1N), in contrast to the theo-
retical predictions [10,11]. These two decay modes cannot

occur in the decay of �(1405) and newly open up in the K̄NN
three-body system. Therefore, to clarify why �K̄NN is much
larger than �(1405), studying the mesonic decay modes is
critical.

To investigate the mesonic decay branches of K̄NN , we
analyzed K− + 3He reactions resulting in πYNN mesonic
final states using data from the J-PARC E15 experiment. The
measured final states in this study are π−�pp, π+�nn, and
π∓�± pn. As described in Ref. [2], the K̄NN state is produced
through the K̄ and N substitution via a nucleon knockout
reaction on 3He. Therefore, we focus on the πYNN channels
that originate from the reaction processes

K− + N → K̄ + N ′, (1)

where N ′ is emitted in the forward direction. The backscat-
tered intermediate K̄ is subsequently absorbed by the two
spectator nucleons as

K̄ + NN → πYN, (2)

where K̄NN production could contribute. The relevant K− +
3He reaction channels of interest can be summarized as

{π−�p} + p′ → [π−(π− p) p]det + pmiss, (3)

{π+�n} + n′ → [π+(π− p) n]det + nmiss, (4)

{π∓�± p} + n′ → [π∓(π±n) p]det + nmiss, (5)

where {πYN} is the particle set to be investigated and N ′ is
the emitted nucleon in the primary reaction [Eq. (1)]. Each
final state is reconstructed as described on the right side of the
equations, where [π (πN )N]det represents detected particles
and Nmiss is an undetected particle identified using the missing
mass method. The K̄NN signal is expected to be observed in
the [πYN] invariant-mass spectra for the I3 = −1/2 state in
Eq. (3) and the I3 = +1/2 state in Eqs. (4) and (5). Following
the analysis in Ref. [2], we performed a two-dimensional anal-
ysis on the [πYN] invariant mass and the momentum transfer
to the [πYN] system to isolate the signal of K̄NN .

These reaction processes can couple to Y ∗ resonances. In
particular, two Y ∗ resonances below the K̄N mass threshold,
�(1405) and �(1385), would importantly contribute to the K̄
absorption inside K̄NN . Therefore, we analyzed the invariant-
mass spectra of the [πY ] subsystem to study the contributions
of these Y ∗ resonances.

This article is organized as follows. In Sec. II, we briefly
introduce the J-PARC E15 experiment and describe the essen-
tial components of the detector system. In Sec. III, we present
the analysis procedure used to select the πYNN channels. The
obtained spectra are shown in the results in Sec. IV. In Sec. V,
we perform a model fitting using the functions introduced in
Ref. [2]. Specifically, we discuss the K̄NN production and the
quasifree K̄ absorption processes. In the fitting procedure, we
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consider a background originating from the misidentification
of N ′ and N in Eqs. (1) and (2), respectively. Finally, we
compare the cross sections of K− + 3He reactions leading to
πYN + N ′ channels with the nonmesonic �p + n channel.

II. EXPERIMENT

We briefly overview the experimental setup of J-PARC
E15, focusing on the key apparatus used to analyze the πYNN
channels. The experimental configuration has been described
in detail in the literature [12–14]. We took the current dataset
in parallel to that used for the K− + 3He → �p + n anal-
ysis [2] with the same trigger condition. In the experiment,
a focused K− beam interacted with a liquid 3He target. The
particles produced in the K− + 3He reaction were detected by
a cylindrical detector system (CDS) surrounding the target.
The CDS consisted of a cylindrical drift chamber (CDC) and
a cylindrical hodoscope counter made of a plastic scintillator
(CDH).

The CDS operated in a magnetic field of 0.7 T along the
beam axis (z axis). The tracking information provided by
the CDC enables the analysis of charged-particle momenta.
We determined the starting point of the charged particle or the
reaction point from the CDC track and the K− beam track by
searching for the closest point of the two tracks. In addition,
particle identification for each track was performed using
momentum and time-of-flight information obtained from the
CDH.

For neutron detection, we used the CDH, which consisted
of plastic scintillators measuring 30 mm in thickness and
790 mm in length. The inner surface of the CDH was po-
sitioned at a radius of 544 mm from the beam axis. Using
a Monte Carlo simulation based on GEANT4, we estimated
the typical neutron detection efficiency to be 3–9% (at neu-
tron momenta of 1–0.2 GeV/c). The neutron momentum was
determined using the time-of-flight information and the neu-
tron flight length obtained from the reaction point, and the z
position along the CDH was deduced by the time difference
between two PMTs at both ends.

III. ANALYSIS

We focused on the following four channels: π−�p + p′
[Eq. (3)], π+�n + n′ [Eq. (4)], and π∓�± p + n′ [Eq. (5)].
Among these four channels, only the π−�p + p′ channel
could be measured without detecting a neutron; specifically,
we required the detection of (ppπ−π−) in the CDS. In
the other three channels, neutron detection was necessary,
along with detecting the remaining three charged particles
(pπ+π−).

The CDS detected the πYN particles in each final state.
The undetected particle N ′ was identified through the missing
mass method using the measured K− beam and the infor-
mation from the πYN particles. Other πYN + N ′ channels,
including multineutrons or γ in the final decay products, were
omitted from the present analysis because the final states
could not be identified unambiguously.

A. Neutron analysis

We applied the following criteria to identify neutrons. First,
we required no CDC track on the fired CDH segment and both
sides to eliminate fake neutron signals from charged particles
impacting the material close to the CDH segment. Second, we
required the energy deposited by the CDH-hit to be greater
than 2 MeV ee (electron-equivalent) to remove the accidental
background recorded in the CDH. Finally, 1/β was calcu-
lated for the CDH-hit using the time-of-flight information,
and events with 1/β < 1.5 were rejected to eliminate γ -ray
background originating from the K− + 3He reaction, which
peaks at 1/β ≈ 1.

Even after implementing the aforementioned background
rejection procedures, our data still contain numerous neu-
tronlike fake signals in the neutron’s missing mass spectrum.
Figure 1(a) illustrates the distribution of missing mass (mX ) in
the K− + 3He → pnπ+π− + X events. The figure shows that
the signal-to-noise ratio is approximately 1:1, necessitating
a thorough evaluation of the background effect to achieve a
detailed analysis.

The fake neutron signals are generated through multiple
reactions or scattering, reach the CDH, and are identified as
neutral particles. We therefore evaluated the effect of these
fake signals by simulating random CDH hits using an event-
mixing method. In this method, we disconnected the CDH-hit
information from other charged-particle-hit information and
randomly recombined the two datasets. The gray hatched
curve in the figure represents the result obtained when this
event-mixing method was applied. We determined a scaling
factor for the background distribution by fitting the mX distri-
bution below 0.8 GeV/c2, where the data should only include
neutron contamination events.

Figure 1(b) shows that the background subtraction was
successful in the mX = mn region and that the [pnπ+π−] +
nmiss final state clearly remains as a peak in the missing-
mass spectrum. This background subtraction procedure also
agrees in the higher-mass region up to 1.2 GeV/c2, including
the mX ∼ m� region. In fact, �-missing events, specifically
[pnπ+π−] + �miss events, also remain clearly visible. This
agreement demonstrates the validity of the fake-neutron sub-
traction procedure. We evaluated the fitting error of the scaling
factor, as indicated by the gray box in the figure, and con-
sidered this error to be a systematic error in the subsequent
analysis.

B. Selection of final state

For all the selected events, [ppπ−π−] + pmiss and
[pnπ+π−] + nmiss, we applied a common procedure to iden-
tify the final states: [π−�p] + pmiss [Eq. (3)], [π+�n] +
nmiss [Eq. (4)], and [π∓�± p] + nmiss [Eq. (5)]. We used a
log-likelihood method, which was introduced in Ref. [2], to
determine whether the event kinematics and topology are con-
sistent with the reactions described in Eqs. (3)–(5). To assess
the kinematic information, we conducted a kinematic fit to
evaluate how well the event kinematics matched the final state
of interest within the detector’s resolution. For geometrical
information, we used the distances of the closest approach
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(a) (b)

FIG. 1. Mass distributions of missing particle X in the (pnπ+π− + X ) event selection: (a) distribution before background subtraction and
(b) distribution after background subtraction.

(DCA) between two charged particles. These distances should
be zero within the resolution of the detector.

We defined the log-likelihood L using probability density
functions, p(x), for the χ2 of the kinematical fit and DCAs, as
follows:

L = − ln

(
p
(
χ2

kfit

) NDCA∏
i

p(DCAi )

)
, (6)

where NDCA is the number of DCAs considered and p(χ2
kfit)

represents the probability function for χ2 with NDFkfit = 2.
Function p(DCA) is a Gaussian function with mean μ = 0
and standard deviation σ , evaluated through Monte Carlo
simulation with realistic detector resolutions. All of the p(x)
functions are normalized such that their maximum values are
equal to one, making L = 0 at the most probable point.

Multiple-particle combinations could be generated by hy-
peron decays or K̄0 → π+π− decay. We examined all L with
possible particle combinations for each event to isolate which
particle pairs are the decay products. We then determined that
the reaction process of the events resulted in the minimum
L. Figure 2 illustrates the distributions of the L/NDF for
each identified process. As shown in the figure, the L/NDF
distributions are quite similar, with the most frequent L/NDF
values clustering around L/NDF ≈ 0.5. The yields decrease
as L/NDF becomes larger. To select the final event sets, we
accepted events with L/NDF < 2; the threshold is indicated
by the vertical red line in the figure.

Because of the finite resolution, the correct particle com-
bination for the reaction process is not always associated
with the minimum L. There are three significant sources of
contamination: (I) combinatorial effects (improper particle
pairing in hyperon decay, including K0 contamination), (II)
�0 contamination (resulting from a missing γ in the �0 de-
cay), and (III) contamination arising from the ππYNN final
states. We assessed the contamination yields in each channel
through simulation, as shown in the hatched region in the
figure. The background yields relative to the total events in
the [π−�p] + pmiss, [π+�n] + nmiss, and [π∓�± p] + nmiss

event sets were found to be (I + II + III) ≈ (0 + 15 + 0)%,
(4 + 12 + 6)%, and (5 + 0 + 6)%, respectively.

To demonstrate the validity of the event selection, we
present the event distributions of the invariant mass of the
selected πN pairs from the hyperon decay (mπN ) and the
missing mass of πYN (mX ) in Fig. 3. The top panels of
the figure pairs display events with L < 100, whereas the
bottom panels represent events after the selection. The sig-
nals corresponding to each [πYN] + Nmiss final state are
clearly observed as concentrated events around (mX , mπN ) ∼
(mN , mY ), where mN and mY represent the intrinsic masses of
the nucleon and � or �, respectively.

C. Acceptance correction

In the measurement, the acceptance of an event is de-
termined by the four particles to be measured, [πYN] →
[π (πY NY )N]. We consider the event kinematics as a cascad-
ing two-body decay scheme as illustrated in Fig. 4. In the
reaction process of interest, the strange quark is carried by
an intermediate K̄ , as discussed in Sec. I. Thus, the following
equations can describe the process:

K− + 3He → [K̄NN] + Nmiss, [K̄NN] → [K̄N] + [N].
(7)

This reaction corresponds to the two-body decays:

K− + 3He → [πYN] + Nmiss, [πYN] → [πY ] + [N],
(8)

as shown in the figure. The kinematics of each vertex point
are defined by three parameters: the polar angle (θ ) and the
azimuthal angle (φ) of the daughters in the rest frame of
the parent system, and the parent mass. The masses of the
initial K− + 3He system and the final πY + NY system are
constrained to be

√
s and mY , respectively. Therefore, there

are ten independent kinematical parameters: the masses of
[πYN] and [πY ]; θ and φ of Nmiss; N ; π ; and πY .

Because the azimuthal angles (φ) do not affect the
kinematics of the successive process, we can accurately
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(a) (b)

(c) (d)

FIG. 2. Log-likelihood distributions for the event selections of (a) π−�pp, (b) π+�nn, (c) π−�+ pn, and (d) π+�− pn. The red vertical
line indicates the threshold L/NDF < 2, and events falling below this line are selected as the final event samples.

evaluate the acceptance by integrating φ under the assump-
tion of a uniform distribution. However, the polar angles (θ )
cannot be integrated. Consequently, we must consider the
six kinematic parameters in the figure for the acceptance
correction.

We conducted a Monte Carlo simulation using GEANT4
to obtain the acceptance map. In the simulation, the K− +
3He → πYNN reaction was generated according to the
four-body phase-space distribution. Figure 5 displays the dis-
tributions of the five kinematical parameters mentioned in
Fig. 4 for both the experimental data and the simulation. If
the reaction is governed by the phase space only, without
any additional physics effects beyond the density of states
of the final state, we would expect the data (black) and the
simulation (blue) to coincide.

As shown in Figs. 5(a)–5(c), the data deviate from
the simulation; however, good agreement is observed in
Figs. 5(d)–5(f). Hence, we applied the acceptance correc-
tion on an event-by-event basis for these three parameters
while integrating and correcting the remaining three using
the average acceptance. In addition, we used q[πYN] instead
of θNmiss because our interest lies in the momentum transfer to
the [πYN] system rather than in the specific formation angle
θNmiss . Consequently, we constructed a three-dimensional ac-

ceptance map, ε(m[πYN], q[πYN], m[πY ] ), which encompasses
the geometric acceptance of the CDS, detection efficiencies,
and analysis efficiencies.

To investigate the production of K̄NN or Y ∗ resonances, we
are specifically interested in three distributions—specifically,
m[πYN], q[πYN], and m[πY ]—for each [πYN] + Nmiss channel.
To obtain the differential cross sections of these three pa-
rameters, we initially calculated the triple differential cross
section d3σ/dm dq dm[πY ], where m represents m[πYN] and q
represents q[πYN]. The expression is given by

d3σ

dm dq dm[πY ]
= N (m, q, m[πY ] ) − Nfake(m, q, m[πY ] )

L
m 
q 
m[πY ] ε(m, q, m[πY ] )
, (9)

where L = 2.89 ± 0.01 nb−1 represents the integrated lumi-
nosity and N (m, q, m[πY ] ) is the number of events in the
(m, q, m[πY ]) bin with bin widths 
m, 
q, and 
m[πY ], re-
spectively. Parameter Nfake(m, q, m[πY ] ) denotes the expected
fake-neutron background yield in the real data, as described in
Sec. III B (note that Nfake(m, q, m[πY ] ) = 0 for the [π−�p] +
pmiss channel because this channel contains no neutrons).

We omitted the low-efficiency region ε(m, q, m[πY ] ) <

0.1% for the [π−�p] + pmiss channel and the region
ε(m, q, m[πY ] ) < 0.015% for the other channels. Finally, we
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FIG. 3. Two-dimensional distributions of masses of the hyperon
candidate (mNπ ) and the missing particle (mX ). Panels (a)–(d) cor-
respond to the event selections of π−�pp, π+�nn, π−�+ pn, and
π+�− pn, respectively. The top panels in the figure pairs display all
events with L < 100, whereas the bottom panels show the selected
events with L < 2 NDF.

obtained differential cross sections of interest by integrating
the triple-differential cross sections.

IV. RESULTS

A. (mπYN, qπYN ) distributions

We conducted measurements of the two-dimensional
(m[πYN], q[πYN] ) distributions to study the production of K̄NN

FIG. 4. Kinematics considered for the K− + 3He → [πYN] +
Nmiss reaction. The figure illustrates the six kinematical parameters
(indicated by red) considered for acceptance correction.

decaying into mesonic [πYN] channels. Figure 6 shows the
obtained (m[πYN], q[πYN] ) distributions for each final state,
along with projections onto the m[πYN] axis.

An event concentration at (m[πYN], q[πYN] ) ≈
(2.4 GeV/c2, 0.3 GeV/c) was observed consistently in all of
the πYNN channels. The origin of these event concentrations
can be understood as follows. The concentrations are along
the kinematical line of the quasifree K̄ absorption by two
residual nucleons, given by

m(q) =
√

4m2
N + m2

K̄
+ 4mN

√
m2

K̄
+ q2, (10)

where mN and mK̄ are the intrinsic masses of N and K̄ , respec-
tively. Equation (10) describes the invariant mass of K̄ with
momentum q interacting with two residual nucleons, thereby
representing the kinematics of a quasifree absorption process
in which two residual nucleons absorb an on-shell K̄ at rest.
Given that the events are concentrated along this kinematical
line, we can interpret this concentration as a manifestation of
the quasifree K̄ absorption (QFK̄−abs) process, similar to the
nonmesonic [�p] + nmiss channel [2].

If the K̄NN quasibound state observed in the [�p] + nmiss

channel [2] decays into the mesonic channels, spectral peaks
can be observed in the invariant-mass spectra of each [πYN]
channel below the kaon binding threshold, mK̄NN = mK̄ +
2mN (indicated by the blue dotted line in the figure). How-
ever, clear peak structures were not observed in these spectra.
The absence of clear peak structures can be understood by
considering the density of states in the final state, which is
governed by the four-body phase space of [πYN] + Nmiss. The
phase-space volume below the mK̄NN threshold becomes small
because the mass region is close to the πYN threshold, and the
four-body phase space opens from the πYN threshold only
in the second order. As a result, the invariant-mass spectra
of [πYN] in this region are substantially modified because
of the limited phase space near the threshold. This spectral
modification leads to the disappearance of the prominent peak
structure. The density of states in the mesonic final states
and the resultant spectral modification are described in greater
detail in Sec. V.

A very strong event concentration is observed at
(m[π−�p], q[π−�p] ) ≈ (2.8 GeV/c2, 1 GeV/c) [Fig. 6(a)] and
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. Distributions of the five kinematical parameters considered in the acceptance correction for the [π−�p] + pmiss channel. The black
and blue distributions represent the data and the four-body phase-space distribution, including the acceptance. The simulated distributions were
scaled to have the same integral as the data.

not in the other πYNN final states. Because the width in
the m[π−�p] mass distribution is too narrow to be interpreted
as the K̄-forward part of the QFK̄−abs process, the major
origin of the event concentration is the direct two-nucleon

K− absorption (2NA) process by a pn pair, described as

K− + (pn) → π−�p. (11)
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FIG. 6. Acceptance-corrected (m[πYN], q[πYN] ) distributions and their projections on the m[πYN] axes are shown in the figure: panel (a) corre-
sponds to [π−�p] + pmiss, panel (b) corresponds to [π+�n] + nmiss, panel (c) corresponds to [π−�+ p] + nmiss, and panel (d) corresponds to
[π+�− p] + nmiss. The event concentrations along a kinematical line [Eq. (10)] are clearly shown, especially in panel (a). For the mass region
mπ−�p > 2.6 GeV/c2, the cross section in panel (a) is scaled by a factor of 1/5 to show the event concentration corresponding to Eq. (11). The
black dotted lines represent the kinematical limit of the reaction. The blue vertical dotted lines indicate the mass threshold of mK̄ + 2mN . The
red dotted curves represent the quasifree kinematical line described in Eq. (10).

In this process, the K̄ reacts only with a deuteronlike
momentum-correlated pn cluster in 3He. The other proton
in 3He acts as a spectator with a Fermi momentum, serving
as the missing particle (pmiss). We plotted the momentum
distribution of pmiss in Fig. 7 to investigate this interpreta-
tion. As shown in the figure, the momentum distribution of
pmiss is consistent with our spectator picture, showing a low-
momentum component, in agreement with the Fermi motion
in 3He [15].

FIG. 7. Momentum distribution of the missing proton (pmiss) in
the (π−�p + pmiss ) channel. The gray dotted and solid lines repre-
sent the Fermi momentum distribution in 3He [15].

By contrast, the same event concentration was not observed
in the [π+�n] + nmiss channels [Fig. 6(b)]. This result sug-
gests that the K− beam is less likely to be absorbed by a pp
pair than by a pn pair, whose ratio (pp/pn) is less than 1/10.
This result is consistent with the absorption of stopped π− on
3He [16].

B. mπY distributions

To investigate the role of Y ∗ resonances in the events
coupling to the Y ∗ poles, we plotted the invariant-mass
distribution of the [πY ] subsystem—specifically dσ/dm[πY ]

(Fig. 8). For the [π−�p] + pmiss channel, we have excluded
events originating from the direct-2NA process by removing
events with plab

pmiss
< 0.3 GeV/c. This criterion facilitates a

more straightforward comparison with other channels.
The figures illustrate that the overall shapes of the mπY

distributions are similar, exhibiting a clear two-body decay
of Y ∗ → πY over a broad nonresonant background having
similar yields. Regarding the [π±�] distributions, the posi-
tions of the peaks are consistent with those of �(1385)±. This
consistency is attributable to the fixed isospin of π±�, result-
ing in a natural coupling to �(1385)±. By contrast, the peaks
observed in the [π∓�±] distributions are slightly greater than
1.4 GeV/c2. Hence, we infer that these peaks primarily arise
from the coupling to the �(1405) pole. In this channel, the
isospin can be either 0 or 1. However, the contribution from
�(1385)0 → π∓�± is expected to be negligible because the
decay branching ratio of �(1385), Br(π�)/Br(π�), is ap-
proximately 13%; if the isospin symmetry holds between
�(1385)0 and �(1385)±, their production yields should be of
the same order. No higher-mass Y ∗ resonances were observed
in the [πY ] distributions.
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(a) (b)

(c) (d)

FIG. 8. Acceptance-corrected mπY distributions for each (πY NN ) final state. The blue dotted line represents the mass threshold of mK̄ +
mN (mK̄N ).

In addition to studying the [πY ] subsystem, we inves-
tigated the [πN] subsystem to determine if there are any
spectral anomalies associated with 
 or N∗ resonances. The
considered reactions are

K− + 3He → Y 
N or Y N∗N → [Y (πN )]Nmiss. (12)

The resultant dσ/dmπN spectra are presented in Fig. 9. In
contrast to the mπY distributions, the mπN distributions did not
show a clear peak or structure.

The results indicate that the dominant processes involve
a backward low-momentum K̄ in the intermediate state of
the reaction via the nucleon knockout reaction K−N → K̄N ′.
This K̄ can efficiently couple with �(1385) or �(1405) via
K̄ + NN → Y ∗N → πYN .

V. DISCUSSION

As previously described, the overall structures of the
mesonic (m[πYN], q[πYN] ) distributions (see Fig. 6) are similar
to the nonmesonic (m[�p], q[�p] ) distribution [2], assuming
phase-space suppression of the K̄NN peak in mesonic decay

channels. The m[πY ] spectra presented in Fig. 8 consist of
a prominent peak associated with the �(1385) or �(1405)
resonance, as well as a broad nonresonant contribution.

Therefore, we examined whether the event distribution of
the πYNN final state can be described essentially by the same
model functions applied for the �pn final state, which is
composed of the K̄NN formation and QFK̄−abs, as described
in Ref. [2]. Thus, we assumed that the same event distribu-
tion for the intermediate (K̄ + NN ) system is formed over
the (m[πYN], q[πYN] ) kinematical plane, as in the case for the
�pn final state, and that the intermediate (K̄ + NN ) decays
to πYN . To allow the πY subsystem to couple to the Y ∗ poles
in the decay process, we modified the model-fitting function
F and the phase space accordingly. Therefore, the present
model-fitting function becomes

F (m, q, mπY ) = ρ(m, q, mπY ) ε(m, q, mπY )
∑

j

A j f j (m, q)

× [1 + AY ∗ fBW (mπY )] + BG(m, q, mπY ),
(13)
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(a) (b)

(c) (d)

FIG. 9. Acceptance-corrected mπN distributions for each (πYNN ) final state. The black dotted line represents the mass threshold of mπ +
mN .

where ρ represents the four-body phase space for πYNN , ε

denotes the acceptance, fBW is a Breit-Wigner function used
to describe the �(1385) or �(1405) resonance, AY ∗ is the
coupling strength to the Y ∗ pole, and f j and Aj represent
the spectral function and strength of each physical process
( j = K̄NN and QFK̄−abs), respectively. The parameters mY ∗

and �Y ∗ of fBW were fixed to the values provided by the
Particle Data Group in the case of �(1385) [17], whereas
we allowed these values to vary in the case of �(1405). In
the fitting procedure, we ignored any interference between
reaction processes. A resolution function, which smears fi

and fBW, was evaluated by the Monte Carlo simulation and
convoluted to Eq. (13).

The K̄NN spectral function fK is defined as

fK (mπYN , qπYN ) = (�K/2)2

(mπYN − MK )2 + (�K/2)2

× AK
0 exp

(
−q2

πYN

Q2
K

)
, (14)

where MK , �K , QK , and AK
0 are parameters. The QFK̄−abs spec-

tral function fF is a Gaussian distribution along MF (qπYN )
[Eq. (10)] given by

fF (mπYN , qπYN ) = exp

[
− [mπYN − MF (qπYN )]2(

σ0 + σ2, q2
πYN

)2

]

×
[

AF
0 exp

(
−q2

πYN

Q2
F

)
+ AF

1

+ AF
2 exp

(
mπYN

m0
+ qπYN

q0

)]
, (15)

where σ0, σ2, QF , m0, q0, AF
0 , AF

1 , and AF
2 are parameters. In

the current fitting, we fixed the parameters of fK and fF to
those obtained in Ref. [2].

To illustrate how the phase-space difference can modify
spectral functions, we present Fig. 10, which shows two-
dimensional model-fitting functions for the �p and [πYN]
spectra. The model functions for the K̄NN production pro-
cess in each final state are shown in Figs. 10(a1)–10(a3). In
the [�p] + n final state [Fig. 10(a1)], the reaction threshold
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(a2) (b2)

(a1) (b1)

(a3) (b3)

FIG. 10. Fitting functions for (a1)–(a3) the K̄NN production process and (b1)–(b3) quasifree kaon absorption for the two-nucleon QFK̄−abs

process. Panels (a1) and (b1) show spectral functions using the three-body phase space of �pn; panels (a2) and (b2) correspond to spectral
functions using the four-body phase space of π�NN ; and panels (a3) and (b3) represent spectral functions using the four-body phase space of
π�pn. The z scale is logarithmic. The black, blue, and red dotted lines correspond to those in Fig. 6.

(m� + mN ) is substantially smaller than MK in Eq. (15), re-
sulting in a nearly flat density of states for [�p] around the
K̄NN peak. However, in the [π�N] + N [Fig. 10(a2)] and
[π∓�± p] + n final states [Fig. 10(a3)], the reaction thresh-
old (mπ + mY + mN ) approaches MK , resulting in substantial
suppression of the spectrum because of the diminishing den-

sity of states at the lower-mass side of the peak structure;
consequently, the maximum of the spectrum appears to shift
toward the higher-mass side compared with the MK value.
Regarding the QFK̄−abs process, the spectral modifications in
the [πYN] + N channels are relatively minor compared with
those observed in the K̄NN case [Figs. 10(b1)–10(b3)]. This
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minor modification in the QFK̄−abs process is primarily due
to the energy region being further separated from the reaction
threshold.

This analysis assumes that the detected particles, πYN ,
originate from the (K̄ + NN ) intermediate state. However,
knocked-out N ′ in the primary K−N → K̄N ′ reaction can be
detected without detecting N from the intermediate state. In
such cases, the (m, q) values for the [πY ]N ′ system (rather
than the [πYN] system) are distributed widely across the
kinematically allowed region. To incorporate this scenario,
we generated expected spectral functions through simulations
for each relevant process and summed them to account for
the background, BG(m, q, mπY ). There is background con-
tamination resulting from the misidentification of the final
state, as described in Sec. III B. In the present fitting, we
omitted this background; however, we considered its effect
when evaluating the cross-section systematic error.

Because of the limited statistics for the limited ac-
ceptance on the three-dimensional kinematical space of
(m[πYN], q[πYN], m[πY ] ), neither a multidimensional fitting nor
the application of the coupled-channel-based sophisticated
fitting function (to account for the threshold effects) is
feasible in this analysis. Instead, we performed a simulta-
neous fit of three one-dimensional spectra along the m[πYN],
q[πYN], and m[πY ] axes. The two charged modes, [π∓�± p] +
nmiss, were fitted simultaneously using common values of
M�(1405) and ��(1405). The fitting results are shown in Fig. 11,
and the obtained parameters are summarized in Table I.
The χ2 values and the number of degrees of freedom for
[π−�p] + pmiss, [π+�n] + nmiss, and [π∓�± p] + nmiss were
χ2/NDF = 275.5/118, 76.3/85, and 114.9/136, respectively.
The figures demonstrate that the proposed model functions
provide a good overall data description.

In Figs. 11(c) and 11(d), the �(1405) contribution in
the mπ∓�± distributions is well reproduced by a sim-
ple Breit-Wigner function. The obtained mass and width
of �(1405) are 1432 ± 5 MeV/c2 and 49 ± 3 MeV/c2,
respectively. These values are close to the pole posi-
tion deduced from the d (K−, n)π� reactions, (m, �) =
(1418 MeV/c2, 52 MeV/c2) [18], and to the theoretically
predicted pole positions based on chiral unitary approaches,
(m, �) = (1421–1434 MeV/c2, 20–52 MeV/c2) [19–24].

We examined the validity of the global fit using q[πYN]-
sliced mass spectra, as shown in Figs. 12 and 13. The
model functions successfully reproduced the global structure
of each sliced distribution except for the m[πY ] spectra near
the K̄N threshold in the low-momentum-transfer region of
q < 0.3 GeV/c, as shown in Fig. 13. This discrepancy might
arise from the effect of the neglected channel coupling with
the K̄N channel (i.e., the K̄N threshold cusp in the IK̄N = 1
channel recently reported by the Belle Collaboration [25]).

The total cross sections of K̄NN decaying into each
mesonic decay channel, σ tot

K̄NN Br(πYN ), were evaluated by in-
tegrating the K̄NN fitting function over the entire kinematical
region including above the K̄ binding threshold, mK̄ + 2mN ,
as summarized in Table II. We also tabulated the branch
below the mK̄ + 2mN threshold to exclude the energy region
where the spectral shape of the fitting functions would be-
come less reliable because of threshold effects. The values

FIG. 11. Fitted distributions and results of fitting for channels
(a) [π−�p] + pmiss, (b) [π+�n] + nmiss, (c) [π−�+ p] + nmiss, and
(d) [π+�− p] + nmiss. BS, QF, and BG denote K̄NN production,
QFK̄−abs, and background processes, respectively.

for nonmesonic decay modes, K̄NNI3=+1/2 → �p and �0 p,
were taken from Ref. [2]. The values for the K̄NN → �+n
and K̄NN → π0�p channels were evaluated as Br(�+n) =
2Br(�0 p) and Br(π0�p) = 1/2Br(π+�n), respectively, on
the basis of the isospin symmetry. The total nonmesonic decay
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TABLE I. Parameters obtained by fitting.

Ai for (π−�p) channel

AK 1140.5 ± 112.2
AF 1800.6 ± 77.0
AY ∗ 1.4 ± 0.1

Ai for (π+�n) channel

AK 2707.7 ± 467.3
AF 1557.5 ± 114.5
AY ∗ 1.2 ± 0.4

Ai for (π−�+ p) channel

AK 2010.6 ± 57.3
AF 1167.9 ± 138.8
AY ∗ 4.4 ± 0.6

Ai for (π+�− p) channel

AK 2159.7 ± 150.8
AF 2583.9 ± 108.1
AY ∗ 1.8 ± 0.2

Parameters for �(1405)

M�(1405) 1432 ± 5 MeV/c2

��(1405) 49 ± 3 MeV/c2

branch was then evaluated as the sum of the three nonmesonic
channels, the errors of which are the linear sum of these three
channels because the errors are correlated.

We found that the ratio of mesonic to nonmesonic de-
cay branches is O(10) if we integrate all mass regions. The
mesonic decay branch is still larger than the nonmesonic one,
even if we integrate below the K̄ binding threshold. These
results suggest that the mesonic decay mode is the dominant
decay branch of K̄NN , as expected from theoretical consider-
ations.

The decay branches Br(π+�n) and Br(π∓�± p) were
similar in magnitude in both integration ranges. The results
suggest that the mesonic decay modes coupled to the IK̄N = 1
channel play a substantial role in the K̄NN decay process. In
addition, this coupling could explain why the decay width of
K̄NN is much broader than that of the �(1405) resonance: the
mesonic decay modes with IK̄N = 1 contribute to the broaden-
ing of the K̄NN decay width.

VI. SUMMARY

We conducted measurements of the K− + 3He reactions
resulting in mesonic final states—namely, π∓�± p + n′,
π+�n + n′, and π−�p + p′—using an incident K− momen-
tum of 1 GeV/c. To investigate the mesonic decay of the

FIG. 12. Differential cross sections dσ/dmπYN are shown in each q interval for (a) [π−�p] + pmiss, (b) [π+�n] + nmiss, (c) [π−�+ p] +
nmiss, and (d) [π+�− p] + nmiss channels. The colored histograms represent the fitting results obtained from the analysis. In panel (a), the gray
hatched box highlights a region outside the fitting range to exclude the direct 2NA process. The blue dotted lines indicate the mK̄NN threshold.
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FIG. 13. Differential cross sections dσ/dmπY are shown in each q interval for (a) [π−�p] + pmiss, (b) [π+�n] + nmiss, (c) [π−�+ p] +
nmiss, and (d) [π+�− p] + nmiss channels. The colored histograms represent the fitting results obtained from the analysis. In the case of panel
(a), the requirements of mπ−�p < 2.6 GeV/c2 and pmiss > 0.3 GeV/c are imposed to exclude the direct 2NA process. The blue dotted lines
indicate the mK̄N threshold.

K̄NN state, we measured the two-dimensional distributions of
the invariant mass and momentum transfer of the πYN sys-
tems. The observed two-dimensional distributions of the πYN
systems were well described by the model functions, which
included contributions from K̄NN production and quasifree
K̄ absorption processes as a result of the reactions given in
Eqs. (1) and (2). These model functions are essentially the
same as those introduced in Ref. [2] to explain the K− +
3He → �p + n′ reaction by incorporating appropriate phase-
space distributions.

The fitting results suggest that the mesonic decay is the
dominant decay branch of the K̄NN state. The results also
suggest that the branching ratio of K̄NN → π+�n is similar
to that of K̄NN → π∓�± p, indicating that the mesonic K̄N
absorption process in the IK̄N = 1 channel plays an important
role, similar to the process in the IK̄N = 0 channel. The signif-
icant fraction of decay into the IK̄N = 1 channel—specifically,
the π�N decay—would be a major factor contributing to
the broader decay width of the K̄NN resonance compared
with that of the �(1405) resonance. The presence of the
IK̄N = 1 cusp in the πY subsystem (Fig. 13) suggests that
the real part of the IK̄N = 1 interaction is also attractive, al-
though it is not sufficiently strong to form a bound state in
this channel.

The branching ratio for the K̄NN state between the non-
mesonic and mesonic channels provides valuable information
regarding the size of the system because the strength of
mesonic decay is directly proportional to the nucleon density.
By contrast, the strength of nonmesonic decay is proportional
to the square of the nucleon density because it requires si-
multaneous interaction of the antikaon with two nucleons. On
the basis of the present study, the Br(Y N )/Br(πYN ) ratio is
estimated to be approximately 1/10, as obtained via integra-
tion over all mass regions. However, we note that the ratio
becomes smaller if the integration range is limited to the K̄
binding threshold. A more precise analysis, especially one
using a more realistic model function, is necessary to compare
the experimental results with the theoretical calculations. This
analysis would provide more information about the size of the
system.

Further study of the multinucleon absorption of the K−
beam could provide valuable insights into the clustering
mechanism within the nucleus. The data show that the kaon’s
direct two-nucleon absorption process is predominantly ob-
served in the “pn” pair. Conversely, almost no reaction is
observed in the “pp” pair. This difference can intuitively indi-
cate a stronger coupling or clustering of the pn pair compared
with that of the pp pair in 3He.
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TABLE II. Cross sections of each decay channel for K̄NN . The
first and second errors are statistical and systematic ones, respec-
tively. The K̄ binding thresholds for I3 = ±1/2 were considered
as mK− + 2mp and mK̄0 + 2mn, respectively. We estimated decay
branches for the �+n and π 0�p channels by assuming isospin
symmetry.

σ tot
K̄NN Br (μb)

Below the K̄
Decay channel All regions binding threshold

K̄NNI3=+1/2

�p 9.3 ± 0.8+1.4
−1.0 [2] 5.5 ± 0.5+0.8

−0.6

�0 p 5.3 ± 0.4+0.8
−0.6 [2] 3.1 ± 0.2+0.5

−0.4

�+n(∗) (= �0 p × 2) 10.6 ± 0.8+1.6
−1.2 6.2 ± 0.4+1.0

−0.8

Total nonmesonic 25.2 ± 2.0+3.8
−2.8 14.8 ± 1.1+2.3

−1.8

π 0�p(∗) (= π+�n × 1/2) 31 ± 5.5 ± 4.5 7.8 ± 1.4 ± 1.1
π 0�0 p NA NA
π−�+ p 110 ± 8 ± 8 9.4 ± 0.4 ± 0.7
π+�− p 38 ± 3 ± 3 3.2 ± 0.2 ± 0.2
π+�n 62 ± 11 ± 9 15.5 ± 2.7 ± 2.1
π+�0n NA NA
π 0�+n NA NA

Total mesonic >241 ± 20 ± 17 >37.9 ± 4.1 ± 3.3

K̄NNI3=−1/2

π−�p 29 ± 3 ± 3 7.2 ± 0.6 ± 0.7

It is crucial to conduct new experiments with enhanced
acceptance coverage and improved neutron detection effi-
ciency to understand these issues better and investigate the
production mechanism for kaonic nuclei. These advance-
ments will enable us to gather more comprehensive data and
will provide valuable insights into the phenomena under in-
vestigation. By increasing the experimental capabilities, we
can further explore the properties and behavior of kaonic
nuclei, shed light on their production mechanisms, and con-
tribute to a more thorough understanding of these fascinating
systems [26].
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