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There is a long-standing argument of the existence of kaonic nucleus, which is a bound state of
anti-kaon and nucleus. Theoretically, its existence is strongly supported, however its binding energy
and width have not been established yet. It is strongly disired to have an experiment to investigate
the simplest kaoinc nucleus, so-called K−pp bound state. We performed an expeirment to search for
K−pp via the in-flgiht (K−, n) reaction at J-PARC. By studingΛp invariant mass spectrum in theΛpn
final state and its dependence on momentum transfer of K−N → K̄N, we observed a resonant state
located below MK−pp . The mass and width of this resonant state are 2324±3(stat.)+6

−3(syst.) MeV/c2,
and 115 ± 7(stat.)+10

−20(syst.) MeV, respectively, which can be naturally interpreted as a theoretically
predicted K−pp bound state.
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1. Introduction

Interaction between an anti-kaon (K̄) and a nucleon (N), K̄N interaction, has been well under-
stood as strongly attractive force in the isospin I = 0 channel from experimental results of low-energy
K̄ scattering [1] and X-ray measurement from kaonic atoms [2–4]. As a consequence of this attrac-
tive interaction, there is a long-standing discussion whether the kaon can make a bound state with
nucleon. The simplest case of this discussion is about a hyperon resonance of Λ(1405). It is difficult
to understand its mass by the constituent quark model (CQM) because Λ(1405) has much smaller
mass than expected by CQM among negative parity baryons. However, because its mass locates just
below the K̄N mass-threshold (MK̄N ∼ 1.43 GeV/c2), the Λ(1405) state can be naturally understood
as a bound state of anti-kaon and nucleon in the isospin I = 0, namely K−p or K0n state. Recently,
this understanding of the structure of the Λ(1405) has been supported by lattice QCD calculation [5].

If the Λ(1405) structure is a bound system of an anti-kaon and a nucleon with binding energy of
about 20 MeV, one can be naively expected an existence of a bound system with more nucleons, which
is called as kaonic nucleus. There are many theoretical calculations of kaonic nuclei in particular the
simplest K̄NN system, so-called the K−pp bound state. All of the theoretical calculations support
the existence of the K−pp , however, the predicted binding energies are widely distributed due to
difference of energy dependence on the K̄N interaction in each model. Theoretical works based on
phenomenological K̄N potential reported the binding energies of 40 - 95 MeV [6–12]. On the other
hand, relatively small binding energies, in a range of 10 - 50 MeV, were predicted from theoretical
calculations using a chiral SU(3)-based K̄N potential [11–15]. This difference of predicted binding
energies is caused by lack of understanding of K̄N interaction in the energy region below MK̄N , which
can not be directly probed by scattering experiments or X-ray measurements. Therefore, experimental
study of K−pp bound state is strongly desired to obtain an information of the K̄N interaction below
MK̄N .

There are several experiments reporting an observation of a K−pp candidate by using stopped-
K− reaction [16], pp collision [17], and (π−,K−) reaction [18]. However, another experiment using
pp collision [19] and a γ-induced experiment [20] are reported that there is no evidence of K−pp
production. Thus, even its existence of the K−pp has still not concluded yet. In order to establish
the existence of K−pp, we have studied K−pp by using in-flight (K−, n) reaction which is relatively
simple reaction compared to other previous experiments.

2. The experiment

The J-PARC E15 experiment, which aims to search for the K−pp bound state, was carried out
at the hadron experimental facility at J-PARC. A high intense koan beam was irradiated on the 3He
target to produce K−pp by the in-flight (K−, n) reaction. In the reaction, it is natural to consider that
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the K−pp bound state is generated by a two-step reaction as follow. The incident kaon kicks out a
neutron with giving its momentum, and stands around residual two protons. Then, the kaon would
be captured by two protons and make a bound state. A kaon momentum of 1.0 GeV/c was chosen
to maximize the reaction rate of an elementary (K−, n) reaction. To perform this experiment, we
constructed a detector system in K1.8BR beam line at J-PARC.

The detector system is composed of a beam spectrometer system, a cylindrical detector system,
and a forward detector system. The beam spectrometer system contains spectrometer magnet and
drift chambers measuring beam momentum, and time-of-flight detectors to identify the beam particle.
The cylindrical detector system (CDS), which is constructed of cylindrical hodoscope detector and
cylindrical drift chamber, can detect scattering particles which have large scattering angle from 54 to
126 degrees. This detector system is installed into a solenoid magnet providing 0.7 T magnetic field
to measure momenta of detected particles. The 3He target of 0.96 g/cm2 is located the center of CDS
where is the final focus point of the beam line. A forward going neutron is detected by a neutron
counter of the forward detector system which is located at 15 m downstream from the 3He target. A
measured time-of-flight information is used for determine the neutron momentum.

We performed our first physics data taking in 2013. With this data, we observed a clear peak
from the quasi-elastic (K−, n) reaction on the 3He target in the forward going neutron missing-mass
spectrum [21]. This peak is well reproduced by the simulated spectra in the mass region above the
K−pp mass-threshold (MK−pp = 2.37 GeV/c2). We also found that there are events below MK−pp
which can not be understood as a tail of quasi-elastic peak caused by experimental resolution, nor
well-known elementary processes. These events only can be produced by hyperon resonance (Y∗)
production or K−pp production processes. However, it is impossible to distinguish between them
with the inclusive (K−, n) measurement. Therefore, we performed an exclusive measurement by using
CDS to identify the K−pp decays dominantly. Theoretically, the K−pp is expected to decay into three
decay modes, Λp, Σ0 p, and (πΣ)0 p. Since the CDS only can detect charged particle, we measured
the Λp → π−pp decay-chain. In this analysis, the kicked out neutron in the (K−,N) reaction was
not detected but kinematically identified by using missing-mass technique. This analysis method
allows us to measure larger momentum transfer events than the forward neutron analysis. In the
decay channel measurement, we observed a peak structure around MK−pp in the Λp invariant mass
spectrum, which strongly suggests the existence of the K−pp bound state with the binding energy
of ∼ 20 MeV. [22]. However, we needed further investigation to confirm the peak structure and t
establish the K−pp bound state with high statistics data. To this end, we performed the second physics
data taking in 2015, where about 43 × 109 kaons are irradiated on the 3He target.

3. Analysis and results

To perform the measurement of K−pp → Λp decay mode, we selected events with only three
particles in a reaction;Λ, proton, and kicked-out neutron. We did not require a detection of the neutron
in the forward neutron detector to keep a wide coverage of acceptance of momentum transfer. Instead
of this, we identified the neutron by using kinematical quantities determined by the measurement
of Λp pair. For Λ, we measured the dominant decay mode, Λ → π−p, because CDS does not have
a sensitivity of neutral particles. Therefore, there are three detected particles in CDS; π− and two
protons. Momenta and velocities of detected particles were obtained by curvature of its trajectory
in the magnetic field and time-of-flight, respectively. Then, particle identification was performed
with the obtained values together with the calculated flight length. A mass of missing particle can
be calculated as a missing-mass of detected π−pp as shown in Fig.1. We observed a peak around
0.94 GeV/c2 in the missing-mass spectrum which corresponds to our object; (Λp + n) event sample.
We prepared a likelihood function to purely and efficiently select the event sample. The likelihood
function is formed by DCA (distance of closest approach) informations of every trajectory and results
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of kinematical fit. The fit was performed with constraints of the Λ-reconstruction mass and the four-
momentum conservation of the reaction. By using the likelihood, (Λp + n) event sample is clearly
separated from other reaction such as π−pp+Λ or other π-production events. The purity of the selected
events sample is evaluated about 70 % by using Monte Carlo simulation, where the main background
comes from Σ0 pn, and Σ−pp events whose contributions are about 20 % and 10 %, respectively.
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Fig. 1. Missing mass of 3He(K−, π−pp)X reaction.
Black points show missing mass spectrum by select-
ing log-likelihood less than 30. Blue points are selected
events as Λpn final state.

Fig. 2. 2D plot of Λp invariant mass and momen-
tum transfer. The figure is taken from Ref. [23]. Gray
curve in 2D plot shows mass dependence of the quasi-
elastic kaon scattering events (Eq.1). Colored lines in
projected spectra are fitting results.

With the Λpn event sample, the invariant mass of Λp pair was studied together with momentum
transfer to Λp system as shown in Fig.2. The observed Λp invariant mass and momentum transfer
spectra , of which statistics has been greatly improved by about 30 times,are generally consistent
with our first results [22]. In the invariant mass spectrum, two peak structures are observed below and
above MK−pp . This peak component is distributed in a low momentum transfer region which is less
than 700 MeV/c. This component is strongly concentrated on the edge of kinematical limit. Also,
there are another two components, a continuum contribution widely distributed in Λp three-body
phase space, and an event concentration located on mass region around 2.8 GeV/c2.

To understand the spectral shape, we attempted to decompose whole spectrum including the mo-
mentum transfer distribution. We considered following three components; resonant state, quasi-elastic
contribution, and continuum component. The component of resonant state has simple Breit-Wigner
shape in invariant mass distribution of which peak position does not depend on momentum trans-
fer. We assumed S -wave Gaussian form factor to reproduce its momentum transfer distribution. The
quasi-elastic contribution comes from the quasi-elastic (K−, n) reaction on the 3He target followed by
conversion of K− + pp to Λp. Therefore, Λp invariant mass of this reaction (MQE) is determined by
the first quasi-elastic reaction which is calculated kinematically as a function of momentum transfer
(q) as follows;

MQE =

√
4m2

p + m2
K + 4mp

√
m2

K + q2, (1)
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where mp and mK denote mass of proton and K−, respectively. To reproduce this contribution, we used
a Gaussian distribution whose peak position has the momentum transfer dependence as described in
Eq.1. This component also can explain a concentration of events on mass around 2.8 GeV/c2 as a
reaction that the kicked out neutron is scattered to backward angle in the center of mass frame of the
K− + 3He reaction, i.e., the neutron is a spectator. The continuum component is widely distributed
in the Λpn three-body phase space. This obsessed as component would contain many reactions, such
as phase space background or physics background from Σ0 pn and Σ−pp events. In the analysis, we
phenomenologically introduced a Breit-Wigner distribution with P-wave form factor with very wide
width to make the distribution.
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Fig. 3. Λp invariant mass spectra with selecting different momentum transfer regions of (left) less than 350
MeV/c, (middle) from 350 to 650 MeV/c, and (right) more than 650 MeV/c. Colored lines are the same fitting
functions as shown in Fig.2 with selecting the same regions of momentum transfer.

The fitting result is shown in Fig.2,3. Both of the Λp invariant mass and the momentum transfer
distributions are pretty well reproduced by only three simple fitting functions. The resonant state, lo-
cated below MK−pp , looks to be a asymmetric shape which is far from original Breit-Wigner formula,
because lower mass side of this peak goes out of a kinematical limit in a low momentum transfer re-
gion. Therefore, by selecting a low momentum transfer region of less than 350 MeV/c, the peak
is strongly distorted as shown in Fig.3-(left). This distortion is getting smaller with increasing mo-
mentum transfer while recovering its original symmetric shape. Its momentum transfer distribution
which is made by assuming S -wave form factor well agree with event concentration on a low mo-
mentum transfer region in the data. The quasi-elastic component has two peaks in momentum transfer
spectrum, which are located around 0.2 GeV/c and 1.0 GeV/c. The momentum transfer is related to
scattering angle of the kicked out neutron in the (K−, n) reaction, hence, these two peaks correspond
to the kicked out neutron going to forward (lower-q) and backward (higher-q) angles. This contribu-
tion becomes weak in middle momentum transfer region shown in Fig.3-(middle), thus the resonant
component is enhanced and clearly observed in this region. In figure 3-(right), a peak made by the
backward going neutron events is clearly seen around 2.8 GeV/c2. This behavior of the quasi-elastic
contribution, forward and backward peak, can be naively understood by angular distribution of the
elementary (K−, n) reaction.

As a result of this analysis, mass and decay width of the observed resonant state are evaluated to
be M = 2324±3(stat.)+6

−3(syst.) MeV/c2, and Γ = 115±7(stat.)+10
−20(syst.) MeV, respectively. The reso-

nant state locates near the mass-thresholds of MΣ(1385)p ∼ 2.32 GeV/c2 or MΛ(1405)p ∼ 2.34 MeV/c2,
thus quasi-free Y∗-production can make a structure around the peak. However, it is difficult to explain
the observed peak by such quasi-free reactions, because peak position of such reactions must depends
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on momentum transfer, which is similar to the case of the quasi-elastic contribution given by Eq.1.
Therefore, the observed resonant state naturally considered as K−pp. More detailed interpretation
can be found in Ref. [23].

4. Conclusion

We performed an experimental study of K−pp at J-PARC. The in-flight (K−, n) on 3He tar-
get with induced kaon momentum of 1.0 GeV/c was used to produce the K−pp bound state. The
exclusive measurement was performed to detect the expected K−pp → Λp decay mode. The ob-
served Λp invariant mass spectrum has a peak around MK−pp. We successfully decomposed the ob-
served spectra by performing 2-dimensional fitting of Λp invariant mass and momentum transfer.
The whole spectra is well reproduced by three simple fitting functions of the K−pp, the quasi-free
component of K−N → K̄n, and broad background. The mass and width of this resonant state are
2324 ± 3(stat.)+6

−3(syst.) MeV/c2, and 115 ± 7(stat.)+10
−20(syst.) MeV, respectively, which can be natu-

rally interpreted as a theoretically predicted K−pp bound state.
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