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However, it is generally expected that the width of the deeply bound state is much
narrower than that of highly excited state, for instance, at the threshold region. The
dominant conversion channels like KN → πΣ or KN → πΛ are energetically almost
closed for such a deeply-bound state. The imaginary part of the phenomenologically
obtained kaon nucleus potential at threshold is around 100 MeV.5) The imaginary
part, which represents disappearance of a kaon, consists dominantly production of
pions. Kaon absorption by two nucleons (KNN → Y N) gives little width since two
nucleons have to participate to the reaction which is consistent with the observation
at the threshold. The pion production is suppressed strongly for deeply bound state
thus one expects that width is narrow although quantitative estimation is ambiguous.
Even though the width is broader than the theoretical estimation the spectrum shape
in the bound region can give important information as discussed later.

§3. The in-flight (K , N) reaction for the production of kaonic nuclei

The production of kaonic nuclei can be achieved by the in-flight (K−, N) reaction
which is graphically shown in Fig. 1. The nucleon is knocked out in the forward
direction leaving a kaon scattered backward in the vertex where the K + N →
K + N takes place. This reaction can thus provide a virtual K− or K̄0 beam which
excites kaonic nuclei. This feature is quite different from other strangeness transfer
reactions like (K−, π), (π±, K+) and (γ, K+) extensively used so far. They primarily
produce hyperons and thus are sensitive to states mostly composed of a hyperon and
a nucleus.

The momentum transfer, which characterizes the reaction, is shown in Fig. 2.
It depends on the binding energy of a kaon. We are interested in states well bound
in a nucleus (BE = 100 ∼150 MeV). The momentum transfer for the states is fairly
large (q = 0.3 ∼ 0.4 GeV/c) and depends little on the incident kaon momentum
for PK = 0.5 ∼ 1.5 GeV/c, where intense kaon beams are available. Therefore one
can choose the incident momentum for the convenience of an experiment. It is a
little beyond the Fermi momentum and the reaction has characteristics similar to
the (π+, K+) reaction for hypernuclear production where so-called stretched states
are preferentially excited.20)

The momentum transfer similar to the (π+, K+) reaction makes gross structure

Fig. 1. Formation of kaonic nuclei via the (K−, N) reaction is shown diagrammatically. The kaon,
the nucleon, and the nucleus are denoted by the dashed, thin solid and multiple lines, respec-
tively. The kaonic nucleus is denoted by the multiple lines with the dashed line. The filled
circle is the KN → KN amplitude while the open circles are the nuclear vertices. The bubbles
represent distortion.
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KEK-PS E548
12C(K-, p/n)  reactions at 1 GeV/c

Not Inclusive !

σp~10 MeV/c
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Fig. 1. Missing mass spectra of the 12C(K−, n)
reaction (upper) and 12C(K−, p) reaction
(lower). The solid curves represent the
calculated best fit spectra for potentials
with Re(V)=−190 MeV and Im(V)=−40
MeV (upper) and Re(V)=−160 MeV
Im(V)=−50 MeV (lower). The dotted
curves represent the calculated spectra for
Re(V)=−60 MeV and Im(V)=−60 MeV.
The dot-dashed curves represent a back-
ground process (see main text).

surrounding the target. The target had dimensions of 2× 10× 20 cm3. Polyethylene
(CH2) and graphite (C) were used as targets. The target was sandwiched by five
1 cm thick plastic scintillator hodoscopes with 5 cm granularity in the z (beam)
direction. Two sets of 25 NaI detectors were placed below and above the target to
measure total energy of charged particles. Each NaI has dimensions of 6.5×6.5×30
cm3. In front of these NaI detectors, 1 cm thick plastic scintillators were placed to
identify charged particles. In order to reduce number of background events, more
than one charged particle hit in the decay counter was required. In particular, KL

produced at the target by the (K−, K̄0) reaction was suppressed to a negligible level.
In the following, we consider only spectra obtained with this hit requirement.

The peak positions of the p(K−, p)K− and p(K−, n)K0 reactions with protons
in the CH2 target were used to check the momentum calibration and momentum
resolution of the KURAMA spectrometer and of the TOF, respectively. The observed
yields are consistent with the cross sections of both the p(K−, p)K− and p(K−, n)K0

reactions,30) within ∼ 20%. The observed cross section of 12C(K−, N) is normalized
to these yields below.

The missing mass spectra of the 12C(K−, n) and 12C(K−, p) reactions with the
graphite target are shown in Fig. 1. Here, the horizontal axis corresponds to the mass
of kaonic nuclei MKN , represented by the binding energy of K− to the residual nuclei
(R), which are either 11C or 11B. This binding energy is given by −BE = MKN −
(MR + MK−). The scattering angles (θsc) of neutrons and protons were restricted
to value θsc < 4.1◦, which is much narrower than the experimental acceptance in
order ensure that the acceptance has no momentum dependence. We studied the
effect of the hit requirement on the spectrum shape by using the 12C(K−, p) reaction
which has no KL induced backgrounds. We found that the ratio of the coincidence
spectrum to the inclusive one depends little on the binding energy. We can thus
assume that spectrum shape is not affected by requiring coincidence.31)

Here we discuss possible backgrounds. The two-nucleon absorption K− + N +
N → Y + N in a nucleus yields an energetic nucleon in the forward direction. This
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Fig. 3. The CM differential cross sections of the three reactions are shown as a function of incident
kaon lab momentum.

fK−p→K̄0n =
1
2
(f1 − f0) . (3.3)

The CM differential cross section of the three reactions at 180◦ are shown in Fig. 3
as a function of incident kaon momentum. The cross sections varies as a function
of incident momenta. For instance, the K−p → K−p reaction has a distinct peak
at around 1 GeV/c. On the other hand the form factor depends little on the inci-
dent beam momentum since the momentum transfer of the reaction changes little.
Therefore the cross section of the kaonic nuclei largely follows the cross section of
the two body reaction. One can choose the best beam momentum based on the fact.
Since the target nucleon is moving in a nucleus, Fermi averaging has to be made for
the two body cross section which smears the fine momentum dependence.

§4. Experimental procedure

We have carried out an experiment to look for kaonic nuclear state. The K−

beam was provided by the D6 beam line of the alternating-gradient synchrotron
(AGS) of BNL. The 16O(K−, n) reaction was used to produce kaonic nuclear states.
The experiment was carried out as a parasite of the E930 experiment which looked
for γ rays from 16

Λ O hypernuclei. The incident K− momentum of PK=0.93 GeV/c,
which gave the maximum yield for hypernuclei, was also almost best suited for the
production of kaonic nuclei as seen in Fig. 3. The K− beam intensity was typically
∼ 8×104/spill for 5×1012 proton/spill. A spill consisted of 1.4 seconds of continuous
beam every 4 seconds.

Figure 4 shows the setup of the experiment. The beam-line spectrometer mea-
sured the incident K− momentum. An array of Ge detectors which is called Hy-
perball was placed at around the target. We used it to tag charged particles from
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Not Inclusive !
(K-, p/n) velocity of p/n ↔ TOF in the forward direction L~10 m

Start timing = prompt reaction
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Figure 8: Calculated 12C(K−, p) spectra for Vopt = (−60,−60)ρ/ρ0 MeV and Vopt =
(−200,−60)ρ/ρ0 MeV taking into account all contributing processes (solid and dot-dashed
lines), and imposing the minimal coincidence requirement (dashed and dotted lines).

(−60,−60)ρ/ρ0 MeV, as obtained in chiral models. Comparing to experimental data, we
can conclude that our results would need a reduction factor of about ∼ 0.7, more or less ho-
mogeneous in the “bound” region, −EB < 0 MeV, while the suppression should be weaker
in the continuum, and basically negligible for −EB > 50 MeV. This picture is natural from
the physical point of view, because the spectrum to the right of the peak is populated with
lower momentum protons. These are mostly produced in many particle final states, which
have a better chance to score the coincidence detectors.

However, if we look at Fig. 10, where the calculations with a deep kaon nucleus optical
potential of Vopt = (−200,−60)ρ/ρ0 MeV are shown, we can conclude that it is much more
difficult to obtain an overall description of the data with such a potential, even admitting
a strong supression in the bound region and a negligible one in the continuum.

In spite of the above described behavior, one cannot conclude that the experimental
spectrum supports especially one potential depth over the other. However, we want to
make clear that, in trying to reproduce the actual data, one necessarily introduces large
uncertanties due to the experimental set up. Contrary to what it is assumed in Ref. [44], we
have clearly seen in Fig. 8, that the spectrum shape is affected by the required coincidence.
In fact, the distorsion of the experimental spectrum due to the coincidence requirement can

17

V.K. Magas et al., 
Phys. Rev. C 81 (2010) 024609.

Danger to compare 
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K-p reactions
s-channel resonance @ 1 GeV/c

K-p→Λ*(1800)→KN,  Σ*(1385)π, NK*

~5mb/sr

Quasi Elastic : K-N→NK-, high mom. N in FWD

One-body absorption : K-N→ πΣ

Λ*→Λπ；　forbidden

Two-nucleon absorption : K-NN→YN/Y*N
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The CM differential cross section of the three reactions at 180◦ are shown in Fig. 3
as a function of incident kaon momentum. The cross sections varies as a function
of incident momenta. For instance, the K−p → K−p reaction has a distinct peak
at around 1 GeV/c. On the other hand the form factor depends little on the inci-
dent beam momentum since the momentum transfer of the reaction changes little.
Therefore the cross section of the kaonic nuclei largely follows the cross section of
the two body reaction. One can choose the best beam momentum based on the fact.
Since the target nucleon is moving in a nucleus, Fermi averaging has to be made for
the two body cross section which smears the fine momentum dependence.

§4. Experimental procedure

We have carried out an experiment to look for kaonic nuclear state. The K−

beam was provided by the D6 beam line of the alternating-gradient synchrotron
(AGS) of BNL. The 16O(K−, n) reaction was used to produce kaonic nuclear states.
The experiment was carried out as a parasite of the E930 experiment which looked
for γ rays from 16

Λ O hypernuclei. The incident K− momentum of PK=0.93 GeV/c,
which gave the maximum yield for hypernuclei, was also almost best suited for the
production of kaonic nuclei as seen in Fig. 3. The K− beam intensity was typically
∼ 8×104/spill for 5×1012 proton/spill. A spill consisted of 1.4 seconds of continuous
beam every 4 seconds.

Figure 4 shows the setup of the experiment. The beam-line spectrometer mea-
sured the incident K− momentum. An array of Ge detectors which is called Hy-
perball was placed at around the target. We used it to tag charged particles from
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J-PARC E05
Real Inclusive measurement of proton ← 
Magnetic spectrometer, not TOF
12C(K-,p) at 1.8 GeV/c   ~mb/sr,  off-resonance

qE548~0.2-0.3 GeV/c
qE05~0.25-0.4 GeV/c
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Y. Ichikawa et al., 
Prog. Theor. Exp. Phys. (2020) 123D01.
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Fig. 1. Momentum transfer of the K−p → K−p elastic scattering as a function of the scattering angle θKp in
the laboratory system. The red and black lines show the situations at pK− = 1.8 GeV/c for J-PARC E05 and
1.0 GeV/c for KEK E548, respectively.

elastic scattering is low (! 300 MeV/c; Fig. 1), comparable with the Fermi motion in 12C. A critical
difference from KEK E548 is that we require an outgoing proton in the forward direction to measure
an inclusive spectrum. Another difference is the momentum of the incident kaon. For KEK E548, it
was 1.0 GeV/c, whereas it is 1.8 GeV/c in this measurement. The kaon elastic-scattering cross section
has a maximum at 1.0 GeV/c, and it decreases monotonically to 1.8 GeV/c. The maximum is because
of an s-channel resonance. While the incident beam momenta are different, the momentum transfer
in the K−p → K−p elastic scattering at very forward angles for each incident momentum is similar.
Therefore, the difference in the missing-mass spectrum for each incident beam momentum should
be small. A further difference is the missing-mass resolution of the detector system. It is 4.2 MeV in
σ , which is a significant improvement regarding the 10 MeV in KEK E548. By considering the large
widths generally observed for the K−pp, this missing-mass resolution would be enough to observe
the peak structure.

2. Experimental setup
This measurement was conducted as part of the J-PARC E05 pilot run, searching for a#-hypernucleus
by using the 12C(K−, K+) reaction. The pilot run was conducted at the K1.8 beamline of the J-PARC
hadron experimental facility from 26 October to 19 November, 2015.

A carbon graphite target of 9.364 g cm−2 thickness was irradiated with 84.9×109 K− of 1.8 GeV/c
momentum.1 Furthermore, we collected data on the 9.538 g cm−2-thick polyethylene [(C2H4)n]
target at 1.5, 1.6, 1.7, 1.8, and 1.9 GeV/c K− beam momenta to evaluate the elementary cross sections.
In this paper we focus on the data at 1.8 GeV/c. The results obtained using the other momenta will
be reported elsewhere. For calibration, beam pass-through data were also taken with and without the
targets at 1.1, 1.2, 1.35, 1.5, and 1.8 GeV/c using the K+ beam and 1.2, 1.35, 1.5, 1.8, and 2.0 GeV/c
using the K− beam, respectively. The typical K− beam intensity was approximately 6 × 105 per
accelerator cycle of 5.5 s with a typical K−/π− ratio of approximately 0.8 and a beam spill length
of approximately 2 s.

1 This beam momentum was chosen by considering the maximum elementary cross section of the
p(K−, K+)#− reaction to search for the #-hypernucleus.

4/34
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Fig. 2. Schematic view of the experimental setup.

Figure 2 shows a schematic view of the experimental setup. The incident K− beam was analyzed
using a magnetic spectrometer, the K1.8 beamline spectrometer [28]. The outgoing particles, such
as K+, and protons were measured by the Superconducting Kaon Spectrometer (SKS) [28] in the
spectrometer configuration called SksMinus [29]. We set the SKS magnetic field at 2.49 T to analyze
outgoing K+ from the!-hypernucleus production with a momentum of approximately 1.4 GeV/c and
scattering angle of θK+ < 14◦. SKS has a large angular (∼100 msr) and momentum (1.1–2.4 GeV/c
for this measurement) acceptance. Therefore, we could also measure the outgoing protons from the
kaonic nucleus production with a momentum of approximately 2.2 GeV/c and scattering angle of
θp < 5◦ at the same time. This section describes details of the experimental setup.

2.1. K1.8 beamline spectrometer
The secondary K− beam was produced on the primary target (Au, 66 mm thick) by a 30 GeV primary
proton beam and delivered to the experimental area via the K1.8 beamline. The K1.8 beamline was
designed to provide separated secondary particles with momenta up to 2 GeV/c by using double
electrostatic separators (ESS1 and ESS2). The beam was analyzed in the beam analysis section
called the K1.8 beamline spectrometer. It consists of two timing plastic scintillation hodoscopes
(BH1 and BH2), a tracking detector made of scintillating fibers (BFT), a series of QQDQQ magnets
(Q10, Q11, D4, Q12, and Q13), two sets of multi-wire drift chambers (BC3 and BC4), and two sets
of aerogel Čerenkov counters (BAC1 and BAC2).

5/34
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12C(K-, p)  reaction at 1.8 GeV/c

θK<14 deg. ~110 msr

pK: 1.1-2.4GeV/c

K- : 6x105/spill

Targets: C, CH2

∆p/p=3.3x10-4(FWHM)

∆p/p=5x10-3(FWHM)

∆E=4.2 MeV σ



p(K-,p) spectrum
Larger inelastic scattering  1.8 GeV/c > 1 GeV/c
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Fig. 8. Double differential cross section as a function of the missing mass, M(K− ,p). The green and red spectra
show the CH2 and 12C target data, respectively. In this analysis, we adopt the target mass number (A) in Eq. (5)
as 14 for the CH2 and 12 for the 12C targets. The hydrogen target data, shown by the black spectrum, are
obtained by subtracting the 12C spectrum from the CH2 target spectrum.

Fig. 9. The p(K−, p) cross section as a function of M(K− ,p) at 1.8 GeV/c is shown by black points with statistical
errors. This spectrum is obtained from the hydrogen target data (the black points in Fig. 8) by scaling it by a
factor of two to consider the difference in the number of proton targets. The spectrum is fitted with the template
distributions, as shown by the dashed lines with different colors in the figure. The red line displays the total fit
result.

by fitting the data with the calculated spectral shape (called “templates” hereafter) of all processes,
where the following reaction processes are considered: K−p → pK− (elastic), !π0, #+π−, K̄πp,
!π+π−, #ππ , K̄ππp,!πππ , and #πππ . In this fit, the cross section of each reaction process is
considered as a free parameter. The template distributions are derived from a Monte Carlo simulation.
The fit results are shown in the figure by dashed lines of different colors.

In these templates, outgoing protons originating from hyperon decays such as K−p → !π0,! →
pπ− are also considered. Moreover, resonance production processes, such as K−p → K∗(890)−p →
K̄πp, K−p → Y ∗π → (K̄πp) or (Yππ(π)), and K−p → K̄$(1232) → K̄πp, are also included.
Here, Y ∗ (Y ) stands for excited states of hyperons such as !(1520) and #(1385) (ground state
hyperon,! or#). We combine the non-resonant and resonant production processes for the same final
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12C(K-,p) spectrum
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Fig. 11. Double differential 12C(K−, p) cross section as a function of K− binding energy, BK . The forward
scattering angle range of 3.5◦ < θKp(Lab) < 4.5◦ is selected. The black points with statistical error bars show
the measured double differential cross section, and different colors show the template-fit results. The green
dotted line shows the K−“p” → K−p quasi-elastic component, calculated by the Green’s function method. In
this fit, we do not include secondary interactions inside the target nucleus. See the details in the text.

line (K−“p” (QF-Inelastic)). Furthermore, we must consider the quasi-free K−+“n” reactions, such
as K−“n” → "π−," → pπ−, and K−“n” → K−π−p, whose cross sections are considered
free parameters. In Fig. 11, the dotted lines with different colors show the quasi-free K−+“n”
contributions and a red line displays the total fit result. The templates of the quasi-free reactions are
smeared out by considering the missing-mass resolution of 4.2 MeV (σ ).

We find that the template can reasonably reproduce the highly unbound region (BK < −150 MeV),
where the inelastic processes (background) dominate. However, there exists a disagreement in the
region of BK > −150 MeV, where the quasi-elastic process is the main component. The χ2/ndf of
this fit in the region of −300 < BK < 40 MeV is 300.9, where the number of degrees of freedom
is ndf = 61. Note that we do not introduce any secondary interactions between the recoiling K−

and the residual 11B nucleus in this fit. The effect of secondary interaction manifests itself in the
12C(K−, p) spectrum.

5. Theoretical investigation
It is essential to introduce the secondary interaction between the recoiling K̄ and residual nucleus
to reproduce the measured 12C(K−, p) spectrum. We calculate the 12C(K−, p) spectrum using the
Green’s function method [48] with various values of the K̄–nucleus potential.We follow the procedure
of our previous theoretical framework [48] with a little modification to add a kinematical correction
factor K . We can search for the optimum parameters by comparing the measured and calculated
spectra.

5.1. Theoretical calculation
We theoretically evaluate the double differential cross section of the (K−, p) reaction on a nuclear
target using the Green’s function method. In this method, we factorize the reaction cross section into
the nuclear response function S(E) and elementary cross section of the p(K−, p)K− reaction with
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Fig. 11. Double differential 12C(K−, p) cross section as a function of K− binding energy, BK . The forward
scattering angle range of 3.5◦ < θKp(Lab) < 4.5◦ is selected. The black points with statistical error bars show
the measured double differential cross section, and different colors show the template-fit results. The green
dotted line shows the K−“p” → K−p quasi-elastic component, calculated by the Green’s function method. In
this fit, we do not include secondary interactions inside the target nucleus. See the details in the text.

line (K−“p” (QF-Inelastic)). Furthermore, we must consider the quasi-free K−+“n” reactions, such
as K−“n” → "π−," → pπ−, and K−“n” → K−π−p, whose cross sections are considered
free parameters. In Fig. 11, the dotted lines with different colors show the quasi-free K−+“n”
contributions and a red line displays the total fit result. The templates of the quasi-free reactions are
smeared out by considering the missing-mass resolution of 4.2 MeV (σ ).
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Fig. 4 Comparison of the 3He(K−, n)X semi-inclusive missing-mass spectrum between

experimental data (top) and the simulation (bottom). In the experimental spectrum,

the background yields are stacked on top of each other, where BGΣ-decay indicates Σ±-

reconstructed events only. In the simulation spectrum, contributions from each reaction are

sorted by reaction products.

In addition, long-lived K0
L also make an NC signal through the K0N reaction and decay at

the NC, appearing in the missing-mass region below theK−pp threshold. These contributions

were evaluated by the Monte Carlo simulation.

Fast neutrons from Σ± decays (BGΣ-decay) Background-neutron events coming from

hyperon decay are not significant in the in-flight reaction. In fact, the Monte-Calro study

shows fast-neutron events from Λ decay are not triggered by the CDS. However, forward-

going Σ± produced via the K−“N” → Σ±π reaction can contribute in the K−pp bound

region. Most of these events have a CDS track of a pion coming from the Σ± decay, so

that we can reconstruct the Σ±. The Monte-Carlo study shows that the Σ± reconstruc-

tion efficiency for a triggered K−“N” → Σ±π event with a forward neutron is ∼ 90% in

the missing-mass region around 2.3–2.4 GeV/c2, and decreases down to 70% at around the

Σ+N + π mass threshold (∼ 2.27 GeV/c2). We have not applied the efficiency correction to

BGΣ-decay in the present analysis because of uncertainties from other Σ±-emitting reactions,

although the global structure in the K−pp bound region does not change by the correction.
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Fig. 1 Calculated inclusive and semiexclusive spectra for the 3He(in-flight K −, n) reaction at pK − = 1.0 GeV/c and θlab = 0◦
for potentials a A, b B, c C and d D2. The vertical line at E = 0 MeV indicates the K − + p + p threshold, and the left- and
right-hand sides of this line are the K − bound and quasifree scattering regions, respectively. In the left panel, solid and dotted
curves denote the inclusive spectra and their L = 0 partial wave component, respectively. The dashed curves show the inclusive
one with the energy-independent potential. In the right panel, solid and dot-dashed curves denote the [K − pp] → π + # + N
and π +$+ N decay processes from one-nucleon K − absorption, respectively. Dashed curves denote the [K − pp] → Y + N
decay process from two-nucleon K − absorption. Dotted curves denote the spectra for the K − escape process

It should be noticed that there are some advantages to use the light s-shell target such as 3He. First, only the
orbital angular momentum L = 0 state can be bound. Therefore, the L = 0 partial wave component dominate
in the bound state region, while the L ≥ 1 components are located in the quasi-free region. This ensures a
clear signal of the peak structure. Second, the distortion effect is very small due to the small size of the target
nucleus. Actually, Ddist(1pp → 1sK ) = 0.095 for 12C, while Ddist(1sp → 1sK ) = 0.47 for 3He [24], where
Ddist is the distortion factor which denotes the ratio of the effective nucleon number calculated in DWIA to
that in PWIA. Third, the recoil effect is fairly large because of the few-nucleon system. Since the mass ratio
in MC/MA in Eq. (3) is ∼2/3, the contribution of the bound state is enhanced by a factor 1.8. As the result,
the integrated cross section of L = 0 components, which approximately correspond to the formation cross
section of the K − pp state, amounts to 3.5 mb/sr for YA case.

The semiexclusive spectra in Fig. 1 are expected to be compared directly with the experimental data at
the J-PARC E15 experiment [22]. In Fig. 1c, it is found that a cusp appears at the π#N threshold in the
π +$+ N and Y + N decay spectra for potential C. Such a cusp-like peak is clear evidence of the formation
of the K − pp bound state. In Fig. 1b, a peak at E & −50 MeV appears above the π#N threshold in the spectra
with π +# + N , π +$+ N and Y + N decay processes with potential B. In Fig. 1a, there is no peak in any
contributions with potential A. In Fig. 1d where we consider potential D2 as a typical example of the potential
D series, it is also interesting to see a clear peak below the π#N threshold in the π +$+ N and Y + N decay
spectra for potential D2, while no peak in the π +# + N decay spectrum.

3.2 Moving Pole Trajectory in the Complex Energy Plane

To understand the shape behavior of the [K − pp] → Y + N decay spectrum, we investigate a pole position
of the K − pp state in the complex energy plane. We can obtain the pole position as a complex eigenvalue of
ω(E), as a function of E , because of the energy dependence of U eff(E).

It is found that the shape of the [K − pp] → Y + N decay spectrum can be approximately given by

Scon
Y N (E) ≈ const. × 1

D2(E)
, (10)

PTEP 2020, 123D01 Y. Ichikawa et al.

Fig. 11. Double differential 12C(K−, p) cross section as a function of K− binding energy, BK . The forward
scattering angle range of 3.5◦ < θKp(Lab) < 4.5◦ is selected. The black points with statistical error bars show
the measured double differential cross section, and different colors show the template-fit results. The green
dotted line shows the K−“p” → K−p quasi-elastic component, calculated by the Green’s function method. In
this fit, we do not include secondary interactions inside the target nucleus. See the details in the text.

line (K−“p” (QF-Inelastic)). Furthermore, we must consider the quasi-free K−+“n” reactions, such
as K−“n” → "π−," → pπ−, and K−“n” → K−π−p, whose cross sections are considered
free parameters. In Fig. 11, the dotted lines with different colors show the quasi-free K−+“n”
contributions and a red line displays the total fit result. The templates of the quasi-free reactions are
smeared out by considering the missing-mass resolution of 4.2 MeV (σ ).

We find that the template can reasonably reproduce the highly unbound region (BK < −150 MeV),
where the inelastic processes (background) dominate. However, there exists a disagreement in the
region of BK > −150 MeV, where the quasi-elastic process is the main component. The χ2/ndf of
this fit in the region of −300 < BK < 40 MeV is 300.9, where the number of degrees of freedom
is ndf = 61. Note that we do not introduce any secondary interactions between the recoiling K−

and the residual 11B nucleus in this fit. The effect of secondary interaction manifests itself in the
12C(K−, p) spectrum.

5. Theoretical investigation
It is essential to introduce the secondary interaction between the recoiling K̄ and residual nucleus
to reproduce the measured 12C(K−, p) spectrum. We calculate the 12C(K−, p) spectrum using the
Green’s function method [48] with various values of the K̄–nucleus potential.We follow the procedure
of our previous theoretical framework [48] with a little modification to add a kinematical correction
factor K . We can search for the optimum parameters by comparing the measured and calculated
spectra.

5.1. Theoretical calculation
We theoretically evaluate the double differential cross section of the (K−, p) reaction on a nuclear
target using the Green’s function method. In this method, we factorize the reaction cross section into
the nuclear response function S(E) and elementary cross section of the p(K−, p)K− reaction with
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Fig. 1 Calculated inclusive and semiexclusive spectra for the 3He(in-flight K −, n) reaction at pK − = 1.0 GeV/c and θlab = 0◦
for potentials a A, b B, c C and d D2. The vertical line at E = 0 MeV indicates the K − + p + p threshold, and the left- and
right-hand sides of this line are the K − bound and quasifree scattering regions, respectively. In the left panel, solid and dotted
curves denote the inclusive spectra and their L = 0 partial wave component, respectively. The dashed curves show the inclusive
one with the energy-independent potential. In the right panel, solid and dot-dashed curves denote the [K − pp] → π + # + N
and π +$+ N decay processes from one-nucleon K − absorption, respectively. Dashed curves denote the [K − pp] → Y + N
decay process from two-nucleon K − absorption. Dotted curves denote the spectra for the K − escape process

It should be noticed that there are some advantages to use the light s-shell target such as 3He. First, only the
orbital angular momentum L = 0 state can be bound. Therefore, the L = 0 partial wave component dominate
in the bound state region, while the L ≥ 1 components are located in the quasi-free region. This ensures a
clear signal of the peak structure. Second, the distortion effect is very small due to the small size of the target
nucleus. Actually, Ddist(1pp → 1sK ) = 0.095 for 12C, while Ddist(1sp → 1sK ) = 0.47 for 3He [24], where
Ddist is the distortion factor which denotes the ratio of the effective nucleon number calculated in DWIA to
that in PWIA. Third, the recoil effect is fairly large because of the few-nucleon system. Since the mass ratio
in MC/MA in Eq. (3) is ∼2/3, the contribution of the bound state is enhanced by a factor 1.8. As the result,
the integrated cross section of L = 0 components, which approximately correspond to the formation cross
section of the K − pp state, amounts to 3.5 mb/sr for YA case.

The semiexclusive spectra in Fig. 1 are expected to be compared directly with the experimental data at
the J-PARC E15 experiment [22]. In Fig. 1c, it is found that a cusp appears at the π#N threshold in the
π +$+ N and Y + N decay spectra for potential C. Such a cusp-like peak is clear evidence of the formation
of the K − pp bound state. In Fig. 1b, a peak at E & −50 MeV appears above the π#N threshold in the spectra
with π +# + N , π +$+ N and Y + N decay processes with potential B. In Fig. 1a, there is no peak in any
contributions with potential A. In Fig. 1d where we consider potential D2 as a typical example of the potential
D series, it is also interesting to see a clear peak below the π#N threshold in the π +$+ N and Y + N decay
spectra for potential D2, while no peak in the π +# + N decay spectrum.

3.2 Moving Pole Trajectory in the Complex Energy Plane

To understand the shape behavior of the [K − pp] → Y + N decay spectrum, we investigate a pole position
of the K − pp state in the complex energy plane. We can obtain the pole position as a complex eigenvalue of
ω(E), as a function of E , because of the energy dependence of U eff(E).

It is found that the shape of the [K − pp] → Y + N decay spectrum can be approximately given by

Scon
Y N (E) ≈ const. × 1

D2(E)
, (10)

Signals in Coincidence ~ Inclusive
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Fig. 12. Comparison between the measured spectrum and template fit with different optical potentials. The
black points with error bars display the measured spectrum. The dashed lines in different colors show the fit
results using different potential depths of the real part (V0). The imaginary part is fixed at the optimum value
of W0 = −40 MeV. The comparisons with the real part potentials of V0 = (0, −40, −80, −120, −150) MeV
and V0 = (−80, −200, −250, −300) MeV are shown in (a, b) and (c, d), respectively. The spectra with linear
and semi-log scale are shown in (a, c) and (b, d), respectively.

5.2. Comparison with the theoretical spectra
We compare the measured and theoretical spectra to search for the optimum parameters of the
optical potential between K̄ and the residual nucleus. Figure 12 shows a comparison between the
present data and templates obtained by changing the optical potential parameters. Black points with
error bars display the measured spectrum. In Fig. 12(a) and (b), each colored line corresponds to a
different value of the real part of the optical potential, V0 = 0, −40, −80, −120, and −150 MeV.
The imaginary part is fixed at the optimum value of W0 = −40 MeV.

The peak position of the quasi-elastic component, BK ∼ −50 MeV, and the yield ratio between the
unbound (BK < 0) and bound (BK > 0) regions, strongly depend on V0. Figure 12(a) shows that the
measured spectrum is best reproduced with the potential depth V0 = −80 MeV, where the χ2/ndf
of this fit in the region of −300 < BK < 40 MeV is 17.2. The χ2/ndf is 300.9 when we choose
the parameter sets of (V0, W0) = (0, 0) MeV as described in Sect. 4. The χ2/ndf value is improved
by introducing the secondary interaction between recoiling K− and residual nucleus. Appendix B
shows a detailed comparison between the measured spectrum and template fit with various K̄–nucleus
potentials. Since the optimum potential (V0 = −80 MeV) is attractive, there exists a bound state in the
calculated spectrum. The binding energy and decay width with the optimum potential parameters,
(V0, W0) = (−80, −40) MeV, are BK = 31 MeV and " = 53 MeV, respectively. Appendix C
describes the details of the calculated spectrum with the optimum potential parameters.

20/34

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2020/12/123D

01/5904281 by Kyoto D
aigaku Johogakukenkyuka Tosho user on 07 M

ay 2021

Imaginary is large →　Broad



Excess in deep region
16

PTEP 2020, 123D01 Y. Ichikawa et al.

Fig. 15. (a) Template fit result by adding a Breit–Wigner function. The orange hatched spectrum displays the
Breit–Wigner component. The green dashed line shows the calculated spectrum with the optical potential of
(V0, W0) = (−80, −40) MeV. The other color assignments are the same as in Fig. 11. (b) Magnified view of (a)
for the small cross section region.

Moreover, we examine other background processes of one-step two-nucleon absorption and two-
step three-nucleon absorption. Appendix D describes the details. Similar discussions are also given
in Ref. [57]. We found that these background processes can also not explain the enhancement in the
deeply bound region.

6.2. Interpretation by introducing an additional resonant state
Since it is not possible to reproduce the event excess in the present framework, we discuss its
possible interpretation. We simply add a Breit–Wigner function in the fitting so as to reproduce
the measured spectrum. Figure 15 shows the fitting result, where the orange hatched spectrum
displays the Breit–Wigner component. The green dotted line shows the theoretical calculation with
the optimum parameter set. The obtained χ2/ndf values with and without the Breit–Winger function
are 9.4 and 31.7, respectively.

Figure 16 shows the two-dimensional χ2 plots as functions of the V0 and W0 parameters.
Figure 16(a) shows the result without a Breit–Wigner function in the fitting region of 40 > BK >

−300 MeV. In this fit, the enhanced deeply bound region is excluded. Figure 16(b) shows the result
including a Breit–Wigner function. The white asterisk shows that the χ2 minimum is found at
(V0, W0) = (−80, −40) MeV. The χ2 distributions are essentially the same. By considering the
χ2 distribution, the statistical uncertainties of V0 and W0 are estimated to be ±2 MeV. Moreover,
the systematic uncertainties, which are evaluated by changing the fitting range and comparing the
results with and without a Breit–Wigner function, as in Fig. 16(a) and (b), are ±5 MeV for V0 and
±10 MeV for W0. The optimum real potential, V0 = −80 MeV, corresponds to the “shallow” poten-
tial predicted by the chiral models as described in Sect. 1. On the other hand, the “deep” potential,
V0 ! −150 MeV, cannot reproduce the measured spectrum.

The peak position and width of the Breit–Wigner function are BK = 90 MeV and " = 100 MeV,
respectively. The statistical uncertainties on the peak position and decay width are less than ±10 MeV.
The production cross section of the Breit–Wigner component is obtained as dσ/d$ ∼ 80 µb sr−1,
where the statistical uncertainty is ±3 µb/sr. The systematic uncertainties calculated by changing the
fitting range are also less than ±10 MeV. By changing the branching ratio between the 1N and 2N
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Fig. 14. (a) Calculated spectra by the Green’s function method. The different colored lines correspond to the
different values of the ratio between the 1N and 2N absorption. The parameters of the potential depth are fixed
to the optimum values of (V0, W0) = (−80, −40) MeV. (b) Magnified view of (a) to see the small cross section
region. (c) Comparison between the measured spectrum and template fit result with different branching ratio
values. The black points with error bars display the measured spectrum. The dashed lines in different colors
show the fit results using different branching ratio values. Also in this fit, we fix the parameter of the potential
depth as (V0, W0) = (−80, −40) MeV.

Note that J-PARC E15 observed a significant event excess in the bound region as a long tail in
the semi-inclusive 3He(K−, n) spectrum [56]. The background level in that region was rather high
because of the background process K−“N” → π"+, "+ → π+n, which has a long tail up to
BK > 100 MeV. Based on the kinematics of the different beam momenta, this background process
does not contribute to our spectrum in the region BK > 100 MeV. Note that we also consider these
background processes of hyperon decays such as K−“N” → πY , Y → πp in the template-fit analysis
described above. Finally, we confirm that the contamination of the background in the deeply bound
region is negligibly small and the enhancement originates from the 12C(K−, p) reaction.

6. Discussion
6.1. Interpretation by changing the branching ratio of 1N and 2N absorptions
We change the branching ratio of the mesonic (1N absorption) and non-mesonic (2N absorption)
decays to reproduce the event excess in the deeply bound region. As described in Sect. 5.1, this
branching ratio affects the imaginary part of the K̄–nucleus potential. In the analysis performed so
far, we assumed the branching ratio as 80% (1N absorption) and 20% (2N absorption) based on the
previous data of the stopped K− reaction [25]. Figure 14(a) shows the spectra calculated by changing
the ratio between the 1N and 2N absorption processes. The parameters of the potential depth are
fixed to the optimum values of (V0, W0) = (−80, −40) MeV. Figure 14(b) shows a magnified view
for the BK > 0 MeV region. We find that the branching ratio does not significantly change the
spectrum in the BK < 50 MeV region. However, the spectrum in the deeply bound region is affected
as shown (Fig. 14(b)). The yield around the deeply bound region becomes larger when we assume
a larger branching ratio of the 2N absorption. Then, we perform a template fit by changing the
branching ratio while fixing the parameters of the potential depth as (V0, W0) = (−80, −40) MeV
(Fig. 14(c)). The event around the deeply bound region can be partly explained when the branching
ratio of the 2N absorption is large. However, even if we assume the extreme absorption ratio of
(1N : 2N) = (0% : 100%), we cannot reproduce the deeply bound region well, as shown by the red
dashed line.
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Fig. C.1. (a) Theoretical calculation with the optimum potential (V0, W0) = (−80, −40) MeV. The black line
displays the total spectrum. The solid lines in different colors show the subcomponents of the different proton
holes, 1s1/2 or 1p3/2, and kaonic orbital states, s or p. (b) Magnified view of (a) to see the small cross section
region.

Fig. D.1. Simulated missing-mass spectra of the 12C(K−, p) reaction for one-step two-nucleon absorption
processes plotted in the scale of BK ; p(measured) is the proton measured by our spectrometer.

section of these one-step two-nucleon absorption processes should be small because the incident K−

beam momentum of 1.8 GeV/c is much higher than the nucleon Fermi motion in 12C.

D2: Two-step three-nucleon absorption: K−“N” → K−N, K−“NN” → Yp(measured)

We discuss the possibility of the two-step three-nucleon absorption processes K−“N” → K−N ,
K−“NN” → Yp(measured). In this reaction, the scattered K− at the first step is absorbed by two
nucleons, and a Yp pair is produced via absorption. Figure D.3 shows the simulated correlation plots
between the binding energy (BK ) and K− recoil momentum at the first-step reaction. The black (green)
boxes in Fig. D.3(a) show the case of K−“N” → K−N , K−“NN” → !p(measured)("p(measured)).
Also, the magenta boxes in this figure show the correlation of the two-step two nucleon absorption
process of K−“N” → K−N , K−“p” → K−p(measured). We also evaluate the case in which the
measured proton is produced from the hyperon decay K−“N” → K−N , K−“NN” → Yp, Y →
p(measured)π . These spectra are displayed by red and blue boxes in Fig. D.3(b), where Y is! and ",
respectively.

31/34

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2020/12/123D

01/5904281 by Kyoto D
aigaku Johogakukenkyuka Tosho user on 07 M

ay 2021



19

PTEP 2020, 123D01 Y. Ichikawa et al.

Fig. 17. Schematic view of the excitation energy spectrum depending on the potential for the 12C(K−, p)

reaction. A green dashed line shows the schematic spectrum without any secondary interaction. The black line
shows the expected spectrum due to UK̄ . The component caused by the imaginary part WK̄ is shown by a red
hatched area. The red hatched area shows the component of the quasi-bound state of a Y ∗ nucleus in the deeply
bound region because of the attractive real potentials of VY ∗ , shown by a orange filled area.

→ K−p(measured), K−N → !(1405). There might also exist a "(1385)-nucleus because there
should be an attraction in the interaction between a decuplet baryon and nucleon [63]. Moreover,
the “Y ∗ shift” observed in the inclusive d(π+, K+) spectrum by J-PARC E27 could be a hint of a
Y ∗-nucleus state [64].

Next, we discuss the relationship between the interpretation of the Y ∗-nucleus and the study of
kaonic-atom X-rays (see Sect. 1). In Ref. [23], Friedman and Gal produced the single K̄–nucleon
potential V (1)

K̄
based on the chiral unitary model. In addition, they considered a phenomenological

potential V (2)

K̄
, which corresponds to the potential for the two- (multi-)nucleon absorption process,

to explain the kaonic-atom X-ray data. The evaluated potential depths of V (1)

K̄
and V (2)

K̄
in this

theoretical analysis are −60 MeV and −140 MeV, respectively. In other words, the deep real potential
(V (2)

0K̄
= −140 MeV) is obtained for the two- (multi-)nucleon absorption process in Ref. [23]. Here,

we can conjecture that the Y ∗ doorway process, K−“p” → Y ∗, Y ∗“N” → YN is a key process to
derive the deep real potential for the two- (multi-)nucleon absorption in the stopped K− reaction.
This means that the strong attractive Y ∗-nucleus potential, VY ∗ , may be a basis for deriving the deep
V (2)

K̄
potential. Note that the Y ∗-nucleus potential, VY ∗ , cannot contribute to the single K̄–nucleon

potential V (1)

K̄
.

Finally, we mention the coincidence spectrum obtained by using the decay counter, KIC.
Figure 18(a) shows a comparison between the inclusive and coincidence spectra, shown respec-
tively by black and green lines. We request at least one charged particle hit in the up or down
segments for the coincidence spectrum, which is the same requirement as in KEK E548 [26]. We
check the distortion effect because of the coincidence requirement by evaluating the coincidence
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d(π+, K+) @1.69 GeV/c

PTEP 2014, 101D03 Y. Ichikawa et al.

(a) (b)

p++pÆK++S(1385)+
p++pÆK++L+p
p++pÆK++S+p

Fig. 2. (a) The missing-mass spectrum of the p(π+, K+) reaction in the "+(1385) mass region. The experi-
mental data are shown by black points with statistical errors. The spectrum was fitted with "(1385)+ (dashed
line), #π (dotted line), and "π (dot-dashed line) productions. (b) The differential cross sections of "+ pro-
duction at pπ+ = 1.69GeV/c. The present data and the referenced old data are shown by crosses with statistical
errors and open circles, respectively.

(a) (b)

Fig. 3. (a) The missing-mass spectrum (MMd ) of the d(π+, K+) reaction for the scattering angle from 2◦ to
16◦ (Lab) per 2 MeV/c2. The crosses and solid line show the experimental data and the simulated spectrum,
respectively. The result of the Y ∗ peak fitting is also shown with a dashed red line for the experimental data. (b)
The missing-mass spectrum (MMd ) in the 2.09 to 2.17 GeV/c2 region for the forward scattering angle from 2◦

to 8◦ (Lab) per 0.5 MeV/c2, which is shown by crosses. The fitting results are shown by solid and dashed lines
(χ2/ndf = 1.11). See details in the text.

we can find three major structures in the spectrum: quasi-free # component from the reaction (1),
quasi-free " component from the reaction (2), and quasi-free Y ∗ component from the reactions (3),
(4). The non-resonant phase space component from the reaction (5) constitutes a broad structure
under the quasi-free Y ∗ bump.

We made an attempt to reproduce the double differential cross section d2σ̄/d&/dM with a sim-
ulation by using the cross sections dσ/d& of each reaction obtained in the past experiments with
a smearing by the nucleon Fermi motion in a deuteron. Here, we used a deuteron wave-function
derived from the Bonn potential [20]. For the π+ + “n” reactions, we used the cross sections and
angular distributions of π− + p reactions in Ref. [9], assuming isospin symmetry. For the π+ + “p”
reactions, we used the values in Ref. [11,12].
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Fig. 17. Schematic view of the excitation energy spectrum depending on the potential for the 12C(K−, p)

reaction. A green dashed line shows the schematic spectrum without any secondary interaction. The black line
shows the expected spectrum due to UK̄ . The component caused by the imaginary part WK̄ is shown by a red
hatched area. The red hatched area shows the component of the quasi-bound state of a Y ∗ nucleus in the deeply
bound region because of the attractive real potentials of VY ∗ , shown by a orange filled area.

→ K−p(measured), K−N → !(1405). There might also exist a "(1385)-nucleus because there
should be an attraction in the interaction between a decuplet baryon and nucleon [63]. Moreover,
the “Y ∗ shift” observed in the inclusive d(π+, K+) spectrum by J-PARC E27 could be a hint of a
Y ∗-nucleus state [64].

Next, we discuss the relationship between the interpretation of the Y ∗-nucleus and the study of
kaonic-atom X-rays (see Sect. 1). In Ref. [23], Friedman and Gal produced the single K̄–nucleon
potential V (1)

K̄
based on the chiral unitary model. In addition, they considered a phenomenological

potential V (2)

K̄
, which corresponds to the potential for the two- (multi-)nucleon absorption process,

to explain the kaonic-atom X-ray data. The evaluated potential depths of V (1)

K̄
and V (2)

K̄
in this

theoretical analysis are −60 MeV and −140 MeV, respectively. In other words, the deep real potential
(V (2)

0K̄
= −140 MeV) is obtained for the two- (multi-)nucleon absorption process in Ref. [23]. Here,

we can conjecture that the Y ∗ doorway process, K−“p” → Y ∗, Y ∗“N” → YN is a key process to
derive the deep real potential for the two- (multi-)nucleon absorption in the stopped K− reaction.
This means that the strong attractive Y ∗-nucleus potential, VY ∗ , may be a basis for deriving the deep
V (2)

K̄
potential. Note that the Y ∗-nucleus potential, VY ∗ , cannot contribute to the single K̄–nucleon

potential V (1)

K̄
.

Finally, we mention the coincidence spectrum obtained by using the decay counter, KIC.
Figure 18(a) shows a comparison between the inclusive and coincidence spectra, shown respec-
tively by black and green lines. We request at least one charged particle hit in the up or down
segments for the coincidence spectrum, which is the same requirement as in KEK E548 [26]. We
check the distortion effect because of the coincidence requirement by evaluating the coincidence
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FIG. 3. (color online) Distributions of (a) mR0 of 3He(K−,π−pp)R0 (the same as Fig. 1-(b)), (b) mR− of 3He(K−, pp)R−,
and (c) l(x). For the mR0 and mR− spectra, l(x) < 30 was selected. These three distributions were simultaneously fitted
by simulated spectra shown by colored lines. The fitting chi-square and number of degrees of freedom were 917 and 506,
respectively. For mesonic (YNN + π), the final states all of possible charged states and combinations were summed.
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FIG. 4. (color online) 2D plot on the mX and qX plane after
acceptance correction. The black dotted line shows the kine-
matical limit of the reaction. The vertical gray dotted line
and blue dotted curve are MK̄NN and MF (q), respectively.
The gray hatched regions indicate where the experimental ef-
ficiency is < 0.5%.

The events density, represented by a color code, is given
in units of the double differential cross-section:

d2σ

dmX dqX
=

N(mX , qX)

ε(mX , qX)

1

∆mX

1

∆qX

1

L
, (6)

where N(mX , qX) is the obtained event number in
∆mX = 10 MeV/c2 and ∆qX = 20 MeV/c (bin widths
of mX and qX , respectively). L is the integrated lumi-
nosity, evaluated to be 2.89±0.01 nb−1. ε(mX , qX) is the

experimental efficiency, which is quite smooth, as shown
in Fig. 5-(a), around all the events-concentrating regions
of Fig. 4.
After the acceptance correction, if no intermediate

state, such asX , exists in the K−+ 3He → Λpn reaction,
then the event distribution will simply follow the Λpn
phase space ρ(mX , qX) without having a specific form-
factor as given in Fig. 5-(b). In contrast to the data in
Fig. 4, ρ(mX , qX) is smooth for the entire kinematically
allowed region.
To account for the observed event distribution, three

physical processes were introduced as in Ref. [24]. Details
of the physical processes, the formulation of each fitting
function, and the fitting procedures are described in the
following sections.

D. 2D model fitting functions

We considered the following three processes: K) the
K̄NN bound state, F ) the non-mesonic quasi-free kaon
absorption (QFK̄-abs) process, and B) a broad distribu-
tion covering the whole kinematically allowed region of
the Λpn final state. To decompose those processes, we
conducted 2D fitting for the event distribution.
The production yields of these three processes

(Fi(mX , qX) for i = K,F,B) observed in the Λpn fi-
nal state should be proportional to the Λpn phase space
ρ(mX , qX). Thus, Fi(mX , qX) can be described as the
product of ρ(mX , qX) and specific spectral terms for the
i-th process of a component fi(mX , qX), as

Fi(mX , qX) = ρ(mX , qX)fi(mX , qX). (7)

Figure 6 shows typical 2D distributions of fi(mX , qX)
for the three processes. All the parameters of the fitting
functions described below are fixed to the final fitting
values.
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FIG. 10. (color online) mX spectra for various intervals of
qX : (a) qX ≤ 0.3 GeV/c, (b) 0.3 < qX ≤ 0.6 GeV/c, (c)
0.6 < qX ≤ 0.9 GeV/c, and (d) 0.9 GeV/c < qX . The dotted
lines correspond to the mX-slice regions given in Fig. 11.

tively similar (see Figs. 7-(b) and 9). As expected, the
K̄NN formation signal is clearly seen in Fig. 10-(b) in the
mX spectrum, and in Fig. 11-(b) in the qX spectrum.

At the lowest qX region of the mX spectrum in Fig. 10-
(a), the spectrum is confined in a medium mass region
due to the kinematical boundary (see Fig. 4 and Fig. 5).
In this region, the backward K̄ part of the QFK̄-abs pro-
cess K−+N → K̄+n becomes dominant. In Fig. 10-(b),
the K̄NN formation signal is dominant and contributions
from other processes, in particular the QFK̄-abs process,
are relatively suppressed. In the relatively large qX re-
gion in Fig. 10-(c), the broad component becomes dom-
inant, while the K̄NN formation signal becomes weaker.
At an even larger qX region in Fig. 10-(d), the forward
K̄ part of the QFK̄-abs process becomes large, which dis-
tributes to the large mX side. This events concentration
may partially arise from direct K− absorption on two
protons in 3He (2NA), but the width is too great to be
explained by the Fermi motion. Therefore, it is difficult
to interpret 2NA as the dominant process of this events
concentration. In this qX region, there is also a large
contribution from the broad component.

Figure 11 shows the qX spectra sliced on mX . Fig-
ure 11-(a) shows the region below the K̄NN formation
signal where the broad distribution is dominant, having
small leakage from the signal. As shown in the spec-
trum, the broad distribution has no clear structure and
has a larger yield at a higher qX region than at a lower
qX region. Figure 11-(b) shows the K̄NN formation sig-
nal region, in which the events clearly concentrate at the
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FIG. 11. (color online) qX spectra for various intervals of mX :
(a) mX ≤ 2.27 GeV/c2, (b) 2.27 < mX ≤ 2.37 GeV/c2, (c)
2.37 < mX ≤ 2.6 GeV/c2, and (d) 2.6 GeV/c2 < mX , with
the fitting results shown as colored lines. The dotted lines
correspond to the qX -slice regions given in Fig. 10.

lower qX side. In Fig. 11-(c), we can see the backward
K̄ part of the QFK̄-abs process, together with the leakage
from the signal and broad distribution. In contrast to
K̄NN , the QFK̄-abs process even more strongly concen-
trates in the lower qX region (neutron is emitted to the
very forward direction). To compare the qX dependence
with that of the K̄NN formation process, we formulated
our model fitting function for the forward K̄ QFK̄-abs
process to have a Gaussian form (see Eq. 10). The qX
spectrum at the highest mX region is given in Fig. 11-
(d). The major components are the broad distribution
and the forward K̄ part of the QFK̄-abs process. The
centroid of the event concentration locates at an incident
kaon momentum of 1 GeV/c, but the width in q is again
too great to interpret it as being due to the 2NA reaction.
Thus, the 2NA process would be rather small in the case
of the Λpn final state of the present reaction.

To check the Σ0pn contamination effect in the present
fitting, we divided Fig. 10-(b) into two regions for mR0 ≤
mn andmR0 > mn, as shown in Fig. 12. The figure shows
that the spectra are consistent with the Σ0pn final state
distribution in Fig. 3-(a), i.e., that the K̄NN → Σ0p con-
tribution exists only on the mR0 > mn side. As shown
in the figure, the mX spectrum of Fig. 12-(b) below the
mass threshold ofMK̄NN is slightly wider and deeper than
that of Fig. 12-(a) in both the data and total fitting func-
tion, as expected, due to the presence of Σ0pn contami-
nation.

Coincidence: K-pp→Λp

T. Yamaga et al., Phy. Rev. C102 (2020) 044002.



E15  fitting result

BK=42±3 +3/-4 MeV,  
Γ=100±7+19/-9 MeV

σtot•BRΛp=9.3±0.8+1.4/-1.0 µb

BRΛp/BRΣ0p~1.7
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Summary 1
•  Inclusive Spectra : 

• 12C(K-, p) measured in E05 for the first time.
• (V0, W0)=(-80, -40) MeV

• (K-,N) semi-inclusive (not inclusive) E548(p/n) and E15(n)
• A tail in the bound region. Consistent with E05 and Theory

• →A bound state but broad.
• →Should have a large cross section ~ as QF KN

• E27: d(π+,K+) ; QF Λ* production → 30 MeV shift
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Summary 2

• Coincidence Spectra : 
• E27: d(π+,K+pp); B=95+18/-17 MeV, Γ=162+87/-45 MeV

• Λ(1405)p bound state ?
• E15: 3He(K-, Λp)n; B=42±3 MeV, Γ=100±7 MeV,  

    σ•BR=9.3±0.8 μb
• →Small fraction of Inclusive production cross section 

      10 µb  <  1mb  
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E05 - E15 – E27

E05 
E15

28

QF-K

QF-K QF-Λ*

K-pp 
QF-Λ* DB-Λ*

DB-Λ*

E05 (K,p) 
Inclusive

E27 (π,K) 
Inclusive

E15: Λp

• E05 (K,p) ; QF-K incl. + QF-Λ* Incl. +DB-Λ* Incl.  
～E15 (K,n) semi-incl.　(background limited)  

• E27 (π,K) ; QF-Λ* Incl.+DB-Λ* (Σ0p decay) 
• E15 (K,Λp)n ; QF-K + QF Λ*

Λ*p→Λp
Kpp→Λp

QF-Σ




