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CLUSTERS AT HADRON LEVEL

Hadrons = Clusters of Quarks 

No single quark in vacuum : quark has color          Quark Confinement 

No (qq) cluster in vacuum ⇔  di-quark cluster in qqq, … 

Baryons (qqq) + Mesons (q ) 

But why not qq ,   qqqq  at quark level   : Exotic Hadrons 

Recent observations of Pc, X(3872), d*(2380), etc. 

We can have “Hadron Clusters” as bound states of hadrons
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

to form bound states [29–31]. The masses of the Pc(4312)+ and Pc(4457)+ states are
approximately 5MeV and 2MeV below the ⌃+

c D
0 and ⌃+

c D
⇤0 thresholds, respectively, as

illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [32–34] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [29–31] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].
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Table 1: Summary of P+
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV ] � [MeV ] (95% CL) R [%]

Pc(4312)+ 4311.9± 0.7+6.8
�0.6 9.8± 2.7+ 3.7

� 4.5 (< 27) 0.30± 0.07+0.34
�0.09

Pc(4440)+ 4440.3± 1.3+4.1
�4.7 20.6± 4.9+ 8.7

�10.1 (< 49) 1.11± 0.33+0.22
�0.10

Pc(4457)+ 4457.3± 0.6+4.1
�1.7 6.4± 2.0+ 5.7

� 1.9 (< 20) 0.53± 0.16+0.15
�0.13

state are taken to be the largest deviations observed among all fits. These include the fits
to all three versions of the mJ/ p distribution, each configuration of the P+

c interference,
all variations of the background model, and each of the additional fits just described. The
masses, widths, and the relative contributions (R values) of the three narrow P+

c states,
including all systematic uncertainties, are given in Table 1.

To obtain estimates of the relative contributions of the P+
c states, the ⇤0

b candidates
are weighted by the inverse of the reconstruction e�ciency, which is parametrized in
all six dimensions of the ⇤0

b decay phase-space (Eq. (68) in the Supplemental Material
to Ref. [26]). The e�ciency-weighted mJ/ p distribution, without the mKp > 1.9GeV
requirement, is fit to determine the P+

c contributions, which are then divided by the
e�ciency-corrected and background-subtracted ⇤0

b yields. This method makes the re-
sults independent of the unknown quantum numbers and helicity structure of the P+

c

production and decay. Unfortunately, this approach also su↵ers from large ⇤⇤ back-
grounds and from sizable fluctuations in the low-e�ciency regions. In these fits, the
P+
c terms are added incoherently, absorbing any interference e↵ects, which can be large

(see, e.g., Fig. S2 in the Supplemental Material), into the BW amplitudes. Therefore,
the R ⌘ B(⇤0

b ! P+
c K�)B(P+

c ! J/ p)/B(⇤0
b ! J/ pK�) values reported for each P+

c

state di↵er from the fit fractions typically reported in amplitude analyses, since R includes
both the BW amplitude squared and all of its interference terms. Similar fit variations
are considered here as above, e.g., di↵erent background models and selection criteria are
all evaluated. The resulting systematic uncertainties on R are large, as shown in Table 1.

The narrow widths of the P+
c peaks make a compelling case for the bound-state

character of the observed states. However, it has been pointed out by many authors [16–19]
that peaking structures in this J/ p mass range can also be generated by triangle diagrams.
The Pc(4312)+ and Pc(4440)+ peaks are unlikely to arise from triangle diagrams, due to a
lack of any appropriate hadron-rescattering thresholds as discussed in more detail in the
Supplemental Material. The Pc(4457)+ peaks at the ⇤+

c (2595)D
0 threshold (JP = 1/2+

in S-wave) [18], and the Ds1(2860)� meson is a suitable candidate to be exchanged in the
corresponding triangle diagram. However, this triangle-diagram term does not describe
the data nearly as well as the BW does (Fig. S5 in the Supplemental Material [27]). This
possibility deserves more scrutiny within the amplitude-analysis approach.

Narrow P+
c states could arise by binding a narrow baryon with a narrow meson, where

the separation of c and c̄ into distinct confinement volumes provides a natural suppression
mechanism for the P+

c widths. The only narrow baryon-meson combinations with mass
thresholds in the appropriate mass range are p�cJ , ⇤+

c D̄
(⇤)0, and ⌃cD̄(⇤) (both ⌃+

c D̄
(⇤)0

and ⌃++
c D̄(⇤)� are possible, the threshold for the latter is about 5MeV higher than the

former). There is no known S-wave binding mechanism for p�cJ combinations [28] and
⇤+

c D̄
(⇤)0 interactions are expected to be repulsive, leaving only the ⌃cD̄(⇤) pairs expected
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Π (K) IN NUCLEI ⇔　∆ (Λ*） IN NUCLEI

πd

πNN

∆N NN

Kd

Kpp

Λ*N YN



Binding mechanism : Hadron-Hadron Interactions
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An event excess observed in the deeply bound
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We have measured, for the first time, the inclusive missing-mass spectrum of the
12C(K−, p) reaction at the incident kaon momentum of 1.8 GeV/c at the J-PARC K1.8
beam line. We observe a prominent quasi-elastic peak (K−p → K−p) in this spectrum.
In the quasi-elastic peak region, the effect of secondary interaction is apparently observed
as a peak shift, and the peak exhibits a tail in the bound region. We compare the spec-
trum with a theoretical calculation based on the Green’s function method, by assuming
different values of parameters for the K̄-nucleus optical potential. We find that the spec-
trum shape in the binding-energy region −300 MeV < BK < 40 MeV is best reproduced
with the potential depths V0 = −80 MeV (real part) and W0 = −40 MeV (imaginary
part). On the other hand, we observe a significant event excess in the deeply bound
region around BK ∼ 100 MeV, where the major decay channel of K−NN → πΣN is
energetically closed and the non-mesonic decay modes (K−NN → ΛN and ΣN) should
mainly contribute. The enhancement is well fitted by a Breit-Wigner function with a
kaon binding energy of 90 MeV and a width of 100 MeV. A possible interpretation is a
deeply bound state of a Y ∗-nucleus system.

c© The Author(s) 2012. Published by Oxford University Press on behalf of the Physical Society of Japan.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License

(http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 2 Schematic view of the experimental setup.

will be reported elsewhere. For calibration purposes, 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 K+ beam and 1.2,

1.35, 1.5, 1.8, and 2.0 GeV/c using K− beam, respectively. The typical K− beam intensity

was about 6× 105 per accelerator cycle of 5.5 s with a typical K−/π− ratio of about 0.8 and

a beam spill length of about 2 seconds.

Figure 2 shows a schematic view of the experimental setup. The incident K− beam was

analyzed by a magnetic spectrometer called K1.8 beam line spectrometer [25]. The outgoing

particles such as K+ and proton were measured by the Superconducting Kaon Spectrometer

(SKS) [25] in the spectrometer configuration called SksMinus [26]. We set the SKS magnetic

field at 2.49 T to analyze outgoing K+ from the Ξ-hypernucleus production with a momen-

tum of about 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 proton from the kaonic nucleus production with a momen-

tum of about 2.2 GeV/c and scattering angle of θp < 5◦ at the same time. In this section,

details of the experimental setup are described.

2.1. K1.8 beam line 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 beam line.

The K1.8 beam line was designed to provide separated secondary particles with momenta up
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Fig. 4 (a) Typical time-of-flight, tofbeam, spectra of the incident beam particles. Each

spectrum indicates the time-of-flight according to different selection criteria. (b) Typical

squared mass, M2
scat, distribution of the outgoing particles. See details in the text.

from background events. We require that all counters give good signals, and the beam K−

and the outgoing proton are roughly selected. Next, the momentum reconstruction for the

beam and outgoing particles is performed. After the momentum reconstruction, we identify

the outgoing proton by the time-of-flight in combination with the reconstructed flight path

and momentum. Moreover, we reconstruct the vertex point and the scattering angle of the

(K−, p) reaction in order to eliminate the background events not originating from the target.

Then, the final candidate events are chosen to calculate the missing mass.

The beam K− was roughly selected by requiring the anti-coincidence of the BAC’s as

BH2 × (BAC1 || BAC2) at the trigger level. In the offline analysis, the K− is identified by

requiring no TDC hit of the BAC’s within the time window as narrow as 10 ns to reduce

the number of K− beam events vetoed by accidental pions. Moreover, the information of

time-of-flight, tofbeam, between BH1 and BH2 with the flight path of 10.4 m is also used for

the K− selection.

Figure 4 (a) shows typical time-of-flight spectra. The black spectrum indicates the raw

time-of-flight obtained by requiring only the hits of BH1 and BH2. The time offset is adjusted

to tofbeam = 0 for the pion beam. The red and blue spectra are the ones obtained with the

BAC selection at the trigger and offline levels, respectively. The time window for the K−

selection, −3 < tofbeam < −0.62 ns, is also shown by the green lines. The lower limit is

loosely set because there is no background contribution. On the other hand, a stricter upper

limit, corresponding to +3σ, is set in order to avoid the background due to the remaining

pions in the beam, even though almost all of the pion component is suppressed by the BAC

selection. Actually, the pion contamination after the K− beam selection is negligibly small

as shown by the blue distribution.

The beam momentum is reconstructed by using the information of particle trajectories

detected by BFT and BCs. We call this procedure K1.8 tracking, whose details are described

in Ref. [29]. The horizontal hit position upstream of the QQDQQ magnets was measured by

the BFT. We select good BFT hits with a time window of ±4 ns with respect to beam timing

measured by BH2. Moreover, the hit position matching with the BH1 hit segment is addition-

ally required in order to suppress accidental hits. The particle trajectories at the downstream

of the magnets are reconstructed from a local track of BCs, which is determined by a linear

least-squares fitting. We also require the consistency between the reconstructed trajectory
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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 indicate the situations

at pK− = 1.8 GeV/c for J-PARC E05 and 1.0 GeV/c for KEK E548, respectively.

The present measurement is similar to the KEK E548 one. We have measured the inclusive

missing mass spectrum of the 12C(K−, p) reaction at pK− = 1.8 GeV/c at the J-PARC K1.8

beam line. In this beam momentum, the momentum of outgoing proton from the kaonic-

nucleus production is considered to be about 2.2 GeV/c at very forward angle of θp < 5◦.

A major difference from the KEK E548 is that we simply required an outgoing proton in

the forward direction in order to measure an inclusive spectrum. Another difference is the

momentum of the incident kaon. In KEK E548, it was 1.0 GeV/c, while it is 1.8 GeV/c in

the present measurement. The kaon elastic-scattering cross section has a maximum at 1.0

GeV/c and it monotonically decreases down to 1.8 GeV/c. The maximum is due to 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 almost the same. Moreover, they are comparable with the Fermi momentum in 12C (!
300 MeV/c) as shown in Fig. 1. Therefore, the difference of missing-mass spectrum for each

incident beam momentum should be restrictive. A further difference is the missing-mass

resolution of the detector system. It is 4.2 MeV in σ, which is a great improvement with

respect to 10 MeV in KEK E548. By considering the large widths generally observed for the

K−pp, the present missing-mass resolution would be enough to observe the peak structure.

2. Experimental setup

The experiment was performed as a by-product of the J-PARC E05 pilot run, which aimed

to search for a Ξ-hypernucleus by using the 12C(K−,K+) reaction. The pilot run was carried

out at the K1.8 beam line of the J-PARC hadron experimental facility from 26th October

to 19th November, 2015.

A carbon graphite target of 9.364 g/cm2 thickness was irradiated with 84.9× 109 K−

of 1.8 GeV/c momentum. This beam momentum was chosen by considering the maximum

elementary cross section of the p(K−,K+)Ξ− reaction to search for the Ξ-hypernucleus.

Furthermore, we took data on 9.538 g/cm2-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 of 1.8 GeV/c. The results obtained by using the other momenta
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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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COMPARISON WITH 
INCLUSIVE (K-,N) SPECTRA

July 2007 Letters 183

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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forward scattering angle range of 3.5◦ < θKp(Lab) < 4.5◦ is selected. The measured dou-

ble differential cross section is shown by the black points with statistical error bars. The

template-fit results are shown by different colors. The K−“p” → K−p quasi-elastic compo-

nent, calculated by the Green function method, is shown by the green dotted line. In this fit,

we do not include secondary interactions inside the target nucleus. See details in the text.

by the green dotted line in Fig. 8. This peak has a width of 7.1 MeV/c2 (σ), from which the

missing mass resolution of the 12C(K−, p) reaction is estimated to be 4.2 MeV (σ) around

the threshold (BK ∼ 0 MeV). The differential cross section of the elastic scattering is derived

by integrating the green dotted line and the obtained values for various scattering angles

are shown by the magenta points with statistical error bars in Fig. 9. In this figure, the

differential cross sections measured by the previous experiments [37–40] are also shown by

other colors. The evaluated differential cross section is also listed up in Appendix. A. We

observe a reasonable agreement with the past results, even though the statistical precision

of the past data is not so high.

Next, we show the 12C(K−, p) spectrum at pK− = 1.8 GeV/c as a function of the K−-

binding energy, BK (Fig. 10). The measured spectrum is shown by the black points with

statistical error bars. The systematic uncertainty of the binding energy around the the

threshold (BK ∼ 0 MeV) is estimated to be 0.3 MeV as described in Sec. 3.2. We selected

the forward scattering angle range 3.5◦ < θKp(Lab) < 4.5◦ in this analysis. We compare the

spectrum with the template for the quasi-free elastic K−p scattering without secondary

interactions inside the target nucleus 2. The quasi-elastic component is displayed by a green

dotted line (K−“p” (QF-Elastic)) in Fig. 10. We also consider inelastic processes in quasi-free

K−+“p” reactions which can be estimated by our K− + p data shown in Fig. 8. The cross

2 The template for the quasi-free elastic K−p scattering without secondary interactions is derived
by using the Green’s function method with the set of parameters V0 (real part) = W0 (imaginary
part) = 0 MeV. Details of the calculation method are described in Sec. 5.1.
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Fig. 11 Comparison between the measured spectrum and the template fit with differ-

ent optical potentials. The measured spectrum is displayed by black points with error

bars. The fit results using different potential depth of the real part (V0) are shown by

the dashed lines in different colors. The imaginary part is fixed to be 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.

the present framework. Figure. 11 (c) and (d) show the template-fit results with very deep

real potentials, V0 = −200,−250, and −300 MeV. When we adopt such deep potentials, the

yield around the deeply bound region becomes larger as the measured spectrum. However,

such deep potentials can hardly reproduce the shallow bound region BK ∼ 0 MeV and quasi-

elastic region BK ∼ −50 MeV. Consequently, it is difficult to reproduce the deeply bound,

shallow bound, and unbound regions at the same time with the present framework. In the

calculation with very deep real potential, structures due to the quasi-bound states of kaonic

nucleus appear because of the energy dependence of the imaginary potential via fphase(E)

in Eq. (23).

We checked the background due to particle misidentification of the (K−, p) reaction in

order to confirm the enhancement in the deeply bound region. In Fig. 12 (a), the two-

dimensional plot between the K− binding energy, BK , and the time-of-flight, tofbeam, of the

incident beam particle is shown. Figure 12 (b) shows the tofbeam spectrum when we choose

the bound region, BK > 0 MeV. The time window for the K− beam selection, −3 < tofbeam
< −0.62 ns, is also displayed by the black lines. The background π− beam contamination
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regions, and we can also perform the summation of the kaon final states without assuming

the existence of discrete kaon bound states, which could disappear in the case of the strongly

absorptive optical potential.

As for the kaon-nucleus interaction, we parametrize the optical potential in the following

form,

U(r, E) = (V0 + iW0fphase(E))
ρ(r)

ρ(0)
, (23)

and we introduce V0 andW0 which indicate the strength of the optical potential at the nuclear

center to analyze the experimental data and to obtain new information on kaon-nucleus inter-

action. We use the same functional form as in Eq. (19) for the density distribution ρ(r) in

Eq. (23) and we keep the same distributions for proton and neutron. The point nucleon

density distributions are deduced from ρ(r) in Eq. (19) by using the same prescription

described in Ref. [48] and they are used to evaluate the kaon-nucleus optical potential. It

should be noted that the imaginary part of the optical potential has an energy dependence

via fphase(E) in the present calculation [41, 49]. Since the imaginary part of the potential

describes the absorption of mesons followed by decay processes, such as K̄ +N → π + Y and

K̄ +N +N → Y +N , its energy dependence can be evaluated, as a first approximation, by

the phase space volume of the decay processes. We consider here two kinds of decay pro-

cesses, mesonic decay K̄ +N → π + Y and non-mesonic decay K̄ +N +N → Y +N , and

we introduce the energy dependence in the imaginary part by assuming the same depen-

dence as the phase volume of each process. We also assume here that the branching ratios

of mesonic (1N absorption) and non-mesonic (2N absorption) decays are 80% and 20%,

respectively, by referring to the data of stopped K− reaction [22].

5.2. Comparison with the theoretical spectrum

We compare the measured and the theoretical spectra to search for the optimum param-

eters of the optical potential between K̄ and the residual nucleus. Figure 11 shows a

comparison between the present data and the templates obtained by changing the opti-

cal potential parameters. The measured spectrum is displayed by black points with error

bars. In Fig. 11 (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, sitting at BK ∼ −50 MeV, and the yield

ratio between the unbound (BK < 0) and the bound (BK > 0) regions strongly depend

on V0. As shown in Fig. 11 (a), the measured spectrum is reasonably reproduced with

the potential depth V0 = −80 MeV. A detailed comparison between measured spectrum

and template fit with various K̄-nucleus potentials is shown in Appendix. B. 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 Γ = 53 MeV, respectively. Details of the

calculated spectrum with the optimum potential parameters are described in Appendix C.

On the other hand, when we look carefully around the deeply bound region BK ∼ 100 MeV,

we find a significant enhancement in the measured spectrum from the fit result as seen in

Fig. 11 (b) and in the middle and right figures of Fig. 18 and 19. We need to adopt much

deeper real potential so as to reproduce the strength around the deeply bound region with
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Fig. 13 (a) Calculated spectra by Green’s function method. The different colored lines

correspond to 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 the template fit result with different branching ratio values. The

measured spectrum is displayed by black points with error bars. The fit results using different

branching ratio values are shown by dashed lines in different colors. Also in this fit, we fix

the parameter of the potential depth as (V0,W0) = (−80,−40) MeV.

described in Sec. 5.1, this branching ratio affects the imaginary part of the K̄-nucleus poten-

tial. 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 [22]. In

Fig. 13 (a), the spectra calculated by changing the ratio between the 1N and 2N absorption

processes are shown in different colors. The parameters of the potential depth are fixed to

the optimum values of (V0,W0) = (−80,−40) MeV. A magnified view for the BK > 0 MeV

region is shown in Fig. 13 (b). We find that the branching ratio does not significantly change

the spectrum in the region of BK < 50 MeV. On the other hand, the spectrum in the deeply

bound region is affected as shown in Fig. 13 (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 as shown in Fig. 13 (c). As it can be seen

in this figure, 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.

Moreover, we also examine other background processes of one-step two-nucleon absorption

and two-step three-nucleon absorption. The details are described in Appendix. D. Similar

discussions are also given in Ref. [51]. We found that these background processes are not

able to explain the enhancement in the deeply bound region, neither.

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
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Fig. 13 (a) Calculated spectra by Green’s function method. The different colored lines

correspond to 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 the template fit result with different branching ratio values. The

measured spectrum is displayed by black points with error bars. The fit results using different

branching ratio values are shown by dashed lines in different colors. Also in this fit, we fix

the parameter of the potential depth as (V0,W0) = (−80,−40) MeV.

described in Sec. 5.1, this branching ratio affects the imaginary part of the K̄-nucleus poten-

tial. 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 [22]. In

Fig. 13 (a), the spectra calculated by changing the ratio between the 1N and 2N absorption

processes are shown in different colors. The parameters of the potential depth are fixed to

the optimum values of (V0,W0) = (−80,−40) MeV. A magnified view for the BK > 0 MeV

region is shown in Fig. 13 (b). We find that the branching ratio does not significantly change

the spectrum in the region of BK < 50 MeV. On the other hand, the spectrum in the deeply

bound region is affected as shown in Fig. 13 (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 as shown in Fig. 13 (c). As it can be seen

in this figure, 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.

Moreover, we also examine other background processes of one-step two-nucleon absorption

and two-step three-nucleon absorption. The details are described in Appendix. D. Similar

discussions are also given in Ref. [51]. We found that these background processes are not

able to explain the enhancement in the deeply bound region, neither.

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
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Fig. 13 (a) Calculated spectra by Green’s function method. The different colored lines

correspond to 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 the template fit result with different branching ratio values. The

measured spectrum is displayed by black points with error bars. The fit results using different

branching ratio values are shown by dashed lines in different colors. Also in this fit, we fix

the parameter of the potential depth as (V0,W0) = (−80,−40) MeV.

described in Sec. 5.1, this branching ratio affects the imaginary part of the K̄-nucleus poten-

tial. 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 [22]. In

Fig. 13 (a), the spectra calculated by changing the ratio between the 1N and 2N absorption

processes are shown in different colors. The parameters of the potential depth are fixed to

the optimum values of (V0,W0) = (−80,−40) MeV. A magnified view for the BK > 0 MeV

region is shown in Fig. 13 (b). We find that the branching ratio does not significantly change

the spectrum in the region of BK < 50 MeV. On the other hand, the spectrum in the deeply

bound region is affected as shown in Fig. 13 (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 as shown in Fig. 13 (c). As it can be seen

in this figure, 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.

Moreover, we also examine other background processes of one-step two-nucleon absorption

and two-step three-nucleon absorption. The details are described in Appendix. D. Similar

discussions are also given in Ref. [51]. We found that these background processes are not

able to explain the enhancement in the deeply bound region, neither.

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
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Fig. 14 (a) Template fit result by adding a Breit-Wigner function. The Breit-Wigner

component is displayed by an orange hatched spectrum. The green dotted 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. 10. (b) The magnified view of (a) for the small

cross-section region.

 [MeV]0-V
0 20 40 60 80 100 120 140

 [
M

e
V

]
0

-W

20

30

40

50

60

70

80

2000

4000

6000

8000

10000

12000

(a)

 [MeV]0-V
0 20 40 60 80 100 120 140

 [
M

e
V

]
0

-W

20

30

40

50

60

70

80

2000

4000

6000

8000

10000

12000

(b)

Fig. 15 Two dimensional χ2 plots as a function of the V0 and W0 parameters. The

parameter set giving the minimum χ2 is shown by white asterisk. (a) Two dimensional χ2

distribution without Breit-Wigner function. In this fit, we choose the fitting region 40 >

BK > −300 MeV to exclude the event excess region. (b) Two dimensional χ2 distribution

with a Breit-Wigner function. In this fit, the fitting region is 300 > BK > −300 MeV.

reproduce the measured spectrum. The fitting result is shown in Fig. 14, where the Breit-

Wigner component is displayed by the orange hatched spectrum. The green dotted line shows

the theoretical calculation with the optimum parameter set.

Figure 15 shows the two dimensional χ2 plots as a function of the V0 and W0 parameters.

In Fig. 15 (a), the result without a Breit-Wigner function in the fitting region of 40 >

BK > −300 MeV is shown; in this fit, the enhanced deeply bound region is excluded. In

Fig. 15 (b), the result including a Breit-Wigner function is shown. The χ2 minimum is

found at (V0,W0) = (−80,−40) MeV as shown by white asterisk. The χ2 distributions are
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Fig. 16 Schematic view of the excitation energy spectrum depending on the potential

for the 12C(K−, p) reaction. The schematic spectrum without any secondary interaction is

shown by a green dashed line. The expected spectrum due to UK̄ is shown by a black line.

The component caused by the imaginary part WK̄ is shown by a red hatched area. The

component of the quasi bound state of a Y ∗ nucleus in the deeply bound region, which is

due to the attractive real potentials of VY ∗ , is shown by a orange filled area.

interaction between a decuplet baryon and a nucleon is expected to be attractive [56]. More-

over, the “Y ∗ shift”, observed in the inclusive d(π+,K+) spectrum by J-PARC E27, may be

a hint of a Y ∗-nucleus state [57].

Next, we discuss the relationship between interpretation of the Y ∗-nucleus and the study

of kaonic-atom X-rays (see Sec. 1). It is interesting that the “deep” potential is derived by

adding a phenomenological potential V (2)
K̄

, corresponding to the two(multi)-nucleon absorp-

tion term, to the single nucleon absorption term V (1)
K̄

in Ref. [20]. The real part of the

potential depths V (1)
K̄

, and V (2)
K̄

, turned out to be −60 and −140 MeV, respectively. These

values were evaluated by using the data on kaonic atoms [20]. The potential V (2)
K̄

in Ref. [20]

has some relation with the VY ∗ in our interpretation. It is natural to conjecture that a Y ∗

door-way process as K−“p” → Y ∗, Y ∗ “N” → Y N plays an important role to produce the

“deep” V (2)
K̄

potential in the two(multi)-nucleon absorption.

Finally, we mention the coincidence spectrum obtained by using the decay counter, KIC.

Figure 17 (a) shows comparison between the inclusive and coincidence spectra shown by

black and green lines, respectively. We request at least one charged particle hit in the up
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BK=90 MeV, Γ=100 MeV
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Fig. 20 (a) Theoretical calculation with the optimum potential (V0, W0) = (−80,−40)

MeV. The total spectrum is displayed by a black line. The subcomponents of the different

proton holes, 1s1/2 or 1p3/2, and kaonic orbital states, s or p, are shown by the solid lines in

different colors. (b) Magnified view of (a) to see the small cross section region.

Figure 20 shows the calculated spectrum with the optimum optical-potential (V0,W0) = (−80,−40)
MeV without introducing the experimental smearing of the energy resolution. The total spectrum is
displayed by a black line. Each subcomponent of the nucleon hole state is also shown by solid lines
in different colors. As shown by the red line, the K− quasi bound state corresponding to the kaon
s-state coupled with the proton hole of 1p3/2 state, the quasi-bound state exists at BK = 31 MeV
and Γ = 53 MeV.
On the other hand, the kaon p-state coupled with the proton hole 1p3/2 state, displayed by a green

line, is not bound and makes enhancement near the threshold energy. However, this enhancement
is smeared out when the experimental resolution of 4.2 MeV is taken into account. Note that the
main component of the bound region in the calculated spectrum is not a scattering state with the
absorption process caused by the imaginary part of the potential, but a nuclear bound state (real
part of the potential), while we cannot see it as a distinct peak due to its large decay width. The
contribution of the kaonic bound state is estimated to be ∼ 2% of the quasi-elastic component in our
theoretical model.

33/36

K escape

Suppress the K escaping part.
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K1.8	Beam	line	spectrometer
Hyperon	

Spectrometer

HypTPC
KURAMA

K⁻	beam K+

K- +12C→ p+ 11K-Be/11Λ*Be

Λ+p+X⇒
A-dep. of binding energy 

Decay modes

Beyond E05



Ξ-CLUSTER

15 B01 / T. Nagae

J-PARC E05 by S. Kanatsuki
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S=-2 EMULSION EVENTS KEK E373

Nagara : ΛΛ6He Kiso : Ξ15C
K. Nakazawa et al.,　PTEP33, D02（2015）H. Takahashi et al.,　PRL 87, 212502 (2001)
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NEW EVENTS IN E07

PTEP 2019, 021D02 H. Ekawa et al.

Fig. 2. A photograph of the MINO event and its schematic drawing. The overlaid photograph is made by
patching focused regions. Tracks #4, #5, #6, #8, and #9 are not fully shown in this photograph because these
tracks are too long to be presented.

Table 1. Ranges and angles of the tracks of the MINO event. The zenith and azimuthal angles are presented
in columns θ and φ.

Vertex Track ID Range [µm] θ [degree] φ [degree] Comment

A #1 2.1 ± 0.2 83.7 ± 8.9 256.1 ± 5.3 double-# hypernucleus
#3 17.5 ± 0.2 121.9 ± 1.9 48.2 ± 1.3
#4 65.7 ± 0.5 41.7 ± 1.7 166.7 ± 2.1

B #2 50.6 ± 0.3 90.2 ± 2.0 306.3 ± 1.3 single-# hypernucleus
#5 122.1 ± 0.2 61.4 ± 1.8 347.0 ± 1.5
#6 >23 170 106.2 ± 0.6 147.7 ± 0.4 stopped in the SSD

C #7 5.0 ± 0.2 31.1 ± 2.8 297.0 ± 4.0
#8 116.7 ± 0.2 100.3 ± 1.9 144.2 ± 1.3
#9 >7378 147.4 ± 0.3 355.7 ± 0.5 passed through the SSD

measured ranges and angles are summarized in Table 1. If the $− hyperon was captured in a heavy
nucleus such as Ag or Br, a short track like #3 with a range of less than 32 µm could not be emitted
due to the Coulomb barrier [2]. Therefore, we have concluded that the $− hyperon was captured in
a light nucleus such as 12C, 14N, or 16O. The particles of tracks #6 and #9 escaped from the module
into the downstream SSD after passing several emulsion sheets. These tracks could be connected to
the SSD by extrapolating the tracks at the exit point from the last emulsion sheet. The particle of
track #6 was found to be stopped in the fourth layer of the SSD and #9 penetrated all SSD layers.
The ranges of #6 and #9 in the SSD were 4500±200 µm and 2200±20 µm in emulsion equivalent,
respectively.

We began by checking vertex C. The coplanarity is defined as (−→r1 × −→r2 ) · −→r3 , where −→ri is a unit
vector of a track angle. Three charged particles were emitted with a coplanarity of 0.001 ± 0.043.
This shows that three particles were emitted in a plane; thus, neutron emission is unlikely. The
possibility of neutron emission is discussed at the end of this section. From all nuclide combinations
for both mesonic and non-mesonic decays of known single-# hypernuclei, possible decay modes
were selected using the following criteria. (1) An angular difference between #9 and the momentum
sum of #7 and #8 should be back-to-back with 3 σ confidence. (2) Momenta and energies should be

5/11
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J-PARC E70

Stage-2 approved for 12C target run 

Active fiber target (CH) 

∆E<2 MeV, > 100 peak counts 

With CD2 target, we could take 
 
d(K-,K+) (Ξ-n) data to search for (Ξ-n) .

S-2S magnets: QQD

Quadrupoles Q1 Q2
Field Gradient (T/m) 8.72 5.0

Weight (ton) 37 12

Aperture (cm) 31 36

Current (A) 2500 2500

Power (kW) 400     156

Dipole D1
Field Strength(T) 1.5

Weight (ton) 86

Pole Gap (cm2) 32×80
Current (A) 2500

Power (kW) 450

AC

SDC pins

in 2022
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Ξ-n BOUND STATE IN ESC08 MODEL
D* : a deuteron like state 

Ξ-n (3S1, I=1) 

BΞ=1.56 MeV ; UΞ=-7.0 MeV, ΓΞ=4.5 MeV 

Strong Tensor Force

M.M. Nagels et al., 
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ΛΛ ΞN ΛΣ ΣΣ

bound H unstable H

ΛΛ-Nuclei Ξ-Nuclei

Weak Decay

Energy Spectrum of　B=2,　S=-2　systems
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E05 ANALYSIS
n 12C(K-,K+) at 1.8 GeV/c

n 26-Oct-2015 ~ 19-Nov-2015

n K- intensity : 6x105 K- / spill 

n (5.52 seconds cycle) @ 39 kW

n 9.36 g/cm2 natC; 10 days

n 9.54 g/cm2 CH2; 2 days

n E05 Setup

n ∆Ω = 110 msr, ∆p/pSKS = 3 × 10-3.

n ∆E = 5.4 MeV(FWHM) for K-p→K+Ξ-.

n Best performance for the (K-,K+) reaction
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E05 : (K-, K+) ANAYSIS
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E05 : (K-, K+) ANAYSIS

Comparison with BNL E885 data with cross 
section basis. 

Please note that the BNL ∆E=14 MeV, so that 
an enhancement at 27 MeV was smeared out.
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THEORETICAL MODELS

ESC08c    v.s.   HAL QCD 

Lightest Ξ-hyper nucleus ?   NNNΞ

ESC08c HAL QCD

33S1 Attraction Weakly 
Attractive

13S1
Weakly 
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Weakly 
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11S0 Repulsive Attraction

31S0 Repulsive Weakly 
Repulsive
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FIG. 1: ΞN phase shifts in the 33S1, 13S1, 11S0 and 31S0 channels using (a) the ESC08c potential and (b) the HAL QCD potential (t/a = 12).

· [[ηt(12)η 1

2

(3)]t′η 1

2

(Ξ)]T,Tz

]

. (0.1)

Here A denotes anti-symmetrization operator for the nucle-
ons. Spin and isospin functions are denoted by χ’s and
η’s, respectively. Total isospin T can in principle take the
values 0, 1, 2. However, T = 2 corresponds to the 3N
state of t′ = 3/2 in the continuum, so that its contribu-
tion is negligible. The spatial wavefunctions have the form,
φαIM ′ (r, R, ρ) = [[φn"(r)ψNL(R)]Kξνλ(ρ)]IM ′ with a set
of quantum numbers, α = (n, ';N,L;K; ν,λ), and the radial

components of φn"m(r) are taken as r"e−(r/rn)
2

, where the
range parameters rn are chosen to satisfy a geometrical pro-
gression. Similar choice for ψNL(R) and ξνλ(ρ) are taken.
These four-body basis functions are known to be sufficient
for describing both the short-range correlations and the long-
range tail behavior of the few-body systems. The 3N binding
energy with the present AV8 NN potential becomes 7.78MeV
which is less than the observed binding energy 8.48 MeV of
3H. This discrepancy is attributed to the three-body force, so
that a phenomenological attractive three-body potential de-
fined by W3 · exp(−

∑

i>j(rij/δ)
2) is introduced, where rij

are the relative distances between the three nucleons Ni, with
W3 = −45.4 MeV and δ = 1.5 fm.

TABLE I: The calculated binding energies (in units of MeV) of
NNΞ and NNNΞ with ESC08c potential and with HAL QCD po-
tential with respect to the d+Ξ and 3H/3He+Ξ threshold, respec-
tively.

NNΞ NNNΞ

(T, Jπ) ( 1
2
, 1
2

+
) ( 1

2
, 3
2

+
) (0, 0+) (0, 1+) (1, 0+) (1, 1+)

ESC08c − 7.20 − 10.20 3.55 10.11

HAL QCD − − − 0.36(16)(26) − −
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FIG. 2: Jacobi coordinates for the rearrangement channels of the
NNNΞ system.

In TABLE I, we summarize the binding energies of NNΞ
and NNNΞ systems, where we omit atomic states which are
(almost) purely bound by the Coulomb interaction. We note
that the isospin mixing by the Coulomb interaction is found
to be small, so that the states can be labeled by T in good
approximation.

Let us now discuss the results with the ESC08c ΞN poten-
tial. The binding energy of the NNΞ system with (T, Jπ) =
(1/2, 3/2+) with respect to the d + Ξ threshold is 7.20 MeV,
while the NNΞ with (T, Jπ) = (1/2, 1/2+) is unbound.
Such channel dependence can be easily understood in the fol-
lowing manner: For NNΞ(1/2, 3/2+), nucleon and Ξ spins
are all aligned. Since the nuclear force is most attractive in
the spin-1 pair, and the ΞN force in ESC08c is also attrac-
tive for spin-1 pairs as shown in Fig.1 (a), this channel is
most attractive to bring the bound state. On the other hand,
in NNΞ(1/2, 1/2+), one of the nucleon spins or Ξ spin is

E. Hiyama et al., PRL 124 (2020)9, 092501.

(a) (b)

(c)

Figure 4: (a) ⇤⇤ scattering phase shift, (b) ⇤⇤ inelasticity, and (c) N⌅ scattering phase shift in the
11S0 channel.

We note that the ⇤⇤ phase shift in Fig. 4 (a) and the inelasticity ⌘ in Fig. 4 (b) near
theN⌅ threshold, show a sharp enhancement and a rapid drop and show an enhancement,
respectively, due to the o↵-diagonal coupling. Also, Fig. 4 (c) shows a sharp increase of
the N⌅ phase shift �N⌅ up to about 60� just above the N⌅ threshold, which indicates a
significant N⌅ attraction in the 11

S0 channel. Indeed, we have confirmed that the N⌅
system is in the unitary region and a virtual pole is created in the 11

S0 channel.
The S-wave N⌅ scattering phase shifts in 31

S0, 13
S1 and 33

S1 channel are shown in
Fig. 5 as a function of ECM = k

2
⇥ (1/(2mN ) + 1/(2m⌅)). We find that the interaction

in the 31
S0 channel is weakly repulsive while the 13

S1 and 33
S1 channels are weakly

attractive, at low energies.

7. Summary and conclusion remarks

We have studied strangeness S = �2 baryon-baryon interactions focusing on the S-
wave ⇤⇤ and N⌅ potentials using the (2+1)-flavor lattice QCD configurations at the
almost physical point (m⇡ ' 146MeV and mK ' 525MeV) analyzed by the coupled-
channel HAL QCD method. Resultant lattice QCD potentials in di↵erent isospin-spin
channels (11S0, 31

S0, 13
S1 and 33

S1) are parametrized by analytic functions (a combi-
nation of Gaussian and Yukawa forms) for calculating the scattering observables such as
the phase shift and inelasticity.

11

HAL QCD
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SUMMARY Kaonic Nuclei  vs  Λ*(1405)-nuclei 
  Shallow                   Deep 

Both states are Broad Γ~100 MeV. 

Future directions :  
→　BK or BΛ*  A-dependence 
→　Br(πΣN)/ Br(Λp, Σp) ? 

Ξ-hyper nucleus vs H-nucleus 

Lightest　Ξ-hypernucleus


