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Kaonic nuclear bound state

the lightest kaonic nucleus !
“K-pp” : [Kbar(NN)I=1,S=0]I=1/2, Jπ=0-

3

1.Y. Akaishi and T. Yamazaki. Phys. Rev. C 65, 044005 (2002).!
2.T. Yamazaki and Y. Akaishi. Physics Letters B 535, 70–76 (2002).

Assumption"
↓

Anti-kaon might be bound to a nucleus"
due to the strongly attractive KbarN interaction in I=0 

A. Doté et al. / Physics Letters B 590 (2004) 51–56 53

Table 1
Summary of the present calculations. B.E.: total binding energy. ρ(0): nucleon density at the center of the system. Rrms: root-mean-square
radius of the nucleon system. ν: width parameter of a Gaussian wave packet used in the calculation. β: deformation parameter for the nucleon
system. ppnK−† and 8BeK−†: AY’s results

B.E. [MeV] ΓK [MeV] ρ(0) [fm−3] Rrms [fm] ν [fm−2] β

3He 7.65 – 0.15 1.54 0.22 0.02
ppnK− 113 24 1.39 0.72 1.12 0.19
ppnK−† 116 20 1.10 0.97

8Be 46.7 – 0.13 2.38 0.21 0.60
8BeK− 159 43 0.76 1.42 0.52 0.55
8BeK−† 168 38 ∼ 0.85

Fig. 1. Calculated density contours of ppnK−. Comparison between (a) usual 3He and (b) 3HeK− is shown in the size of 5 by 5 fm. Individual
contributions of (c) proton, (d) neutron and (e) K− are given in the size of 3 by 3 fm.

24 MeV. The present result is very similar to the AY
prediction: BK = 108 MeV and ΓK = 20 MeV. We
have not considered the decay width from the non-
mesonic decay (K̄NN → ΛN/ΣN ), but according
to AY it is estimated to be about 12 MeV [1]. The
width of ppnK− remains still narrower than that of
Λ(1405), even when the non-mesonic decay is taken
into account.
Surprisingly, the central density (“uncorrelated den-

sity”) of the system amounts to 8.2-times the normal
density due to the shrinkage effect. Fig. 1(a) and (b)
shows a comparison between 3He and 3HeK−. In or-

der to see how the bound K̄ changes the nucleus in
more detail we show the calculated density distribu-
tions of the constituents in Fig. 1(c)–(e). Apparently,
the proton distribution is more compact than the neu-
tron distribution. This phenomenon is attributed to
the property of the K̄N interaction. Table 2 shows
how protons and a neutron in ppnK− contribute to
the kinetic energy and the expectation value of the
K̄N interaction, and also to each root-mean-square
radius. This table together with Fig. 1 can be inter-
preted as follows. Since the K−p interaction is much
stronger than theK−n one, the protons distribute com-
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dense nuclei are predicted

Kaon mass in nuclear medium?
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Current situation on “K-pp”
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+ Variety of few-body calculations"
+ Two major experimental “observations” are still not understood well

back-to-back Λp pair"
stopped K- on 6Li, 7Li, 12C 

FINUDA

pp→(“K-pp”K+)→ΛpK+"

@Tp=2.85 GeV
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Fig. 4 Missing-mass spectrum of the d(π+,K+) reaction for two-protons coincidence and

the Σ0p decay branch events. The mass acceptance of the RCA’s are corrected. The spectrum

was fitted with a relativistic Breit-Wigner function (see the text for the detail). We found

the mass 2275 +17
−18 (stat.) +21

−30 (syst.) MeV/c2 and the width 162 +87
−45 (stat.) +66

−78 (syst.) MeV.

the miss-identification of π± in RCA. Red points with error bars in Fig. 2 (c) are the sum

of the pink points and blue line. The normalization constant C and the amplitude of the

flat component (blue line) were adjusted to minimize the differences between the black and

red points. Thus, the obtained one proton coincidence probability spectrum of the broad

enhanced region could be reproduced by the “K−pp” and flat background.

What is the nature of the “K−pp-like structure? It should have strangeness −1 and baryon

number B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the

spin of the K−pp system, a K− is theoretically assumed to couple with a spin-singlet (S = 0)

p-p pair in S-wave (L = 0). So that the JP = 0−, presumably. Alternative view of the system

as a Λ∗p bound state [21] also predicts the bound state spin to be 0. There is also a theoretical

prediction of a (Y, I, JP ) = (1, 3/2, 2+) dibaryon as πΛN–πΣN bound state [22].

4. Summary. We have observed a “K−pp”-like structure in the d(π+,K+) reaction at

1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) in large emis-

sion angles (39◦ < θlab. < 122◦). A broad enhancement in the proton(s) coincidence spectra

are observed around the missing-mass of 2.27 GeV/c2, which corresponds to the bind-

ing energy of the K−pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the width of

162 +87
−45 (stat.)

+66
−78 (syst.) MeV. The branching fraction between the Λp and Σ0p decay modes

of the “K−pp”-like structure was measured to be ΓΛp/ΓΣ0p = 0.73 +0.13
−0.11 (stat.) +0.43

−0.21 (syst.),

for the first time.
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Figure 1: Angular correlations for the pK+Λ final state, within the
detector acceptance, shown for the HADES data-set. Black dots are
the experimental data with their statistical uncertainty while the
gray band shows the four best solutions of the PWA and displays
their systematic differences. The upper index at the angle indicates
the rest frame (RF) in which the angle is displayed. The lower index
names the two particles between which the angle is evaluated. CM
stands for the center-of-mass system. B and T denote the beam
and target vectors, respectively. The observables are: CMS angles
(upper row), Gottfied-Jackson angles (middle), and helicity angles
(lower row). For further details on the observables see Ref. [54].

the data does not decrease the predictive power of the fit
[52] and the other check was performed to test whether an
unknown signal that is in the data might bias the result of
the PWA [53].

4. The Hypothesis Tests and the Upper Limit

The four best PWA solutions were used as a null hypoth-
esis H0 for the existence of the kaonic nuclear bound state
with its decay into pΛ. A significant deviation of the data
from the PWA results might indicate the presence of an ad-
ditional signal, like the KNN . The discrepancy between
the measured data and the null hypothesis as a function
of the pΛ invariant mass was determined based on a local
p0-value [53]. The combined result of this hypothesis test
including both mass spectra (HADES and WALL data)
is shown in Figure 3. The different p0-values of the four
PWA solutions were combined to a gray band. The local
p0-value and its according equivalent significance, shown
in units of nσ, shows a good agreement between H0 and

Figure 2: Two-particle mass distributions for the pK+Λ final state,
within the detector acceptance, shown for the HADES (upper panels)
and WALL data-sets (lower panels), respectively. Black dots are the
experimental data with their statistical uncertainty while the gray
band shows the four best solutions of the PWA and displays their
systematic differences.

Figure 3: The local p0
value and the equiva-
lent significance for dif-
ferent masses of pΛ. It
is calculated based on
the mass spectra from
the HADES and WALL
data. The gray hatched
range is due to the sys-
tematic uncertainty be-
tween the four best solu-
tions of the PWA.

the data.2 In the possible mass range of the kaonic nu-
clear bound state 2054-2370 MeV/c2 the agreement is al-
ways within 2σ. Hence, the data are consistent with H0

and we do not observe any significant contribution of a yet
unknown signal, like the KNN , to the data. This conclu-
sion does also hold for the separate local p0-values for the
HADES and WALL data, as shown in Ref. [53].
In a next step the data were tested against several sig-

nal hypotheses to determine an upper limit of the KNN
contribution to the data. For that purpose, the KNN
signal has been included as a wave to the PWA solution.
The KNN was parametrized as a Breit-Wigner in the pΛ
system according to Eq. 8. As the mass and width of the
state are not known, we have tested signals with masses of
2220-2370 MeV/c2 in steps of 10 MeV/c2. For the width,
values of 30, 50, and 70 MeV/c2 were combined with each
mass. TheKNN state with the quantum numbers JP=0−

2A correct hypothesis will produce p-values uniformly distributed
between 0 and 1. If the H0 hypothesis is false the p-values should
be distributed more likely at very small values. This is a necessary
condition for the presence of a new signal in the data.
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New experimental results
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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 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.

folded with the resolution of 1.4 MeV/c2 in σ for the cusp (solid line) and a third-order poly-

nomial function for a continuum background (dashed line), we obtained the peak position at

2130.5 ± 0.4 (stat.) ± 0.9 (syst.) MeV/c2, the width of Γ = 5.3 +1.4
−1.2 (stat.)

+0.6
−0.3 (syst.) MeV

and the differential cross section of dσ̄/dΩ = 10.7 ± 1.7 µb/sr. The χ2/ndf of this fitting was

1.11. The systematic errors of these values were estimated in σ taking into account uncertain-

ties in the missing-mass scale, fitting ranges, the missing-mass resolution (± 0.08 MeV/c2),

the binning of the missing-mass spectrum and background functional shapes by changing the

third to fifth order polynomials. This result is the first observation of the ΣN cusp structure

in the inclusive spectrum of the d(π+,K+) reaction.

Such a cusp can appear at the opening of a new threshold in order to conserve the flux

and the associated unitarity of the S-matrix. However, the cusps are not always seen in

experimental cross sections. On the other hand, a cusp structure can be pronounced when a

pole exists near the threshold [22]. Miyagawa and Yamamura [23] suggested that the poles

exist near the ΣN threshold in a second or third quadrant of the complex plane of the ΣN

relative momentum by using several Y N potential models. Therefore, the cusp structure at

the ΣN threshold would not be a simple threshold effect but could be caused by a nearby

pole.

The obtained peak position is consistent with the previous measurements in Ref. [6]. In

several reactions existence of a shoulder at about 10 MeV higher mass was reported [6].

This measured structure is not observed in our spectrum. In addition, the width seems to be

smaller than the averaged value of 12.2 ± 1.3 MeV in other reactions [6]. In order to discuss

the possible pole position, we need realistic theoretical calculations taking into account the

(π+,K+) reaction mechanism. It will be very interesting to further compare our results

including angular distributions and coincidence analyses with such calculations. Note that

we can suppress the quasi-free Λ/Σ productions in the coincidence data because the decay

particles of such hyperons are out of the RCA acceptance.
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Fig. 2. (Color online.) (a) The fit result of MMd(K +π−) spectrum with the Monte
Carlo generated processes. The color and style of line for each corresponding process
are shown. (b) The residue from the fitting function.

events. The Monte Carlo generated spectra were estimated to have
the systematic uncertainty ∼ 1%. By using the raw spectrum and
the Monte Carlo generated spectra for the fitting, we can avoid the
ambiguity arising from the acceptance correction for each track. In
addition, by using Monte Carlo generated spectra, we can take into
account of the mass resolution effectively.

The fitting was performed in the range from 2.05 to 2.6 GeV/c2.
Six processes were used for the background: γ n → ΛK +π− ,
γ p → Σ+K +π− , γ p → Λ(1520)K + , γ n → Λπ0 K +π− , γ n →
Σ0π0 K +π− and γ p → Σ0(1385)+ K +π− . The shapes of the spec-
tra were generated with the GEANT-based Monte Carlo simulation,
where the Paris-potential model was used to describe the mo-
mentum distribution of the nucleons inside the deuteron [20]. The
yield of each background process was taken into account as a free
parameter. The yield of the signal was increased from 0 to a cer-
tain value, and the Log-likelihood values was calculated at each
point.

Fig. 2 shows the fit result with only background processes and
the residue from the fitting function. χ2/ndf of the fit result is 1.4
in the range from 2.05 GeV/c2 to 2.6 GeV/c2, and approximately
1 in the range from 2.22 GeV/c2 to 2.36 GeV/c2. The tests were
performed for signals with Γ = 20,60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The signal shape was assumed
to be the Breit–Wigner distribution with the fixed B.E. and Γ and
was generated with the GEANT-based Monte Carlo simulation. As
a result of tests, significant decrease of −2' ln L (twice the Log-
likelihood difference of the hypotheses) were not observed under
any assumption of B.E. and Γ values.

To quantify the search results, the upper limits of the differen-
tial cross section of the K − pp bound state production were deter-
mined. The signal yield which gave −2' ln L = 3.84 was used for
the upper limit of the yield at the 95% confidence level. In Fig. 3,
−2' ln L values are shown as a function of the signal yield for
B.E. = 100 MeV and Γ = 60 MeV as a typical example.

The obtained yields were converted to the differential cross sec-
tion by dividing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance of the signal was de-
termined by using the GEANT-based Monte Carlo simulation under
the assumption that the d(γ , K +π−)K − pp reaction occurs isotrop-
ically in the center-of-mass system. The systematic error from this

Fig. 3. (Color online.) Typical −2' ln L values as a function of the signal yield. The
B.E. and Γ values were assumed to be 100 MeV and 60 MeV, respectively. The
crossing point at −2' ln L = 3.84 is indicated by an arrow.

Fig. 4. The upper limit of the differential cross section of the K − pp bound
state production in the d(γ , K +π−)X reaction as a function of assumed sig-
nal peak mass. The solid, broken and dotted lines are the results of Γ =
20 MeV,60 MeV and 100 MeV, respectively.

acceptance was estimated to be ∼ 1%. Fig. 4 shows the upper limits
of the differential cross section of the K − pp bound state produc-
tion for various Γ values as a function of the assumed mass. It
is noted that the obtained upper limit of the differential cross
section has ∼ 12% uncertainty mainly coming from the discrep-
ancy between two datasets. In addition, we performed the same
analyses by using some different combinations for the background
processes. Among them, the combination which gave the most
conservative results of the upper limits was adopted.

The upper limits of the differential cross section of the K − pp
bound state production were determined to be (0.17–0.55),
(0.55–1.7) and (1.1–2.9) µb for Γ = 20,60 and 100 MeV, respec-
tively at the 95% confidence level. These values correspond to
(1.5–5.0), (5.0–15) and (9.9–26)% of the differential cross sec-
tion of the typical hadron production processes such as the
γ n → K +π−Λ or the γ p/n → K +π−Σ+/0 processes within the
kinematical region given in Eq. (1). As for the upper limits for
Γ = 20 MeV, we can compare the obtained results with those
given by the KEK-PS E471/E549 group. The differences between the
present and the KEK-PS E471/E549 experiment are summarized as
follows:

• The search object of the present study is the K − pp bound
state, while the KEK-PS E471/E549 experiment aimed at the
K − ppn or K − pnn bound states.

• The production mechanisms of kaonic nuclei are expected to
be different between the photon induced and stopped K − re-
actions.
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be different between the photon induced and stopped K − re-
actions.

pp→pΛK"
@ 3.5 GeV

Spring8/LEPS GSI/HADES PWA analysis

J-PARC/E27 ( Next talk by Y. Ichikawa)

d(π+,K+) inclusive"
@1.69 GeV/c

d(π+,K+) 2p-tag"
Σ0p decay

K-pp binding threshold
B.E. ~100 MeV

PLB 728 (2014) 616 arXiv:1410:8188

arXiv:1411:6708

PTEP (2014) 101D03

γd→K+π-X
@ Eγ=1.5—2.4 GeV
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In-flight K- reaction on 3He
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K1.8BR experimental areaJ-PARC K1.8BR spectrometer

neutron counter"
charge veto counter"

proton counter

beam dump

beam sweeping!
magnet

liquid 3He-target!
system

CDS

beam line!
spectrometer

K. Agari et. al., PTEP 2012, 02B011

K-

γ, n p

15m
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Summary of E15 1st
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Formation channel"
Semi-inclusive 3He(K-, n)

9

T. Hashimoto et al., arXiv:1408.5637
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Semi-inclusive spectrum
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Semi-inclusive spectrum
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K- + 3He → K0 + ds + n"

K0 → π + + π -
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Hyperon decay!
K- + 3He → Y + π(π)(π) + 2Ns!

Y → n + π 

dσ/dΩθ=0 ~ 11 mb/sr 

dσ/dΩθ=0 ~ 6 mb/sr 
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Fig. 4 Missing-mass spectrum of the d(π+,K+) reaction for two-protons coincidence and

the Σ0p decay branch events. The mass acceptance of the RCA’s are corrected. The spectrum

was fitted with a relativistic Breit-Wigner function (see the text for the detail). We found

the mass 2275 +17
−18 (stat.) +21

−30 (syst.) MeV/c2 and the width 162 +87
−45 (stat.) +66

−78 (syst.) MeV.

the miss-identification of π± in RCA. Red points with error bars in Fig. 2 (c) are the sum

of the pink points and blue line. The normalization constant C and the amplitude of the

flat component (blue line) were adjusted to minimize the differences between the black and

red points. Thus, the obtained one proton coincidence probability spectrum of the broad

enhanced region could be reproduced by the “K−pp” and flat background.

What is the nature of the “K−pp-like structure? It should have strangeness −1 and baryon

number B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the

spin of the K−pp system, a K− is theoretically assumed to couple with a spin-singlet (S = 0)

p-p pair in S-wave (L = 0). So that the JP = 0−, presumably. Alternative view of the system

as a Λ∗p bound state [21] also predicts the bound state spin to be 0. There is also a theoretical

prediction of a (Y, I, JP ) = (1, 3/2, 2+) dibaryon as πΛN–πΣN bound state [22].

4. Summary. We have observed a “K−pp”-like structure in the d(π+,K+) reaction at

1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) in large emis-

sion angles (39◦ < θlab. < 122◦). A broad enhancement in the proton(s) coincidence spectra

are observed around the missing-mass of 2.27 GeV/c2, which corresponds to the bind-

ing energy of the K−pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the width of

162 +87
−45 (stat.)

+66
−78 (syst.) MeV. The branching fraction between the Λp and Σ0p decay modes

of the “K−pp”-like structure was measured to be ΓΛp/ΓΣ0p = 0.73 +0.13
−0.11 (stat.) +0.43

−0.21 (syst.),

for the first time.
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Mðp!Þ # 2255 MeV=c2 of the K$pp candidate reported
by FINUDA [16].

The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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Fig. 4 Missing-mass spectrum of the d(π+,K+) reaction for two-protons coincidence and

the Σ0p decay branch events. The mass acceptance of the RCA’s are corrected. The spectrum

was fitted with a relativistic Breit-Wigner function (see the text for the detail). We found

the mass 2275 +17
−18 (stat.) +21

−30 (syst.) MeV/c2 and the width 162 +87
−45 (stat.) +66

−78 (syst.) MeV.

the miss-identification of π± in RCA. Red points with error bars in Fig. 2 (c) are the sum

of the pink points and blue line. The normalization constant C and the amplitude of the

flat component (blue line) were adjusted to minimize the differences between the black and

red points. Thus, the obtained one proton coincidence probability spectrum of the broad

enhanced region could be reproduced by the “K−pp” and flat background.

What is the nature of the “K−pp-like structure? It should have strangeness −1 and baryon

number B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the

spin of the K−pp system, a K− is theoretically assumed to couple with a spin-singlet (S = 0)

p-p pair in S-wave (L = 0). So that the JP = 0−, presumably. Alternative view of the system

as a Λ∗p bound state [21] also predicts the bound state spin to be 0. There is also a theoretical

prediction of a (Y, I, JP ) = (1, 3/2, 2+) dibaryon as πΛN–πΣN bound state [22].

4. Summary. We have observed a “K−pp”-like structure in the d(π+,K+) reaction at

1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) in large emis-

sion angles (39◦ < θlab. < 122◦). A broad enhancement in the proton(s) coincidence spectra

are observed around the missing-mass of 2.27 GeV/c2, which corresponds to the bind-

ing energy of the K−pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the width of

162 +87
−45 (stat.)

+66
−78 (syst.) MeV. The branching fraction between the Λp and Σ0p decay modes

of the “K−pp”-like structure was measured to be ΓΛp/ΓΣ0p = 0.73 +0.13
−0.11 (stat.) +0.43

−0.21 (syst.),

for the first time.
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The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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Fig. 4 Missing-mass spectrum of the d(π+,K+) reaction for two-protons coincidence and

the Σ0p decay branch events. The mass acceptance of the RCA’s are corrected. The spectrum

was fitted with a relativistic Breit-Wigner function (see the text for the detail). We found

the mass 2275 +17
−18 (stat.) +21

−30 (syst.) MeV/c2 and the width 162 +87
−45 (stat.) +66

−78 (syst.) MeV.

the miss-identification of π± in RCA. Red points with error bars in Fig. 2 (c) are the sum

of the pink points and blue line. The normalization constant C and the amplitude of the

flat component (blue line) were adjusted to minimize the differences between the black and

red points. Thus, the obtained one proton coincidence probability spectrum of the broad

enhanced region could be reproduced by the “K−pp” and flat background.

What is the nature of the “K−pp-like structure? It should have strangeness −1 and baryon

number B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the

spin of the K−pp system, a K− is theoretically assumed to couple with a spin-singlet (S = 0)

p-p pair in S-wave (L = 0). So that the JP = 0−, presumably. Alternative view of the system

as a Λ∗p bound state [21] also predicts the bound state spin to be 0. There is also a theoretical

prediction of a (Y, I, JP ) = (1, 3/2, 2+) dibaryon as πΛN–πΣN bound state [22].

4. Summary. We have observed a “K−pp”-like structure in the d(π+,K+) reaction at

1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) in large emis-

sion angles (39◦ < θlab. < 122◦). A broad enhancement in the proton(s) coincidence spectra

are observed around the missing-mass of 2.27 GeV/c2, which corresponds to the bind-

ing energy of the K−pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the width of

162 +87
−45 (stat.)

+66
−78 (syst.) MeV. The branching fraction between the Λp and Σ0p decay modes

of the “K−pp”-like structure was measured to be ΓΛp/ΓΣ0p = 0.73 +0.13
−0.11 (stat.) +0.43

−0.21 (syst.),

for the first time.
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The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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Fig. 4 Missing-mass spectrum of the d(π+,K+) reaction for two-protons coincidence and

the Σ0p decay branch events. The mass acceptance of the RCA’s are corrected. The spectrum

was fitted with a relativistic Breit-Wigner function (see the text for the detail). We found

the mass 2275 +17
−18 (stat.) +21

−30 (syst.) MeV/c2 and the width 162 +87
−45 (stat.) +66

−78 (syst.) MeV.

the miss-identification of π± in RCA. Red points with error bars in Fig. 2 (c) are the sum

of the pink points and blue line. The normalization constant C and the amplitude of the

flat component (blue line) were adjusted to minimize the differences between the black and

red points. Thus, the obtained one proton coincidence probability spectrum of the broad

enhanced region could be reproduced by the “K−pp” and flat background.

What is the nature of the “K−pp-like structure? It should have strangeness −1 and baryon

number B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the

spin of the K−pp system, a K− is theoretically assumed to couple with a spin-singlet (S = 0)

p-p pair in S-wave (L = 0). So that the JP = 0−, presumably. Alternative view of the system

as a Λ∗p bound state [21] also predicts the bound state spin to be 0. There is also a theoretical

prediction of a (Y, I, JP ) = (1, 3/2, 2+) dibaryon as πΛN–πΣN bound state [22].

4. Summary. We have observed a “K−pp”-like structure in the d(π+,K+) reaction at

1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) in large emis-

sion angles (39◦ < θlab. < 122◦). A broad enhancement in the proton(s) coincidence spectra

are observed around the missing-mass of 2.27 GeV/c2, which corresponds to the bind-

ing energy of the K−pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the width of

162 +87
−45 (stat.)

+66
−78 (syst.) MeV. The branching fraction between the Λp and Σ0p decay modes

of the “K−pp”-like structure was measured to be ΓΛp/ΓΣ0p = 0.73 +0.13
−0.11 (stat.) +0.43

−0.21 (syst.),

for the first time.
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The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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FIG. 4 (color online). (a) Observed DEV spectra of %MðKþÞ
of events with LAP emission [j cos"cmðpÞj< 0:6] and (b) with
SAP emission [j cos"cmðpÞj> 0:6]. Both selected with large-
angle Kþ emission [$ 0:2< cos"cmðKþÞ< 0:4].
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J-PARC E15!
3He(K-,n)X @ 1 GeV/c

FINUDA!
(stopped K-, Λp)

DISTO!
pp→ΛpK+

J-PARC E27!
d(π+,K+)X, 2p tag
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Intrinsic peak shape:    Breit-Wigner!
Decay mode:                K-pp→Λp 100%  (isotropic decay)

Assumptions

■ J-PARC E15 (U.L.)"
  30 ~ 300 μb/sr @ 0 deg."
  0.5 - 5%  of quasi-elastic

smaller than usual hypernucleus sticking

~ 0.1% of stopped K-

larger than Λ* @ 2.8 GeV

■ LEPS (γ+d) (U.L.)"
   1.5-26% of γN→K+π-Y"
!
■ HADES ( pp @ 3.5 GeV ) 
   0.7-4.2 μb (Λ* ~ 10 μb)"

95% C.L.

?



T. Hashimoto@J-PARC workshop, Nov. 30, 2014
)2,n)X missing mass (GeV/c-He(K3

2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7

b 
/s

r/M
eV

)
µ (

C
D

S
 A×

/d
M

 
Ω

/d
σ2 d

0

20

40

60

80

100

120

140
Data

Simulation
NΛ
NΣ
(1385)NΣ
(1405)NΛ
(1520)NΛ

2NA
non-mesonic

What is the origin of the excess?
naively understood by attractive & absorptive potential!
other possibilities are…  "
1. non-mesonic two-nucleon absorption: Λ(1405)n branch"

• rather large cross-section ~ 5 mb/sr needed!
• U.L. 1 ~ 10% of Λ*n branch?
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system when the neutron is requested to be detected with the NC. We can see almost
all the fast neutrons are associated by a decay pion within the CDS acceptance.
If the decay pion is out of the CDS acceptance, the other pion produced at the Σ
production should be detected with the CDH to be triggered. Then Σs which cannot
be reconstructed is further halved as shown in Fig. 4.3(right).

A realistic analysis of the simulated data successfully reconstruct Σs and remove
fast neutrons from their decays with a rejection efficiency of 85∼90% at below the
K−pp mass threshold as shown in Fig. 4.4. Here the Σ± signal region was defined
as |IM(nπ±)−mπ± | < 12 MeV/c2, which corresponds to about ±2σ of the invariant
mass resolution.

Removal of neutrons from Σ decays

Now let us remove the fast neutron contribution from Σ decays in our experimental
spectrum. Figure. 4.5 shows the relation of the nπ± invariant mass and the neutron
missing mass. We can see a vertical line at the mass of Σ, while there is also
horizontal line made by pions from K0

s decay after the charge-exchange reactions.
Thus the contributions to be removed have the quasi-free peak to some extent as
shown in Fig. 4.6(left).

Figure 4.6(right) is the neutron missing mass spectrum after the removal of fast
neutrons from Σ decays, which is used in the rest of this section.

4.2.2 Non-mesonic two nucleon absorption

Kaons may be absorbed into multi nucleons. Actually, many events without pion
emissions were observed in the stopped kaon experiment, such as,

K− + “NN ′′ → Y +N.

The total non-mesonic multi-nucleon absorption rate was obtained in the exper-
iments with bubble chambers to be 0.16 ± 0.03 on 4He[62], but only ∼0.01 on
deuteron[63]. Larger targets yields the rate as large as 0.2 in the emulsion ex-
periment. Although various interpretations to this behavior were reviewed in [64],
the mechanism of non-mesonic multi-nucleon absorption process is still not well-
understood. In the case of in-flight experiment, the reaction cross section of multi
nucleonic processes should be considerably small since the de Broglie wave length
of kaon is much shorter compared to the distance of two nucleons. However, multi-
nucleon process can produce fast neutrons. Then their possible contributions are
worth to be examined.

First, we consider the non-mesonic two-nucleon absorption reactions (2NR), in
which not only ground state of Λ,Σ but also hyperon resonances such as Σ(1385),Λ(1405)
and Λ(1520) can be populated as,

K− +3 He → Y (∗) +N +Ns. (4.2)

ΛN/ΣN branches are negligibly small!
Λ(1520)n branch < 2 mb/sr

n
Λ* pspectator

NC

20 mb/sr @ θ=0!
Breit-Wigner with PDG mass&width
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!

2. Loosely-bound “K-pp” state"
• The excess corresponds to 1~2 mb/sr!

• ~ 10% of quasi-elastic peak!
• Assumptions!

• Fully attributed to the K-pp state !
• isotropic decay K-pp→Λp/Σp/πΣp

What is the origin of the excess?

21

naively understood by attractive & absorptive potential!
other possibilities are…  "
1. non-mesonic two-nucleon absorption: Λ(1405)n branch"

• rather large cross-section ~ 5 mb/sr needed!
• U.L. 1 ~ 10% of Λ*n branch?
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Comparison with theoretical spectra
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integrated CS"
~ mb/sr

integrated CS"
~ 0.1 mb/sr

CS is roughly consistent with Koike&Harada"
Exclusive measurement (πΣN) is an important key for further study

Data

Data

theoretical spectral functions are inclusive
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Decay channel"
Exclusive 3He(K-, Λp)n

23

Updated results will be presented @ PAC meeting (Dec. 4th)
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Exclusive 3He(K-, Λp)n events
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n�

1GeV/c'
K)'beam�

p�

π��
p�

missing'n�

Λ�

CDS�

σ: 2.0 MeV/c2Λ K-3He → Λpn events"
can be identified"

(~20%  Σ0pn  contamination)!
Σ0→Λγ

preliminary
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Λp invariant mass

‣ <C

25

preliminary
MC (Phase-Space)

Excess around the threshold 
from the phase-space distribution

cannot be from 2NA of Λ*n 

2NA position

2NA reactions are not prominent

~ 200 events

Further study is ongoing: 
improved event selection, contribution from 2NA + 2step.

Integrated CS: ~200 μb
~0.1% of total CS of K-3He

(1 nucleon is a spectator)

I.M. resolution ~ 10 MeV/c2
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Λpn kinematically complete measurement
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Λp/Σ0p could be separated

~ 10 events

Our final goal. But…

We definitely need more beam !!
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Outlook - E152nd & near future plan@K1.8BR 
‣ Calibration run with H2-target"

!

‣ E31 pilot run with D2-target "
• confirm the d(K-, n)Λ(1405) reaction by tagging the charged decay modes!
!

‣ E15 2nd-stage physics run   ← already approved !"
• x10 statistics, ~10% of full proposal!
• Exclusive analysis of πΣN decay!
• Kinematically complete measurement of 3He(K-,Λpn)!
!

‣ E17: K-He x-ray measurement with TES"
• TES: novel cryogenic detector, ~5 eV FWHM@6 keV!
• Feasibility test was successfully performed at PSI by HEATES collaboration!
!

‣ K-d x-ray measurement with SDDs 

27

These experiments provide crucial information on the KbarN interaction

talk by J. Zmeskal on Dec. 1

status report @ PAC meeting by S. Okada

2015
2016 ~ ?
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Summary of E15 1st
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DISTO

Semi-inclusive 3He(K-,n)X!
+ No significant bump structure  

in the deeply bound region!
+ Excess below the threshold  

2NA of Λ*n ? loosely-bound K-pp?

Formation channel

Decay channel
Exclusive 3He(K-,Λp)n!

+ Deviation from the  
simple Phase space!

+ Excess around the threshold ?
preliminary

24 kW * 4-day data taking in May, 2013!
~ 5.3 x 109 on 3He!
~ 1% of the approved proposal

arXiv:1408.5637

x10 statistics data will come next year !!


