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Abstract

An experiment to search for the K−pp bound state was performed via the in-flight 3He(K−, n) reaction at θlabn = 0◦

using 5.3 × 109 kaons at 1 GeV/c at the J-PARC hadron experimental facility. In the neutron missing-mass spectrum,
no significant peak was observed in the region corresponding to K−pp binding energy larger than 80 MeV, where a bump
structure was reported in the Λp final state in different reactions. Mass-dependent upper limits of the production cross
section for the state isotropically decaying into Λp were determined at 95% confidence level to be (30–180), (70–250),
and (100–270) µb/sr, for the natural widths of 20, 60, and 100 MeV, respectively.

Keywords: kaonic nuclei, K−pp, K̄N interaction

1. Introduction

The existence of a strongly-attractive force between an-
tikaons (K̄) and nucleons in isospin 0 channels leads, in
some models, to the prediction of formation of deeply
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2Deceased

bound kaonic-nuclei [1, 2]. The investigation of such ex-
otic states will provide unique information to reveal the
sub-threshold K̄N interaction, which cannot be directly
probed either by x-ray measurements [3, 4, 5] or by the
low-energy K̄N scattering experiments [6]. The properties
of kaonic nuclei are also of great interest, since they might
open a door way to high-density nuclear matter [1, 7, 8].
However, their existence has not been conclusively estab-
lished to date.

The simplest kaonic nucleus is theoretically considered
to be the so-called K−pp state[2]; more generally, it is
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Anti-kaon nucleon interaction at low energy
"

‣ KbarN interaction: attractive in isospin=0"
• Kaonic hydrogen X-ray measurements  　　　　　　　→talk by C. Curceanu"

• Low-energy scattering experiments"

‣ Kbar-nucleus interaction: attractive"
• Systematic measurement of kaonic-atom X-rays  

                                                               →Tomorrow’s talk by S. Okada (RIKEN)!
"
"

"

‣ Λ(1405) below the K-p threshold(1432 MeV)"
• Difficult to explain by an ordinary 3-quark state"
• K-p quasi-bound state? Kp-πΣ two-pole structure?"
"

‣What happens in heavier nuclear systems; K-pp, K-ppn, etc…

3

Open question: How strong attraction ??

→talk by K. Lapidus
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Kaonic nuclear bound state

K-pp : [Kbar(NN)I=1]I=1/2  
the lightest kaonic nucleus

4

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"
↓

What will happen when an anti-kaon is embedded in a nucleus?
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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-

A.#Dote,#H.#Horiuchi,#Y.#Akaishi#and#T.#Yamazaki,#Phys.#Le;.#B#590#(2004)#51

1.T. Waas et al. Physics Letters B 379, 34–38 (1996).

dense nuclei are predicted

Kaon mass in nuclear medium?

ppn ppnK
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K-pp few-body calculations

‣ All calculations agree that the bound state exists !"
‣ Model of the KbarN interaction makes large difference"
‣ Experimental information is important

5

chiral & energy dependent Method B.E.[MeV] Γ[MeV]
N. Barnea, A. Gal, E.Z. Liverts(2012) var."

"
16 41

A. Dote, T. Hyodo, W. Weise(2008,09) var." 17-23 40-70
Y. Ikeda, H. Kamano, T. Sato(2010) Fad. 9-16 34-46

Λ(1405) ansatz Method B.E.[MeV] Γ[MeV]
T. Yamazaki, Y. Akaishi(2002) var." 48 61
N.V. Shevchenko, A. Gal, J. Mares(2007) Fad." 50-70 90-110
Y. Ikeda, T. Sato (2007,2009) Fad. 60-95 45-80
S. Wycech, A.M. Green  (2009) var. 40-80 40-85
S. Maeda, Y. Akaishi, T. Yamazaki (2013) Fad." 51.5 61
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Experimental situation
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B = 115±6±4 MeV"
Γ = 67±14±3 MeV

Deeper than any theories. Interpretations are still arguable…

1.M. Agnello et al. Phys. Rev. Lett. 94, 212303 (2005).

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

B = 105±2±5 MeV"
Γ = 118±8±10MeV

@Tp=2.85 GeV

Exclusive pp→(“K-pp”K+)→ΛpK+　channel

T. Yamazaki et al. Phys. Rev. Lett. 104, 132502 (2010)."
P. Kienle et al. Eur. Phys. J. A 48, 183 (2012).

FINUDA DISTO
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Experimental situation
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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.

6/8

66 L. Fabbietti et al. / Nuclear Physics A 914 (2013) 60–68

Fig. 4. (Color online.) K+ missing mass (a), p–Λ invariant mass (b), Λ–K invariant mass (c) and Λ missing mass (d)
distributions. The black dots show the experimental data, the cyan and the magenta histograms show the contributions by
the N∗(1900) and N∗(1720) resonances obtained from the full-scale simulations, the violet histogram shows the total
sum of the simulations.

visible in Fig. 4. The contribution by the N∗(1720) and N∗(1900) resonances amounts to 41.5%
and 57% respectively and a total χ2 value of 3.2 is obtained by the comparison of the simulated
distribution to the experimental data for the kinematic variables shown in Fig. 4. The M(Λ–K+)

distribution shows a much improved agreement between the simulations and the experimental
data, if compared to the distributions discussed in Fig. 2, and the two structures can mainly be
associated to the contribution of the N∗(1720) and N∗(1900) resonances. The Λ missing mass
distribution shows a similar qualitative agreement between the simulation and the experimental
data, in particular the presence of the N∗(1900) resonance seems mandatory to describe the low
missing mass region. On the other hand, the incoherent simulation employed here, that does not
even contain the proper angular distribution of the different final states, does not aim a quantita-
tive determination of the different N∗ contributions. A more compete analysis in this direction is
currently being carried out. When looking at the p–Λ invariant mass (Fig. 4 (b)), the simulated
distribution is shifted to the right hand side of the mass range, probably due to the fact that the
dynamic of the reaction is not completely described by simulations. Indeed, one has to point out
that the experimental angular distributions in the CMS, Gottfried–Jackson and helicity reference
frames cannot be described by the new simulations including the N∗ resonances, implying that
interferences among the different intermediate states might play an important role and should be
accounted for but also because the simulations so far have not been weighted with the correct
production and decay angular distributions. If we want to compare the experimental correlation

LEPS Collaboration / Physics Letters B 728 (2014) 616–621 619

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.

LEPS Collaboration / Physics Letters B 728 (2014) 616–621 619
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pp→pΛK"
@ 3.5 GeV

γd→K+π-X

d(π+,K+)"
@1.69 GeV/c

Eγ=1.5—2.4 GeV

Spring8/LEPS

J-PARC/E27

GSI/HADES
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"
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"
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Inflight kaon reaction on 3He
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J-PARC E15 1st stage physics run
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‣ First physics-data taking in May, 2013"
- 24 kW x 4 days"
- ~ 5 x 109 kaons on 3He"
- < 1% of full proposal  

( 270 kW x 40 days )"
"

‣ Focus on the formation channel"
‣ 3He(K-,n)X semi-inclusive analysis"

- a large production cross section predicted"

‣ 3He(K-,p)X semi-inclusive analysis"
‣ Hint of exclusive 3He(K-,Λp)nmiss. events

T. Koike and T. Harada. Physics Letters B 652, 262–268 (2007)."
T. Koike and T. Harada. Phys. Rev. C 80, 055208 (2009).

2~3 mb/sr 

Koike&Harada calculation
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Japan Proton Accelerator Research Complex 

10

~130km�
J(PARC�
Tokyo�
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Japan Proton Accelerator Research Complex 

10

24 kW primary proton beam"
(30 GeV, 30 Tppp, 1/6 Hz)"
as of May 2013

~130km�
J(PARC�
Tokyo�

K1.8 

K1.8BR 

T1 target 
K1.1BR 

KL 
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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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Principle of the 3He(K-,n) analysis

12

‣ Kaon-beam analysis :  
   select single-beam events & reconstruct beam momentum "

‣ Forward-neutron analysis:  
   T0-NC TOF with vertex information provided by the CDS

K-

CDH hit

CVC veto

BVC veto

, n

charge 
sweep out

NC hit

T0

X

~15 m

3He target 

3.2(W) x 1.5(H) x 0.35(T) m3"

16 segments x 7-layers"
εn@1 GeV/c: ~0.23 

1 GeV/c
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Spectrometer performances
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Spectrometer performances
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Figure 3.24: Reconstructed vertex distribution in (left) the zy and (right) the zx planes.
The fiducial volume is defined as the blue boxes.

3.4.8 K0
s and Λ reconstruction

To confirm the spectrometer performance of the CDS, the invariant masses of π+π− pairs
and pπ− pairs were reconstructed as shown in Fig. 3.25 and Fig. 3.26, respectively.
Clear peaks of K0

s → π+π− and Λ → π−p decays were obtained in the invariant mass
distributions. Their positions are consistent with PDG values within 1 MeV/c2 precision
after an adjustment of the field strength of the solenoid magnet described below.

Adjustment of the CDS field strength

Since we were not able to measure the magnetic field strength of the CDS in the final setup,
the value should be adjusted by using the data. K0

s and Λ peaks are good calibration source
for this purpose. The field strength was changed a little so that the both peak positions
were consistent to the PDG values with in 1 MeV/c2 as shown in Fig. 3.27. We found the
requirement is satisfied when the magnetic field is

0.715± 0.002 T, (3.6)

where the error was assumed to be symmetric.

3.5 Analysis of forward neutrons

3.5.1 Analysis method

A momentum of a forward neutral particle is measured by the time-of-flight method be-
tween T0 and the NC. The velocity of the forward particle can be expressed as,

βnc =
Lvertex−NC

(Tmeasured
T0−NC − T calc

T0−vertex)× c
(3.7)
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Figure 3.24: Reconstructed vertex distribution in (left) the zy and (right) the zx planes.
The fiducial volume is defined as the blue boxes.

3.4.8 K0
s and Λ reconstruction

To confirm the spectrometer performance of the CDS, the invariant masses of π+π− pairs
and pπ− pairs were reconstructed as shown in Fig. 3.25 and Fig. 3.26, respectively.
Clear peaks of K0

s → π+π− and Λ → π−p decays were obtained in the invariant mass
distributions. Their positions are consistent with PDG values within 1 MeV/c2 precision
after an adjustment of the field strength of the solenoid magnet described below.

Adjustment of the CDS field strength

Since we were not able to measure the magnetic field strength of the CDS in the final setup,
the value should be adjusted by using the data. K0

s and Λ peaks are good calibration source
for this purpose. The field strength was changed a little so that the both peak positions
were consistent to the PDG values with in 1 MeV/c2 as shown in Fig. 3.27. We found the
requirement is satisfied when the magnetic field is

0.715± 0.002 T, (3.6)

where the error was assumed to be symmetric.

3.5 Analysis of forward neutrons

3.5.1 Analysis method

A momentum of a forward neutral particle is measured by the time-of-flight method be-
tween T0 and the NC. The velocity of the forward particle can be expressed as,

βnc =
Lvertex−NC

(Tmeasured
T0−NC − T calc

T0−vertex)× c
(3.7)

]2 [GeV/c-/ +/ Invariant Mass of 
0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60

2
 C

ou
nt

s 
/ 1

 M
eV

/c

0

500

1000

1500

2000

2500

3000

3500

4000

2      : 6.0 MeV/cm

2Peak: 497.66 MeV/c

      > 3 mm
displaced Vertex
DCA < 2 cm

K0s→π π

`1 / 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

 c
ou

nt
s 

/ 0
.0

1

10

210

310

410
γ peak (σ~150 ps)

76 CHAPTER 3. DATA ANALYSIS

β1/
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

 C
ou

nt
s 

/ 0
.0

1

210

310

410

510

Figure 3.28: 1/β distribution of the forward neutral particles detected with the NC. Right
hand side of the dotted vertical line is identified as neutrons, while the hatched area
represents the γ selection.

1

10

10

10

β1/
0 1 2 3 4 5

 E
ne

rg
y 

de
po

si
t o

n 
N

C
 (M

eV
ee

)

0
10
20
30
40
50
60
70
80
90

100

Figure 3.29: Distribution of the energy deposit on the NC and 1/β.

neutrons

quasi-free"
KN→NK



T. Hashimoto@PANIC2014, Aug 25, 2014

)2,n)X missing mass (GeV/c-He(K32 2.1 2.2 2.3 2.4 2.5 2.6 2.7

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

Ω
/d
σ2 d

0

20

40

60

80

100

120

140

160

)π
+N

+
Λ

M
(

+p
)

Λ
M

(

)π
+N

+
Σ

M
(

+N
)

Σ
M

(

(1
40

5)
+p

)
Λ

M
(

M
(K

+p
+p

)

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

5

10

15

20

25

30

210×

Binding Energy [GeV]
00.10.20.3

Semi-inclusive spectrum

14

θlab= 0° @ pK= 1 GeV/c"
biased by the request of charged track(s) in the CDS

quasi-free peak"
KN→NK



T. Hashimoto@PANIC2014, Aug 25, 2014
)2,n)X missing mass (GeV/c-He(K3

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

1
/d

m2 d

0

20

40

60

80

100

120

140

160

)/
+N

+
R

M
(

+p
)

R
M

(

)/
+N

+
Y

M
(

+N
)

Y
M

(

(1
40

5)
+p

)
R

M
(

M
(K

+p
+p

)

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

5

10

15

20

25

30

210×

2.25 2.3 2.35 2.4 2.45 2.5

 A
rb

itr
ar

y 
un

it

M
(K

+p
+p

)

-taggeds
0K

)2
 (M

eV
/c

mR
es

ol
ut

io
n

0
5

10
15
20

Binding Energy [GeV]
00.10.20.3

Missing-mass resolution

15

K- + 3He → K0 + ds + n"
K0 → π +π -

n

π + π -

K0

NC

CDS

σ ~ 10 MeV"
at around the threshold

The tail is not due to "
the detector resolution



T. Hashimoto@PANIC2014, Aug 25, 2014

`1 / 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

 c
ou

nt
s 

/ 0
.0

1

10

210

310

410

)2,n)X missing mass (GeV/c-He(K3
2 2.05 2.1 2.15 2.2 2.25 2.3 2.35

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

1
/d

m2 d 0
2
4
6
8

10
12
14
16
18
20

)/
+N

+
R

M
(

+p
)

R
M

(

)/
+N

+
Y

M
(

+N
)

Y
M

(

(1
40

5)
+p

)
R

M
(

Binding Energy [GeV]
00.050.10.150.20.250.30.35

Data
-decayYBG

cellBG
accidental+neutralBG

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

50

100

150

200

250

300

350

Background evaluation

16

accidental

+"
Y→Nπ0, π0→2γ  "
KL decay&reaction in the NC"
(evaluated with MC)



T. Hashimoto@PANIC2014, Aug 25, 2014

`1 / 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

 c
ou

nt
s 

/ 0
.0

1

10

210

310

410

)2,n)X missing mass (GeV/c-He(K3
2 2.05 2.1 2.15 2.2 2.25 2.3 2.35

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

1
/d

m2 d 0
2
4
6
8

10
12
14
16
18
20

)/
+N

+
R

M
(

+p
)

R
M

(

)/
+N

+
Y

M
(

+N
)

Y
M

(

(1
40

5)
+p

)
R

M
(

Binding Energy [GeV]
00.050.10.150.20.250.30.35

Data
-decayYBG

cellBG
accidental+neutralBG

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

50

100

150

200

250

300

350

Background evaluation

16

accidental

evaluated using "
empty-target data

+"
Y→Nπ0, π0→2γ  "
KL decay&reaction in the NC"
(evaluated with MC)



T. Hashimoto@PANIC2014, Aug 25, 2014

)2,n)X missing mass (GeV/c-He(K3
2 2.05 2.1 2.15 2.2 2.25 2.3 2.35

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

1
/d

m2 d 0
2
4
6
8

10
12
14
16
18
20

)/
+N

+
R

M
(

+p
)

R
M

(

)/
+N

+
Y

M
(

+N
)

Y
M

(

(1
40

5)
+p

)
R

M
(

Binding Energy [GeV]
00.050.10.150.20.250.30.35

Data
-decayYBG

cellBG
accidental+neutralBG

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

50

100

150

200

250

300

350

Background evaluation

17

Σ+/-

n

π -/+

Λ
n

π0

~ 90% can be reconstructed

Trigger acceptance very small

K- + “N” → Λ + π

K- + “N” → Σ + π

NC

CDS

NC



T. Hashimoto@PANIC2014, Aug 25, 2014

)2,n)X missing mass (GeV/c-He(K3
2 2.05 2.1 2.15 2.2 2.25 2.3 2.35

))2
b/

sr
/(M

eV
/c

µ (
C

D
S

 A×
/d

M
 

1
/d

m2 d 0
2
4
6
8

10
12
14
16
18
20

)/
+N

+
R

M
(

+p
)

R
M

(

)/
+N

+
Y

M
(

+N
)

Y
M

(

(1
40

5)
+p

)
R

M
(

Binding Energy [GeV]
00.050.10.150.20.250.30.35

Data
-decayYBG

cellBG
accidental+neutralBG

2
C

ou
nt

s 
/ 1

0 
M

eV
/c

0

50

100

150

200

250

300

350

Background evaluation

17

Σ+/-

n

π -/+

Λ
n

π0

~ 90% can be reconstructed

Trigger acceptance very small

K- + “N” → Λ + π

K- + “N” → Σ + π

NC

CDS

NC

no significant excess

FINUDA/DISTO



T. Hashimoto@PANIC2014, Aug 25, 2014

Upper limits of the deeply bound K-pp production

18
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Upper limits of the deeply bound K-pp production
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    0.5—5% cross section of quasi-free K scattering"
    one order of magnitude smaller than Koike&Harada prediction
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Exclusive analysis (preliminary)

‣ 3He(K-,Λp)nmissing ~ 200 events"
• ~20% Σ0(→Λγ) contamination"

‣ 3He(K-,Λpn) ~ 10 events
19

Exclusive 3He(K-,/p)n events 

• K-3HeÆ/(60)pn events can be identified 
exclusively 
▫ # of /(60)pn events: ~190 

x 60pn contamination: ~20% 
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we definitely need more data…
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Structure just below the threshold

‣ Exclusive Λp+nmissing"
• cannot be explained by 

phase-space distribution"
"

‣ Semi-inclusive (K-, n)"
• multi-nucleon processes 

might contribute
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we need further analysis"
including a comparison with the (K-,p) channel
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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)

n
Λ* pspectator

NC
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Conclusion
‣ J-PARC E15 searches for the “K-pp” bound state via the 

in-flight kaon reaction."
• 1st physics data with 24 kW*4 day running (< 1% of full proposal)"
"

‣ Semi-inclusive 3He(K-,n)X spectrum was finalized"
• Deeply bound state, like the FINUDA and DISTO observations, was 

not seen as a distinct peak in this reaction."
- 30–270 μb/sr upper limits (0.5–5% of Kn->nK cross section)"

"

‣ More physics outputs will come"
• Some hints of the “tail-like structure” by a combined analysis with 

forward proton and exclusive (K-,Λp) channels"
• New data takings planned next year"

- H2(calibration) , D2(Λ(1405)) and 3He-targets(10 times statistics)
21


