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J-PARC E15 collaboration
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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-

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” candidates
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B = 115±6±4 MeV
Γ = 67±14±3 MeV

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 
2NA contributions?

B = 105±2±5 MeV
Γ = 118±8±10MeV

@Tp=2.85 GeV

N* contribution?
Consistency with HADES@Tp=3.5 GeV ?

Exclusive pp→(“K-pp”K+)→ΛpK+　channel

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

FINUDA DISTO

larger cross section than Λ*
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J-PARC E27
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Theoretical calculations

‣ All theoretical studies predict existence of the “K-pp”
‣ Experimental observation cannot be explained

6

KbarNN Bound State 

3 

A.Gal, NPA914(2013)270 

KbarNN : the simplest Kbar-nuclear state 

All theoretical studies predict existence of the KbarNN 
 Æ However, B.E. and Γ are controversial 

Y.Ichikawa, EXA2014 

E27 

Further experimental information with different reaction channels is important
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In-flight K- reaction on 3He
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+

nK-

qK~200MeV/c

quasi-elastic

pS pS
K- 3He

+

1GeV/c

2

E15:$“K0pp”$search$via$3He(K0,n)$@pK=1GeV/c

+

p

p
/-
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R
ppK-

ppK- formation

CDS

CDS

NC

decay

decay

formation

for efficient “ppK” formation without 2NA background
Y decay can be rejectedFormation & Decay

(quasi0free$KN)

14年5月15日木曜日

✓ 2NA should be suppressed
✓ Y decay can be separated

final goal:
detect everything!

(@ 0°)

1.2~1.3 GeV/c
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J-PARC hadron hall
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K1.8 

K1.8BR 

T1 target 
K1.1BR 

KL 

Primary proton beam: (as of May. 2013)

24 kW, 30 Tppp with 6s repetition cycle

2s spill length, ~45% duty factor

E27 d(π+,K+)



T. Hashimoto@MPMBI2015

J-PARC hadron hall
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K1.8 

K1.8BR 

T1 target 
K1.1BR 

KL 

Primary proton beam: (as of May. 2013)

24 kW, 30 Tppp with 6s repetition cycle

2s spill length, ~45% duty factor

‣ Low momentum kaon beam
• < 1.1 GeV/c
• stopped K

‣ Multi-purpose detector system
• Neutron TOF counter
• Beam analyzer
• CDS
• Cryogenic target  

(liquid H2 / D2 / 3/4He)

Features of K1.8BR

E27 d(π+,K+)
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Experiments at K1.8BR

‣ All approved experiments  
investigate the KbarN interaction

• E15: Search for K-pp via 3He(K-, n)

• E31: Spectroscopic study of Λ(1405) via d(K-,n)

• E17(→E62) : Kaonic 3He/4He atom X-rays

• E57: K-p, K-d X-rays

9

K-

3He

X-ray

K- pp

p K- ?
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J-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-

γ, n p

15m
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J-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-

γ, n p

15m

500 mm0

solenoid magnet

vacuum vessel
target cell

Beam Veto Counter

CDH

CDC

BPC

BPD IHDEF

K. Agari et. al., PTEP 2012, 02B011
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Status of J-PARC E15
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Status of the E15 Experiment 

6 

• Production run of ~1% of the approved proposal was 
successfully carried out in 2013. 

• 2nd physics run will be performed in the autumn of 2015 

* production target: Au 50% loss, spill length: 2s, spill duty factor: 35~45%, K/pi ratio: ~1/2 
* ~70% of beam kaons hit the fiducial volume of 3He target 

Exp. 

Target 

Primary-beam 

intensity 

Secondary-

kaon intensity 
Duration 

Kaons on target 

(w/ tgt selection) 

May, 2013 

(Run#49c) 
3He 24 kW 

(30 Tppp, 6s) 140 k/spill 88 h 5.3 x 109 

Apr-May, 2015 

(Run#62) 
H2 

26.5 kW 
(33 Tppp, 6s) 130 k/spill 73 h 3.7 x 109 

Apr-May, 2015 

(Run#62) 
D2 

26.5 kW 
(33 Tppp, 6s) 130 k/spill 53 h 2.8 x 109 

Autumn, 2015 3He 40 kW 
(50 Tppp, 6s) 200k/spill 26d 50x109 

E151st 

E152nd 

calibration 

calibration 
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Preliminary

J-PARC E15 1st stage experiment

12

))
2

b
/s

r/
(M

e
V

/c
µ(

C
D

S
 A
×

/d
M

 
Ω

/d
σ

2 d

0
20
40
60
80

100
120
140
160

M
(K

+
p

+
p

)

Binding Energy [GeV]
00.10.20.3

Data
-decayΣBG

neutralBG
cellBG
accidentalBG

2
C

o
u
n
ts

 /
 1

0
 M

e
V

/c

0

5

10

15

20

25

30
210×

)2,n)X missing mass (GeV/c-He(K3
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7

A
rb

itr
a
ry

 u
n
it

All

n-K→n-K

ns
0K→p-K

)π)(π(πΛ→N-K

)π)(π(πΣ→N-K

K∆),π(π,NKπ
*Y→N-K

]2 [GeV/cmissingp)nL, -He(K3p) in  LI.M. (
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 30

2
4
6
8

10
12
14
16
18
20

Co
un

t p
er 

20
 M

eV
/c2

M
(K
+p
+p
)

M
(K
+p
+p
)

+

+
reaction

K- 3He

K-pp n

p

p

Λ

π -

Formation 
3He(K-,n)X

Decay 
3He(K-,Λp)n

5 x 109  kaons 
(~ 1% of full proposal)



T. Hashimoto@MPMBI2015

Formation channel 
Semi-inclusive 3He(K-, n)

13

Formation Channel, 
Semi-Inclusive 3He(K-,n)X 

6 
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θlab= 0° @ pK= 1 GeV/c
minimum-bias by a request of 
charged track(s) in the CDS
✓ select helium-3 region
✓ determine the neutron flight length

K
-

CDH hit

CVC veto

BVC veto

, n

charge 
sweep out

NC hit

✓ Low background

✓ Clear γ - neutron separation

✓ 150 ps TOF resolution (σ) at the γ-ray peak
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Semi-inclusive spectrum
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n

π + π -

K0

NC

CDS

Sub-threshold structure
 is not due to 

“the detector resolution”

Charge-exchange
K- + 3He → K0 + ds + n

K0 → π + + π -
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Charge-exchange
K- + 3He → K0 + ds + n

K0 → π + + π -

Quasi-elastic
K- + 3He → K- + 2ps + n

dσ/dΩθ=0 ~ 11 mb/sr 

dσ/dΩθ=0 ~ 6 mb/sr 
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Charge-exchange
K- + 3He → K0 + ds + n

K0 → π + + π -

Quasi-elastic
K- + 3He → K- + 2ps + n

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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Background evaluation

19
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Close-up view: “K-pp” bound region

1. Deeply-bound region: no significant structure
2. Just below the K-pp threshold: excess of the yield
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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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and J. Révai, Phys. Rev. C 76, 044004 (2007).

[9] Y. Ikeda and T. Sato, Phys. Rev. C 76, 035203 (2007).
[10] D. Jido, J. A. Oller, E. Oset, A. Ramos, and U.-G.

Meissner, Nucl. Phys. A725, 181 (2003); V. K. Magas,
E. Oset, and A. Ramos, Phys. Rev. Lett. 95, 052301
(2005).

[11] T. Hyodo and W. Weise, Phys. Rev. C 77, 035204 (2008).
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■ 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.

~8% of Λ*
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• d(KT,n)X

• 3He(KT,n)X

Fermi&motion

Fermi&motion

π&production&threshold

π&production&threshold

Forward neutron specta on p/d/3He 
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subTthreshold&excess!
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Forward neutron specta on p/d/3He 
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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
• U.L. of deeply bound states: 1 ~ 10% of Λ*n branch?
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CHAPTER 4. SPECTRAL ANALYSIS 107

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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What is the origin of the excess?

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

27

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
• U.L. of deeply bound states: 1 ~ 10% of Λ*n branch?

)2,n)X missing mass (GeV/c-He(K3
2.10 2.15 2.20 2.25 2.30 2.35

C
D

S
A

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

pRApp-K
p0YApp-K
pY/App-K

Binding Energy [GeV]
0.00.10.20.3

)2,n)X missing mass (GeV/c-He(K3
2.10 2.15 2.20 2.25 2.30 2.35

 c
ut

YD

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

pRApp-K
p0YApp-K
pY/App-K

Binding Energy [GeV]
0.00.10.20.3

CDS tagging efficiency



T. Hashimoto@MPMBI2015

Comparison with theoretical spectral functions

28

Experimental spectrum is similar to theoretical predictions with a loosely-bound state.
(Λ(1405) production is not considered)

Theoretical Calculations 
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Decay channel 
Exclusive 3He(K-, Λp)n

29

� Contents 
� Motivation 
� Data set & cut 

condition 
� Lp selection 

� Inclusive 3He(K-,Lp) 
� Exclusive 3He(K-,Lp)n 

� Result 
� Discussion 

� Di-Baryon state 
� Upper limit of deeply 

state 
� Comparison of 3He(K-

,n) 
� Summary 
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Λp identification

30
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K- beam�
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K- IM(pp) (DATA) 

• Proton from L seems clearly identified. 

6 

IM(ppfromL) data IM(ppother) data 

IM(pp)  [GeV/c2] IM(pp)  [GeV/c2] 

PID by TOF and track curvature

Λ identification in ppπ event
using vertex topology

resolution ~ 2 MeV/c2 (σ)

pπ Invariant mass (GeV/c2)
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missing neutron ID

‣ Simultaneous fit of M.M.(Λp) & I.M.(Λp)
‣ Events with π are dominant
‣ Λpn ~ 200 events

• contamination of Σ0pn: ~20%
31

neutron

Preliminary Preliminary
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Exclusive spectrum

32
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• At Kpp th, resl is ~10MeV 

48 

I.M. (Lp) [GeV/c2] 

Resl. of I.M
. (Lp) [GeV/c 2] 

~ 10 MeV/c2

at the K-pp threshold

Preliminary



T. Hashimoto@MPMBI2015

Comparison with Phase space

‣ 2NA reaction K-+3He→Λ+p+ns seem to be very weak
• c.f.) stop K- reaction: 10 ~ 20% of total events

‣ 3NA reaction K-+3He→Λ+p+n seem to exist
• ~ 40 μb, ( 10-4~10-3 of K-+3He total cross section)

‣ Enhancement around the K-pp threshold
33

Exclusive&3He(KT,Λp)nmis&by&3NA

• The$spectrum$CANNOT$be$reproduced$only$by$3NA$
• Clear$structure$is$seen$around$KNN$threshold$

– NOT+explained+by+any+2*step+reactions,+such+as+Λ*N!Λp 13
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Kinematics of the structure

‣ low-momentum transfer is enhanced
‣ isotropic decay?

34

Kinematics&of&the&Structure

• low9momentum$transfer$is$enhanced$
• isotropic$decay

14

Mom.&Trans&vs.&IM(Λp) Λp&decayTangle&in&CM
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Assuming Breit-Wigner

‣ χ2-test with Breit-Wigner and 3NA backgrounds 
• assume isotropic Λp decay as a function of mass and width

‣ ~ 15 μb, a few μb/sr at θn=0
• not contradict with the forward neutron analysis

- < 1~2 mb/sr excess in semi-inclusive neutron spectrum

- theories suggest K-pp→Λp << K-pp→πΣp 

35

Assuming&BreitTWigner

• χ29test$with$Breit9Wigner$and$3NA$backgrounds$
– assume$isotropic$Λp$decay$as$a$function$of$mass$and$width

15

χ2/NDF=62.3&/49&
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Λ(1405)ps→Λp conversion

‣ Difficult to distinguish from the “K-pp” experimentally.
‣ Should be compared with quasi-free Λ*N

• < 5 mb/sr from forward neutron analysis
• ~ 0.5 mb/sr from theoretical calc. on K-d
• a few percent conversion probability?

36

n

Λ*

pspectator

p

Λ

Preliminary

further studies are ongoing…
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Outlook - E152nd & near future plan@K1.8BR 

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

‣ E31 pilot run (D2-target) 

‣ E17→E62: K-He x-ray measurement with TES
• TES: novel cryogenic detector, ~5 eV FWHM@6 keV
• Feasibility test was successfully performed at PSI

‣ E57: K-d x-ray measurement with SDDs 

37

2015
2017 ~ ?

2016



T. Hashimoto@MPMBI2015

Kinematically complete measurement

38

Kinematically-complete measurement 
of 3He(K-, Λpn) 

• Minimum momentum transfer of the 3He(K-,n) reaction  
 Æ would enhance the S=-1 di-baryon production 
• x100 beam time is required 21 

only 
~15 events 
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“K-pp”→(πΣ)0p decay

40

)2,n)X missing mass (GeV/c-He(K3
2.29 2.30 2.31 2.32 2.33 2.34 2.35 2.36 2.37

-ta
gg

in
g 

ac
ce

pt
an

ce
m

is
si

ng
pn

n
ππ 0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0

2

4

6

8

10

12

14

16

18

)2pn)X missing mass (GeV/cπ,-He(K3
0.6 0.8 1.0 1.2 1.4 1.6 1.8

pn
)X

 m
is

si
ng

 m
om

en
tu

m
π,-

H
e(

K
3 0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

pn)X missing momentumπ,-He(K3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.00

10

20

30

40

50

60

)2pn)X missing mass (GeV/cπ,-He(K3
0.6 0.8 1.0 1.2 1.4 1.6 1.80

50

100

150

200

250

neutron

,n)X missing mass-He(K3
2.20 2.25 2.30 2.35 2.40 2.45 2.50

Co
un

ts 
/ 2

0 M
eV

0

10

20

30

40

50

60 ππpn-tag 
K0,Λ,Σf rejected

K- + 3He → (Σ + π + p) + n  
Σ→π+ n

CDS 
NC

50 MeV binding

CDS acceptance limited…

Preliminary



T. Hashimoto@MPMBI2015

Preliminary

Summary

‣ Deeply-bound region 
‣ bump-structure reported by 

FINUDA/DISTO/E27, has NOT 
been observed


‣ reaction channel dependence?


‣ Around the threshold 
‣ Some structure has been seen 

both in formation- and decay-
channel 


‣ Hint of S=-1 di-baryon state?

‣ explained by Λ(1405)?


‣ x10 statistics data coming soon ! 
‣ exclusive analysis to reveal the 

origin of the sub-threshold 
structure
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• Peak structure of X state is on missing n peak 
• => almost X state events seem not to be  come from S0  
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• 3He(K+,p)'spectrum'looks'similar'to'(K+,n) 25

E548@KEK
PTP118(2007)181

Re(V)'='~160MeV

Re(V)'='~190MeV

(K+,n)

(K+,p)

preliminary

Semi+Inclusive'3He(K+,n/p)X'M.M.'spectrum


