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We have measured an inclusive missing-mass spectrum of the d(π+,K+) reaction at the
pion incident momentum of 1.69 GeV/c in the laboratory scattering angles between 2◦

and 16◦ with the missing-mass resolution of 2.7 MeV/c2(FWHM). In this letter, we first
try to understand the spectrum as a simple quasi-free picture based on several known
elementary cross sections considering the neutron/proton Fermi motion in deuteron.
While major spectrum structures are well understood in this picture, we have observed
two distinct deviations; one peculiar enhancement at 2.13 GeV/c2 is due to a thresh-
old cusp of the ΛN → ΣN conversion process, and the other notable thing is a shift
of a broad bump structure by about 22 ± 0.4 MeV/c2 toward low mass side mainly
contributed from hyperon resonance productions of Λ(1405) and Σ(1385)+/0.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Subject Index Kaonic nuclei, Λ(1405), Strangeness physics

1. Introduction

The measurement was carried out at the K1.8 beam line [1] of the J-PARC hadron exper-

imental hall by using a π+ beam at 1.69 GeV/c with a typical beam intensity of 3× 106

per 6-seconds spill cycle with a spill length of about 2 seconds. A liquid deuterium target
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New type of Strange matter
Strange Mesons (K, K-) in nuclei
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K-pp
KN : attraction in Isospin=0 

Kaonic hydrogen X-ray ; SIDDHARTA,  
M.Bazzi et al., NPA 881 (2012) 88-97. 

Low-energy scattering measurements 

Λ(1405) below the K-p threshold 

K-pp : Y=1, I=1/2, Jπ=0- 



First evidence of K-pp with 6Li+7Li+12C 
by FINUDA 

!

!

!

!

DISTO data: p+p→K-pp + K+ at 2.85 GeV 
M=2267±3±5 MeV/c2 

Γ= 118±8±10 MeV

Experiments on K-pp

B=115+6/-5+3/-4 MeV 
Γ= 67+14/-11+2/-3 MeV

M. Agnello et al., PRL94, (2005) 212303

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

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].
We are indebted to the stimulating discussion of
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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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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].

PRL 104, 132502 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
2 APRIL 2010

132502-4

When a K! interacts with two protons, one expects that
a hyperon-nucleon pair (!" p, "0 " p, or "" " n) is
emitted in the opposite direction, ignoring a final state
interaction inside the nucleus. The angular correlation
between a ! and a proton from the same point in the target
[Fig. 2(b)] clearly indicates the existence of this kind of
reaction. Even for heavy nuclei such as 27Al and 51V the
similar correlations were observed, which might suggest
the absorption would take place at the surface of a nucleus.

In the following analysis, we use the !-p pairs emitted
in the opposite direction ( cos!Lab <!0:8) only from the
light nuclear targets (6Li, 7Li, and 12C).

Since the back-to-back angular correlation between a !
and a proton is so clear, it is naturally expected that the two
particles are emitted from a ‘‘K!pp’’ intermediate system.
The angular correlation is smeared out due to the Fermi
motions of the two protons at the surface of a nucleus by
which the K! is absorbed after cascading down the atomic
orbits by emitting x rays. If the reaction process were
simply a two-nucleon absorption process, the mass of the
system should be close to the sum of a kaon and two proton
mass, namely, 2:370 GeV=c2. The initial motion of the two
protons does not affect the invariant-mass distribution.

The invariant-mass distribution of the !-p pairs is
shown in Fig. 3. A significant mass decrease of the
K!pp system with respect to its expected mass is ob-
served. It can be interpreted as a bound state composed
of a kaon and two protons, hereafter abbreviated as K!pp.

In the inset of Fig. 3, the acceptance corrected invariant-
mass distribution for events with two well-defined long-
track protons is shown. Since the trigger and detection
acceptance are monotonically increasing functions of
the invariant mass in this mass region, the peak fur-
ther shifts to a lower mass side. The binding energy
BK!pp # 115"6

!5$stat%"3
!4$syst% MeV and the width # #

67"14
!11$stat%"2

!3$syst% MeV are obtained from the fitting
with a Lorentzian function (folded with a Gaussian with

" # 4 MeV=c2, corresponding to the detector resolution,
estimated with a Monte Carlo simulation) in the region of
2:22–2:33 GeV=c2. Here, the systematic errors were esti-
mated by changing the event selections in the ! invariant
mass and the !-p opening angle cut as well as by taking
account of the detector acceptance change due to possible
systematic deviations in absolute momentum scale, reac-
tion vertex distributions, etc. Although we still have ambi-
guities on absolute normalization, a rough estimate on the
yield of K!pp ! !" p is of the order of 0.1% per
stopped K!. Consistency of the Monte Carlo simulation
used for estimations of the acceptance and the resolutions
was examined by producing the K!pp events according to
the obtained mass and width. The same simulation con-
ditions were applied to these events; the momentum dis-
tributions of !’s and protons, the !-p opening angle
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FIG. 3. Invariant mass of a ! and a proton in back-to-back
correlation ( cos!Lab <!0:8) from light targets before the ac-
ceptance correction. The inset shows the result after the accep-
tance correction for the events which have two protons with
well-defined good tracks. Only the bins between 2.22 and
2:33 GeV=c2 are used for the fitting.
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FIG. 2. (a) Invariant-mass distribution of a proton and a #! for all the events in which these two particles are observed, fitted by a
single Gaussian together with a linear background in the invariant-mass range of 1100–1130 MeV=c2. (b) Opening angle distribution
between a ! and a proton: solid line, 6Li, 7Li, and 12C; dashed line, 27Al and 51V. The shaded area ( cos!Lab <!0:8) is selected as the
back-to-back event.

PRL 94, 212303 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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Theoretical work on K-pp
K-pp does exist !!  
      ...but maybe broad (consistent with EXPs)

(MeV)

ATMS 
Yamazaki 
& Akaishi, 
PLB535 

(2002) 70.

Faddeev 
Shevchenko, 
Gal, Mares, 

PRL98 
(2007) 

082301.

Faddeev 
Ikeda & 
Sato, 

PRC79 
(2009) 

035201.

Variational 
Wycech & 

Green, 
PRC79 
(2009) 

014001.

Faddeev, 
Maeda, Akaishi, 

Yamazaki, 
Proc. Jpn. 

Acad., B, 89 
(2013) 418.

Variational 
Dote, Hyodo, 

Weise, 
PRC79 
(2009) 

014003.

Faddeev 
Ikeda, 

Kamano, 
Sato, 

PTP124 
(2010) 533.

Faddeev 
Barnea, 

Gal, Liverts, 
PLB 712 

(2012) 132.

B 48 50-70 60-95 40-80 51.5 17-23 9-16 16

Γ 61 90-110 45-80 40-85 61 40-70 34-46 41

FSI effects ? ; V.K. Magas et al., PRC 74 (2006) 025206. 

Λ*N bound state ? ; T. Uchino et al., NPA 868-869 (2011) 53.



K-pp Searches at J-PARC
E15 : 
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E15 Experiment
in-­‐flight	
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K1.8BR experimental areaJ-PARC K1.8BR spectrometer
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K. Agari et. al., PTEP 2012, 02B011
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Semi-inclusive 3He(K-,n)X M.M. 
spectrum

CANNOT be explained by any experimental effects 
nor well-known elementary processes

(θ
la
b=
0o
)

excess



Exclusive 3He(K-,Λp)n events

K-3He→Λ(Σ0)pn events are exclusively identified ~ 190 events 

Σ0pn contamination ~ 20%

n

1GeV/c	
  
K-­‐	
  beam

p

π−

p

missing	
  n

Λ

CDS



Events are widely scattered in phase-space(Λ-p-n)

3He(K-,Λp)n ; Dalitz plot

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  K-­‐pp	
  form.:	
  	
  
K-­‐3Heà(K-­‐pp)n,	
  
	
   K-­‐ppàΛp

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2NA:	
  	
  
e.g.	
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  2NA+2step:	
  	
  
e.g.	
  K-­‐3HeàΣ0pns,	
  
	

    Σ0nsàΛn

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2NA+2step:	
  	
  
e.g.	
  K-­‐3HeàΣ0nps,	
  
	

    Σ0psàΛp



3He(K-,Λp)n ; Invariant mass

Total CS :~200μb (assuming phase-space distrib.)
15

~190	
  eventsIM(Λp)

(~	
  0.1%	
  of	
  total	
  cross	
  section	
  of	
  K-­‐3He)	
  

IM(Λn)



E15 Summary
K-3He reaction at 1 GeV/c : 4-days data taking was 
successful. 

Excess below the K-pp threshold in (K-,n) spectrum. 

3He(K-,Λp)n exclusive process (3-nucleon abs.?) was 
observed. 

!

Next physics data taking in 2015 : 10 times more data !



E27: d(π+,K+) reaction

Yamazaki & Akaishi, Phys. Rev. 
C76 (2007) 045201.



 d(π+,K+) inclusive spectrum; 
     in simulation
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     in simulation
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Range Counter System for E27

5 layers (1+2+2+5+2cm) of 
plastic scinti. 

39 - 122 deg. (L+R) 

50 cm TOF



One-proton tagging

range&counter�

π+d→K+Σπps�

Λp#decay�

20%�

Quasifree Y productions Non-mesonic decay from K-pp



Particle Identification 
 in Range Counter

1/β

Range Information

Proton

Pion



!
Σ+ production 

ΔM  =  3.2MeV(FWHM) 
Mass = 1188.92MeV 

Σ+(1385) production 
Yπ production

]2Missing Mass [GeV/c
1.25 1.3 1.35 1.4 1.45

)]2
b/

sr
/(4

M
eV

/c
µ[

(L
ab

)
o

-1
6

o 2
/d

M
 

1
/d

m2 d

0

1

2

3

4

5

6

7 data
total

 + K+(1385)Y Ap+/
+ K/ R Ap+/
+ K/ Y Ap+/

p(π+,K+)1.69 GeV/c

Co
un

ts
 /

 1
M

eV Σ+

Σ*+

Missing Mass[GeV/c2]
p(π+,K+)Σ+  @1.69 GeV/c

[deg]Lab eScattering Angle 
2 4 6 8 10 12 14 16

b/
sr

]
µ[

La
b

1
/d

md

0

100

200

300

400

500

600

700

800
present data

old data



!
Σ+ production 

ΔM  =  3.2MeV(FWHM) 
Mass = 1188.92MeV 

Σ+(1385) production 
Yπ production

]2Missing Mass [GeV/c
1.25 1.3 1.35 1.4 1.45

)]2
b/

sr
/(4

M
eV

/c
µ[

(L
ab

)
o

-1
6

o 2
/d

M
 

1
/d

m2 d

0

1

2

3

4

5

6

7 data
total

 + K+(1385)Y Ap+/
+ K/ R Ap+/
+ K/ Y Ap+/

p(π+,K+)1.69 GeV/c

Co
un

ts
 /

 1
M

eV Σ+

Σ*+

Missing Mass[GeV/c2]
p(π+,K+)Σ+  @1.69 GeV/c

[deg]Lab eScattering Angle 
2 4 6 8 10 12 14 16

b/
sr

]
µ[

La
b

1
/d

md

0

100

200

300

400

500

600

700

800
present data

old data

Preli
mina

ry



]2Missing Mass[GeV/c
2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

co
un

ts
/2

M
eV

0

2000

4000

6000

8000

10000

12000

14000 Black=Simulation
Red=Data

)o-16o=2piK(Lab) eMissing Mass (

d(π+, K+) @1.69 GeV/c

Λ

Σ+/0

Y*s



]2Missing Mass[GeV/c
2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

co
un

ts
/2

M
eV

0

2000

4000

6000

8000

10000

12000

14000 Black=Simulation
Red=Data

)o-16o=2piK(Lab) eMissing Mass (

d(π+, K+) @1.69 GeV/c

Λ

Σ+/0

Y*s

ΣN-ΛN Cusp 
@2.13 GeV



]2Missing Mass[GeV/c
2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

co
un

ts
/2

M
eV

0

2000

4000

6000

8000

10000

12000

14000 Black=Simulation
Red=Data

)o-16o=2piK(Lab) eMissing Mass (

d(π+, K+) @1.69 GeV/c

Λ

Σ+/0

Y*s

ΣN-ΛN Cusp 
@2.13 GeV

Mass shift for Y* by 
~30 MeV



]2Missing Mass[GeV/c
2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

co
un

ts
/2

M
eV

0

2000

4000

6000

8000

10000

12000

14000 Black=Simulation
Red=Data

)o-16o=2piK(Lab) eMissing Mass (

d(π+, K+) @1.69 GeV/c

Λ

Σ+/0

Y*s

ΣN-ΛN Cusp 
@2.13 GeV

Mass shift for Y* by 
~30 MeV

K-pp



ΣN→ΛN cusp
Peak at 2130.5±0.4±0.8 MeV 

Width = 5.4±0.8+0.3/-0.7 MeV

]2[GeV/cdMM
2.06 2.08 2.1 2.12 2.14 2.16 2.18 2.2

)]2
b/

sr
/(M

eV
/c

µ[
(L

ab
)

o
-8o 2

 /d
M

 
1

 /d2
md

0

2

4

6

8

10

12

14



ΣN→ΛN cusp
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Rπ = (Pion coincidence spectrum)/(Inclusive spectrum) 
Rπ ∝ (π emission BR)x(π detection efficiency)
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Hyperon mass with two protons
d(π+,K+)K-pp;   K-pp→Y+p,   Y→π+p(+γ+π) 

MY2= (Eπ+Md-EK-Ep)2-(pπ-pK-pp)2
Black:'Data','Red:'Λp,''Pink:'Σ0p,'Green:'Λπ0p,'Sky:'Σ+π;p,'Blue:'All'component�

2.1<MM<2.22[GeV/c2]� 2.22<MM<2.35[GeV/c2]�

MM<2.35[GeV/c2]�
η 2

p�

Σ0

Σ0Λ Λ

πY

πY

MY MY

MY MKpp

Λp

Σ0p
πYp

MM>2.35



Hyperon mass with two protons
d(π+,K+)K-pp;   K-pp→Y+p,   Y→π+p(+γ+π) 

MY2= (Eπ+Md-EK-Ep)2-(pπ-pK-pp)2
Black:'Data','Red:'Λp,''Pink:'Σ0p,'Green:'Λπ0p,'Sky:'Σ+π;p,'Blue:'All'component�

2.1<MM<2.22[GeV/c2]� 2.22<MM<2.35[GeV/c2]�

MM<2.35[GeV/c2]�
η 2

p�

Σ0

Σ0Λ Λ

πY

πY

MY MY

MY MKpp

Λp

Σ0p
πYp

MM>2.35

Preli
mina

ry



Summary



Summary
E15 : 4-days data taking



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c
threshold cusp at 2.13 GeV/c2



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c
threshold cusp at 2.13 GeV/c2

mass shift of ~30 MeV in Y* region



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c
threshold cusp at 2.13 GeV/c2

mass shift of ~30 MeV in Y* region
proton coincidence



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c
threshold cusp at 2.13 GeV/c2

mass shift of ~30 MeV in Y* region
proton coincidence

an enhancement of “K-pp”-like structure



Summary
E15 : 4-days data taking

3He(K-,n) missing mass spectrum
Excess below the K+p+p threshold

3He(K-, Λp)n exclusive measurement
3-nucleon absorption ?

10 times more data in 2015
E27 : A pilot run of ~10 days

d(π+,K+) missing mass spectrum at 1.69 GeV/c
threshold cusp at 2.13 GeV/c2

mass shift of ~30 MeV in Y* region
proton coincidence

an enhancement of “K-pp”-like structure
BR : Λp, Σ0p, πYN ~ 1 : 1 : 0.1


