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Ø  Kaonic nuclei 
Ø  A bound state of antikaon and nucleus due to a strong interaction. 
Ø  It has a rich information such as a sub-threshold KN interaction 

and a behavior of the Λ(1405) in many body systems. 
Ø  K−pp bound state 

Ø  KNN(Total charge; +1, I=1/2) 
Ø  Expected to be the simplest kaonic nuclei.  
Ø  Theoretical prediction of B.E. and Γ depend on the KN 

interaction and the calculation method.  

Introduction	
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T.Yamazaki et al.,  
PRL 104, 132502 (2010)	
M.Agnello et al.,  PRL 94, 212303 (2005)	


-	


FINUDA	
 DISTO	


reaction	
 Stopped K- absorption 	

on 6, 7Li+12C	


p + p @ Tp=2.85GeV	


method	
 Invariant mass of back-to-back	

 Λp pairs	


p + p → X + K+ （missing mass）	


   X → Λ + p （invariant mass）	


B.E.	
                                      MeV	
                         MeV	


Width	
                                MeV	
                         MeV	


115−5
+6 (stat.)−4

+3 (syst.)

M.Agnello et al.,  PRL 94, 212303 (2005)	
 T.Yamazaki et al., PRL 104, 132502 (2010)	


K-+p+p~2.37GeV/c2	
 K-+p+p~2.37GeV/c2	


Past experiments for the K-pp	
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Comparison the B.E. and Γ of the K-pp	

Ø  B.E. and Γ strongly depend on the KN interaction. 
Ø  It is difficult to reproduce the experimental values.  

Theoretical 
value	


Kbar-N  interaction	
 Calculation 
method	


●	
 Chiral base	
 Variation	


○	
 Chiral base	
 Faddeev 	


▲	
 Phenomenological	
 Variation	


△	
 Phenomenological	
 Faddeev	


T.Yamazaki et al.,  
PRL 104, 132502 (2010)	


M.Agnello et al.,  PRL 94, 212303 (2005)	


K- + p + p ~ 2.37GeV/c2	
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J-PARC E27 experiment  
( π+d→ K+X reaction at 1.69GeV/c)	
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π+ + n → Λ(1405) + K+ 
        Λ(1405) + p  → K-pp 
                     (→quasi free Λ*  ） 

K-pp is produced  
via a Λ(1405) doorway.	


 Y.Akaishi, T.Yamazaki, Phys. Rev. C 76 045201 (2007)	


π+	


K+	


J-PARC  
K1.8 beam line	
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d(π+, K+)X reaction (Pπ=1.69GeV/c)	

Simulated inclusive missing mass spectrum of quasi-free hyperon productions. 
There are a lot of background process in this reaction.	
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K-pp signal will be hidden by other QF processes at inclusive spectrum. 
→Coincidence measurement.	


d(π+, K+)X reaction (Pπ=1.69GeV/c)	

Simulated inclusive missing mass spectrum of quasi-free hyperon productions. 
There are a lot of background process in this reaction.	
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Ø   6units, 5 layers (1+2+2+5+2cm) of plastic scintillator. 
Ø   Detect the proton(s) from the K−pp decay.  
Ø  TOF: 50cm, θxz: 39°–122°(L+R) 
Ø  Momentum coverage for proton: about 300 ~ 800MeV/c 
Ø  Geometrical coverage ~ 26% 

9	


RCA for B.G. suppression	


QF(B.G.): 
π+ “n”→ Λπ0 K+ → p π- π0 K+ 

(proton spectator)	


RC-Seg3, 6	


RC-Seg2, 5	


RC-Seg1, 4	
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p	


p	


K+	


π+	


K−pp→Λp→pπ−p; 
        →Σ0p→pπ−γp; 
        →Yπp→pπp+(etc.)	


Simulation	
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RCA for B.G. suppression	


QF(B.G.): 
π+ “n”→ Λπ0 K+ → p π- π0 K+ 

(proton spectator)	


RC-Seg3, 6	


RC-Seg2, 5	


RC-Seg1, 4	


  
         K-pp→ Λp→p π- p 
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RCA for B.G. suppression	
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p	


p	


K+	


π+	


K−pp→Λp→pπ−p; 
        →Σ0p→pπ−γp; 
        →Yπp	


→We suppress the quasi-free B.G. by tagging a proton. 
    →More strongly suppress by tagging two protons.　 

Simulation	
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Analysis result	
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Spectrometer performance (Calibration) 
p(π+, K+)Σ+ at 1.58 GeV/c	


・ Missing mass resolution of Σ+ 

   ΔM = 2.8 ± 0.1 MeV/c2(FWHM) 
 
 

・ Missing mass resolution of the 
   d(π+, K+)X reaction 
   ・ X = K-pp (B.E = 100MeV)   
     ΔM = 2.7 ± 0.1 MeV/c2(FWHM) 
　 ・ X = ΣN cusp (2.13 GeV/c2)   
     ΔM = 3.2 ± 0.2 MeV/c2(FWHM) 
 
       	


The K+ momentum is same region 
of the d(π+,K+)K-pp reaction. 

13 

Σ+	
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MMp [GeV/c2]	
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Σ+	


p(π+, K+) at 1.69 GeV/c	


Σ(1385)+	


M = 1381.1 ± 3.6 MeV/c2 

Γ   = 42 ± 13 MeV 
PDG: M = 1382.8 ± 0.35 MeV/c2, 
          Γ   = 36.07 ± 0.7 MeV	
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d(π+, K+) at 1.69 GeV/c	
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Quasi-free B.G.	

  - Λ, Σ+/0, 
  - Y*: Λ(1405),  
           Σ(1385)+/0, 
  - Λπ, Σπ  

•  There are a lot of B.G (quasi-free hyperon production). 
　　→It is difficult to identify the K-pp from inclusive spectrum.  
•  The overall structure was understood with a simulation. 

However, there are two peculiar deviations. 
•  ΣN cusp (~2.13 GeV/c2) and Y* peak postion  
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d(π+, K+) at 1.69 GeV/c	


16 

Quasi-free B.G.	

  - Λ, Σ+/0, 
  - Y*: Λ(1405),  
           Σ(1385)+/0, 
  - Λπ, Σπ  

•  There are a lot of B.G (quasi-free hyperon production). 
　　→It is difficult to identify the K-pp from inclusive spectrum.  
•  The overall structure was understood with a simulation. 

However, there are two peculiar deviations. 
•  ΣN cusp (~2.13 GeV/c2) and Y* peak postion  

Y* peak; data = 2400.6 ± 0.5(stat.) ± 0.6(syst.) MeV/c2 

                sim  = 2433.0       (syst.) MeV/c2 
             “shift” = －32.4 ± 0.5(stat.)      (syst.) MeV/c2 

 

+2.8 
-1.6	


+2.9 
-1.7	
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d(γ, K+π-)X reaction at Eγ=1.5-2.4 GeV	
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Figure 1: (color online)(a): Differential cross section of d(γ, K+π−)X,
dσ/d cos θlabK+/d coslab

π−
. Here, bin width is 20 MeV/c2. The error bars

shows the statistical error, and the red boxes show the systematic error.
The discrepancy between the two datasets is shown as the hatched
histogram.

state were searched for with the the Log-likelihood ra-
tio method. In this method, the MMd(K+π−) spec-
trum was fitted under two hypotheses : background
processes only, and background processes and signal
process. The yield of each background process was
considered as a free parameter for the fitting. The
Log-likelihood value was obtained by fitting the sig-
nal and background spectra to the experimental data
where the yield of the signal was increased from 0
to a certain value. Then the improvements of Log-
likelihood from background only hypothesis (−2∆ ln L)
were tested in the search region. It is worthwhile to note
that the raw spectrum was used for the fitting because
acceptance-corrected spectrum has considerable sys-
tematic uncertainties and deteriorates the quality of the
fitting. Four processes were used for the background:
γn → ΛK+π−, γp → Σ+K+π−, γn → ΛK+π−π0 and
γp → Σ(1385)+K+π−. The shapes of the spectra were
generated with the GEANT-based Monte Carlo simula-
tion, where the Paris-potential model was used to de-
scribe the momentum distribution of the nucleons in-
side the deuteron [19]. In addition, a constant offset was
adopted in order to consider the contribution of remain-
ing processes such as hyperon decay. Figure 2 shows
the fit result with only background processes. χ2/ndf
of the fit result is 3.5 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. val-
ues ranging from 10 to 150 MeV. The signal shape was
assumed to be a Breit Wigner distribution with the fixed
B.E. and Γ , and was generated with the GEANT-based
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Figure 2: (color online) The spectrum fit result for the determination
of the upper limit of cross section. The color and style of line for each
corresponding process are shown in the figure.

Monte Carlo simulation. As a result of tests, significant
improvements of Log-likelihood were not observed un-
der any condition in the search region.

In order to quantify the search results, the upper limits
of the differential cross section were determined. The
signal yield which gave −2∆ ln L = 3.84 was used to
give 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 crossing point at −2∆ ln L =
3.84 is indicated by an arrow.

Yield of Signal
0 50 100 150 200 250 300

ln
L

Δ
-2

0

2

4

6

8

10

lnL = 3.841Δ-2

(95% C.L.)
Upper Limit of Yield

Figure 3: (color online) Typical −2∆lnL as a function of the sig-
nal yield. The B.E. and Γ is assumed to be 100 MeV and 60 MeV,
respectively.

Thus, the upper limits of the yield were determined
for signals with Γ = 20, 60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The obtained yields
were converted to the differential cross section by divid-
ing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance was deter-

4

•  Spring-8 LEPS	


Peak shift was not observed in this reaction. 	


can be fitted  

A. O. Tokiyasu et al., Phys. Lett. B 728C, 616-621 (2014).	
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d(π+, K+) at 1.69 GeV/c	
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M(Σ0)+M(p) = 2.1309GeV/c2 

M(Σ+)+M(n) = 2.1289GeV/c2 

])[()(3.5
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Ø  Forward scattering angle (θpiK(Lab)　= 2-8°) was selected. 
Ø  A cusp at ΣN threshold is prominent in the figure. 

Ø  The intermediate ΣN states should be dominantly 3S1,                           
leading to 3S1 and 3D1 for the final ΛN system.	
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Previous measurement of ΣN cusp	
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d(K-, π-)	


d(K-, π-)	


p(p, K+)	


d(K-, π-)	


p(p, K+)	


d(K-, π-)	


p(p, K+)	


p(p, K+)	


Present data.	

H. Machner et al., NPA 901, 65 (2013)	
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Previous measurement of ΣN cusp	
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d(K-, π-)	


d(K-, π-)	


p(p, K+)	


d(K-, π-)	


p(p, K+)	


d(K-, π-)	


p(p, K+)	


p(p, K+)	


Present data.	


Further detailed studies including the present data 
would reveal the information on the ΣN-ΛN coupling strength 
and pole position.	


H. Machner et al., NPA 901, 65 (2013)	
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Coincidence analysis result	
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PID ( ≡ (dEi + dEi-1)α - dEi
α × cosθ )	


Cut parameter  
-  stop layer 
-  1/β 
-  PID function 

(dE/dx)	


i : stop layer	


escape 
before 
stop 

PID performance of RCA	
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Ø  Emitted proton is selected by RCA.  
Ø  Proton is well separated from pion 	


<stop layer =4>	
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1 proton coincidence analysis	


ΣN 
Cusp 

K-pp?	


1P coin 
/ Inclusive	
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Ø  RC Seg2, 5 are almost free from QF backgrounds. 
Ø  Excess due to ΣN cusp is clearly observed ~ 2.13GeV/c2. 
Ø  Broad Enhancement is observed around 2.3GeV/c2. 

Ø  A possible explanation of the observed structure is the K-pp. 
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Cusp region	
 K-pp region	
 Y* region	


2 proton coincidence analysis	


2P coin 
/ Inclusive	


K-pp?	


ΣN 
Cusp 

24 

Ø  2 protons coincidence spectrums show the same tendency as 
1proton coincidence spectrum.  

Ø  We distinguish the 3 regions at the missing mass spectrum. 
①MM<2.22GeV,   ②2.22<MM<2.35GeV,   ③MM>2.35GeV 
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Cusp region	
 K-pp region	
 Y* region	
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ΣN 
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①	
 ②	
 ③	
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Ø  2 protons coincidence spectrums show the same tendency as 
1proton coincidence spectrum.  
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Final state of X (2p coin events).	


Black: Data  
(HY=Λ):    X → Λp 
(HY=Σ0):  X → Σ0p 
(HY=Yπ): X → Yπp 
Blue:   Sum	


Hyperon masses are reconstructed in  
2p coincidence events. 
  

     π+ + d → K+ + X,    
    X → HY + p, HY → π + p (+…)  

※MHY
2= (Eπ + Md – EK – Ep)2 –(pπ – pK – pp)2 

Λ	
 Σ0	


Yπ	


Λ	

Σ0	


Λ	


①	
 ②	
 ③	


Σ0	


Yπ	


MX [GeV/c2]	


26 



www.***.net 

Final state of X (2p coin events).	


Black: Data  
(HY=Λ):    X → Λp 
(HY=Σ0):  X → Σ0p 
(HY=Yπ): X → Yπp 
Blue:   Sum	


Λ	
 Σ0	


Yπ	


Λ	

Σ0	
 Yπ	


Λ	


①	
 ②	
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Σ0	


MX [GeV/c2]	
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Λp	


Σ0p	


Yπp	


<Detection efficiencies of 2p>	
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ΣN cusp of the 2p coincidence events	
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<Inclusive analysis result>	
<2p coincidence analysis result>	


Ø  The ΣN cusp structure was observed  in the inclusive spectrum. 
Ø  This structure is also observed in the 2protons coincidence spectrum in the 

Λp final state for the forward scattering angle (θpiK(Lab) = 2 - 8°). 
Ø  The peak position and width are consistent with inclusive one.   

π+d→K+X, X→Λp	


－ ΣN cusp 
－ ΣN→Λp conversion 
－ Sum of fit 
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“K-pp”-like structure	
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Differential cross section of  
π+d→K+X, X→Σ0p process	


Ø  The broad structure around 2.26 GeV/c2 have been observed in the 
Σ0p final state events. 

Ø  We fitted with a Lorentzian function smeared with the resolution. 
Ø  M0 ~ 2260 MeV/c2 (B.E.~110MeV) 
Ø  This distribution can reproduce the 1p coincidence probability 

spectrum (pink). Blue and red lines show the flat component and 
summed one. 

1p coincidence probability	
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Summary	


•  The inclusive missing-mass spectra of the d(π+, K+) reaction 
at 1.69 GeV/c for the first time. 

•  The overall structure was understood with a simple quasi-
free picture. However, there are two peculiar deviations. 
•  The centroid of the broad bump structure in Y* region was shifted 

to low mass side, by －32.4 ± 0.5 (stat.)        (syst.) MeV/c2. 
•  We observed the ΣN cusp, the peak position is consistent with 

previous data. 

•  The double differential cross section of each final state was 
estimated from 2p coincidence events. 
•  The peak position and the width of the ΣN cusp was consistent 

with inclusive one within the error.  
•  We have observed a clear bump structure which corresponds to 

“K-pp”-like structure in Σ0p final state events.  
        The peak position is about 2260 MeV/c2 (BKpp ~110 MeV ). 
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+2.9 
-1.7	
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Back up	


32 
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Simulation for the quasi-free processes	
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π+	


e.g.; π+ d →K+Λ(ps) 	


n	


p	


d	

pF	


pF	


The mass of nucleon 
(Spectator model) 
・Spectator nucleon 
   - On-shell 
・Participant nucleon 
   - Off-shell 
 

Differential cross sections of elementary process such a 
 π+ n → K+ Λ are used bubble chamber data (π－ p → K0 Λ ).	


p	


pF	


Λ	


K+	


pΛ	


pK+
	


π+ d → K+ X 	


The kinematics of 
π+ “n” → K+ Λ  
is calculated. 	


In the d(π+, K+) reaction, there are lot of possible quasi-free reactions 
 

π+ + “n” → K+ + Λ,  
π+ + “n” → K+ + Σ0;  π+ + “p” → K+ + Σ+, 

 
π+ + “n” → K+ + Λ(1405),  

π+ + “n” → K+ + Σ(1385)0;  π+ + “p” → K+ + Σ(1385)+,  
 

π+ + “N” → K+ + Λ + π;   π+ + “N” → K+ + Σ + π 
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Simulation for the quasi-free processes	
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π+	


e.g.; π+ d →K+Λ(ps) 	
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pF	


pF	


The mass of nucleon 
(Spectator model) 
・Spectator nucleon 
   - On-shell 
・Participant nucleon 
   - Off-shell 
 

Differential cross sections of elementary process such a 
 π+ n → K+ Λ are used bubble chamber data (π－ p → K0 Λ ).	


p	


pF	


Λ	


K+	


pΛ	


pK+
	


π+ d → K+ X 	


The kinematics of 
π+ “n” → K+ Λ  
is calculated. 	
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The region of MMd = 2.16 ~ 2.47 GeV/c2 has a flat acceptance.	


Acceptance of d(π+, K+)X reaction.	
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Summary of previous data	
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2 B.W fitting result	


37 
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2 B.W fitting summary	
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Comparison of the peak position 	


39 
J-PARC E27 data.	


The peak position is consistent with other data.	
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π+ d→K+ X at 1.4GeV/c 
 @Saclay	


Threshold 
Cusp (H1

+) 

Conversion 

(Σ)	


Pigot et al., NPB 249 (1985) 172-188	


Mt≧1	


Mt≧2	


Mt≧3	
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π+ d→K+ X at 1.4GeV/c 
 @Saclay	


Threshold 
Cusp (H1

+) 

Conversion 

(Σ)	


Pigot et al., NPB 249 (1985) 172-188	


Mt≧1	


Mt≧2	


Mt≧3	
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J-PARC E27 experiment	


π+ + n → Λ(1405) + K+ 
        Λ(1405) + p  → K-pp 
                     (→quasi free Λ*  ） 

K-pp is produced via a Λ(1405) doorway.	


π+	


K+	
 Target	


 Y.Akaishi, T.Yamazaki, Phys. Rev. C 76 045201 (2007)	
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K1.8 Beam Line 
@J-PARC	


d(π+, K+)X reaction (Pπ = 1.7GeV/c)	
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K-pp → Λ + p	

p+π-	


d（π+,K+）K-pp	


π+	


(Range Counter Array)	
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RCA for B.G. suppression	

Coincidence measurement!!	
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Coincidence Study	

Proton is identified with RCA.	
Inclusive	


C
ou

nt
s/

6M
eV

	


Missing Mass[GeV] 

C
ou

nt
s/

6M
eV

	


p Coincidence 	

Black:   p selection 
Green:  mis-ID 
Red:      Black-Green 	


Proton 
Selection	


Missing Mass[GeV] 

Rp = (p coincidence) / (Inclusive) 
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Acceptance of 2proton (RCA)	
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