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•We know KN interaction is strongly attractive.  
•A deeply kaonic nucleus may be formed when anti-kaon is 
 embedded in nucleus. 
•K-pp is the lightest one. 

Introduction	
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FINUDA	

B=115±6±4MeV 
Γ=67±14±3MeV	

B=105±2±5MeV 
Γ=118±8±10MeV	
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Figure 3.22: The simulated momentum resolution of the CDC single track for each particle
species.

CDC tracking efficiency

Tracking efficiencies of CDC were evaluated by using two data samples; one was the
cosmic-ray data obtained in the off-spill duration, and the other was the physics data, i.e.,
secondary charged particles from kaon-induced reactions.

For the cosmic-ray data, we selected events with two separated hits on both the IH
and the CDH, which should contains two CDC tracks generated by one cosmic-ray. These
event samples are expected to be clean enough since they are almost free from accidentals
and neutral particles. For the cosmic data, we obtained the tracking efficiency of 97.8 ±
0.2%. The error was evaluated from the fluctuations during the experimental period.

In contrast, the kaon-induced data is expected to contain much more backgrounds. To
reduce the background contributions from beam-pileup events and neutral particles, strict
cuts were applied as follows:

1. The beam was required to be a single particle and hit on the target.

2. Select single-CDH-hit events with more than 5 MeVee (electron equivalent) energy
deposits on both CDH PMTs. Timing selection was applied to exclude γ-ray events.

3. The azimuthal-angle difference between the CDH and the IH hit-segments was re-
quired to be less than 20◦.

With this event selection, the tracking efficiency was obtained to be 94.0 ± 0.5%. The
error was evaluated in the same way as the cosmic-ray data.

Although there is some discrepancy in the obtained efficiencies, the two data-samples
would give extreme cases of the measurement conditions. Therefore, we adopted the mean
values of 96 ± 2% in the current analysis, where the error was evaluated from the deviation.

CDS performance
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Figure 3.17: PID plot for the CDS particle. π+, protons and deuterons are clearly sepa-
rated in the positive momentum side, while π− and K− are in the negative side.
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Figure 3.18: Mass-square distributions for (left) positive and (right) negative charged
particles in the CDS. Particle identification is roughly done with red dotted lines.
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 ５	Design performance was achieved!! 
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CDC: Drift Chamber 
CDH: Hodoscope 
Magnet: 0.7T 
Cover 60% of the solid 
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Missing mass resolution & scale
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Figure 3.39: 3He(K−, n)X missing-mass dependences of the mass deviations between the
reconstructed values and the PDG ones for each particle. The signs for the Σs are inverted.

free K0 production events. Note that the momentum dependence of the neutron reaction
cross section is known to be almost flat in the region of interest as described in Sec. A.3.1,
and thus we do not consider the momentum dependence in the present analysis.

3.8.1 K0
s quasi-free charge-exchange production

We consider the K0
s charge-exchange production,

K− +3 He → K0
s + n+ ds (3.10)

K0
s → π+ + π−, (3.11)

where ds is a spectator deuteron. By detecting the K0
s with the CDS, the neutron trajec-

tory can be obtained in terms of missing momentum, and thus we can obtain the neutron
flux on the NC to evaluate the neutron detection efficiency. The momentum of the forward-
going neutron in this reaction is about 1.1 GeV/c, which is close to the region of interest.
Therefore, this procedure is suitable to evaluate the detection efficiency of the NC.

3.8.2 K0
s selection in the CDS

We analyzed the CDS data to obtain theK0
s event at first. Here theK⊗CDH2 trigger data

was used to avoid bias from the forward counters. Figure 3.40(left) shows the reconstructed
π+π− invariant-mass spectrum, where theK0

s signal region was defined by ±2σ of the peak
( 0.485<IM(π+π−) <0.512 ). By selecting the K0

s region, the missing-mass distribution of
the p(K−,K0

s )X was obtained as shown in Fig. 3.40(right). In the figure, we can identify
the missing neutron peak broadened by the Fermi motion in 3He. We selected the missing

Missing mass scale

3 MeV/c2 systematic error in abs. scale.

similar for 3He(K-,p)

NC Performance 	

６	

S/N~100@QF neutron peak 
→Offline threshold is 8MeVee 

σTOF~160ps @ γ 
→σMM~10MeV/c2 at the interested region  

KN-KN quasi-elastic scattering	

accidental background	



Accumulated data 
w/ liquid helium-3 target: ~1% of original proposal	

period	 Primary beam intensity	 duration	 Kaon on target	
March,2013	 14.5kW(18Tppp, 6s cycle) 	 30 hours 	 1.1×109	

May, 2013	 24kw (30Tppp, 6s cycle)	 88 hours	 5.1×109	

J-PARC E15 1st stage physics run	

Analysis Result 
  1.Semi-inclusive 3He(K-, n) spectrum 
  2.Exlusive spectrum  

  3.3He(K-, d) analysis  
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Semi-inclusive 3He(K-,n) spectrum	
•3He(K-, n) missing mass spectrum 
•Compression with quasi-free K0 Spectrum 
•Contaminate target cell 
•Contribution of  Σ decay 

n	X	
NC 	

K beam	
3He target 

(charged tag)	
NC 
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Semi-inclusive spectrum
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biased by the request of charged track(s) in the CDS
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Figure 4.2: Normalized neutron spectrum. The CDS acceptance of the charged track
tagging, ACDS , is not corrected.

The spectrum shows a clear peak around 2.4 GeV/c2, which is attributed to the quasi-
free reactions as expected, however, a certain amount of events is observed as a tail struc-
ture below the K−pp binding threshold.

In the following section, we evaluate contributions in the tail structure of experimental
effects, such as the detector resolution and the accidental background, and then investigate
whether well-known elementally processes can reproduce the tail structure.

4.2 Tail structure below the threshold

4.2.1 Experimental effects

Detector resolution

To directly show that the tail structure below the threshold is not caused by the experi-
mental resolution, we compared the spectrum with aK0

s -tagged one. Here theK0
s → π+π−

decays are reconstructed with the CDS and selected as described in Sec. 3.4.8. Figure
4.3 shows the comparison between the two spectra. The peak structure of the K0

s -tagged
spectrum is associated to the charge-exchange reaction,

K− + 3He → K0 + n+ ds. (4.1)

Considering that the spectator nucleus is a deuteron (ds) or a pair of a neutron and
a proton, the missing mass of 3He(K−, n)X must not be smaller than the sum of the

K-pp signals??DISTO/FINUDA

Semi-inclusive 3He(K-,n) spectrum	

９	

Yield excess  
K-pp bound region	



Compression with 
quasi-free K0 Spectrum   	

1０	

Tail component in bound region 
 is not due to detector resolution 	



Contamination from  
other than 3He target	

1１	
Contamination contribution is too small	
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Single-nucleon processes

‣ Only KN→Σπ, Σ→nπ can contribute to the bound region$
• ~90% can be removed event by event$
• KN→Λπ, Λ→nπ is not triggered

�25
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Figure 4.8: (left) Correlation between the nπ− invariant mass and the neutron missing
mass obtained from the experimental data. The horizontal solid lines represent the Σ
selection regions, and the red dotted line represents K−pp binding threshold. (right)
Contributions of the Σ-decay events in the neutron missing-mass spectrum.
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Figure 4.9: Neutron missing mass spectrum after the removal of Σ-decay events.
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by the neutron from hyperon decays, for example,

K− +3 He → Λ+ π+ + π− + ds
Λ → n+ π0

K− +3 He → Σ± + π∓ + π0 + ds
Σ± → n+ π±

In the bound region of Fig. 4.1, the contribution comes only from Σ± production
with one pion emission,

K− +3 He → Σ± + π∓ + ds (4.1)

K− +3 He → Σ− + π0 + ps + ps
Σ± → n+ π±,

These processes is discussed further in the next section.

4.1.1 K0
s tagged spectrum

Focusing on the region around the K−pp mass threshold, the experimental data
has rather intense tail structure. To verify the tail structure is not caused by poor
experimental resolution, a neutron missing mass distribution with a K0

s in the CDS
is overlaid in Fig 4.2. Considering that the residual nucleus is a deuteron, The
missing mass must not be smaller than sum of K0 and deuteron masses, which is
almost equal to the K− + p + p mass. The K0

s tagged spectrum actually drops at
K−pp mass threshold and has few events in the bound region. This fact suggest that
the tail-like structure is caused by neutrons which really has large kinetic energies.

4.2 Possible contribution in the bound region

In this section, several reactions which are the possible sources of the fast neutron
are considered and we roughly estimate their maximum contribution. They are
neutrons from Σ decays as already appeared, non-mesonic multi-nucleon reactions
and mesonic multi-nucleon reactions.

4.2.1 Neutrons from Σ decay

In the reaction (4.1), two charged pions are emitted. At least one of them should
hit on the CDH to be triggered. If the pion from Σ decay is detected with the
CDS, the Σ can be reconstructed as shown in Fig. 3.34 and thus we can remove
the contribution from the neutron spectrum. Figure 4.3(left) shows the simulated
correlation of the neutron missing mass and the decay-pion angle in the laboratory

Single-nucleon processes	

1２	
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Exclusive Spectrum	
•3He(K-, Λp) missing mass 
•Λp”n” energy correlation diagram 
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Λ p missing “n” correlation	
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Λ p missing “n” correlation	
+　all events 
●　w/ forward n in the NC	

*including Σ0àγΛ events	

pΛ in CDS	
・Events are scattered 
widely in phase space. 
・Multi-N absorption 
processes exist.  
☑It seems 3N-abs(Λpn) exists 

Selected neutron missing 
 mass peak.	
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Λ p missing “n” correlation	
+　all events 
●　w/ forward n in the NC	

*including Σ0àγΛ events	

2N-abs 
(Λpns ,π0Λpns)	

Selected neutron missing 
 mass peak.	

・Events are scattered 
widely in phase space. 
・Multi-N absorption 
processes exist.  
☑It seems 3N-abs(Λpn) exists 
☑2N-abs is very weak. 
 
 
・“Λpn” w/ forward n in 
the NC  are a few events. 
☑We would like to carry out high 
statistical experiments ! 
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Λ p missing “n” correlation	
+　all events 
●　w/ forward n in the NC	

*including Σ0àγΛ events	

Σ-Λ conversion 
(2step)	

Selected neutron missing 
 mass peak.	

Sim
.	

・Events are scattered 
widely in phase space. 
・Multi-N absorption 
processes exist.  
☑It seems 3N-abs(Λpn) exists 
☑2N-abs is almost nothing. 
☑ can not see Σ-Λ conversion 
line? 

・“Λpn” w/ forward n in 
the NC  is a few events. 
☑We would like to carry out high 
statistical experiments ! 
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Λ p missing “n” correlation	
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・Events are scattered 
widely in phase space. 
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☑2N-abs is almost nothing. 
☑ can not see Σ-Λ conversion 
line? 
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the NC  is a few events. 
☑We would like to carry out high 
statistical experiments ! 
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3He(K-, d) Spectrum	
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Figure 3.22: The simulated momentum resolution of the CDC single track for each particle
species.

CDC tracking efficiency

Tracking efficiencies of CDC were evaluated by using two data samples; one was the
cosmic-ray data obtained in the off-spill duration, and the other was the physics data, i.e.,
secondary charged particles from kaon-induced reactions.

For the cosmic-ray data, we selected events with two separated hits on both the IH
and the CDH, which should contains two CDC tracks generated by one cosmic-ray. These
event samples are expected to be clean enough since they are almost free from accidentals
and neutral particles. For the cosmic data, we obtained the tracking efficiency of 97.8 ±
0.2%. The error was evaluated from the fluctuations during the experimental period.

In contrast, the kaon-induced data is expected to contain much more backgrounds. To
reduce the background contributions from beam-pileup events and neutral particles, strict
cuts were applied as follows:

1. The beam was required to be a single particle and hit on the target.

2. Select single-CDH-hit events with more than 5 MeVee (electron equivalent) energy
deposits on both CDH PMTs. Timing selection was applied to exclude γ-ray events.

3. The azimuthal-angle difference between the CDH and the IH hit-segments was re-
quired to be less than 20◦.

With this event selection, the tracking efficiency was obtained to be 94.0 ± 0.5%. The
error was evaluated in the same way as the cosmic-ray data.

Although there is some discrepancy in the obtained efficiencies, the two data-samples
would give extreme cases of the measurement conditions. Therefore, we adopted the mean
values of 96 ± 2% in the current analysis, where the error was evaluated from the deviation.

CDS performance
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Figure 3.17: PID plot for the CDS particle. π+, protons and deuterons are clearly sepa-
rated in the positive momentum side, while π− and K− are in the negative side.
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particles in the CDS. Particle identification is roughly done with red dotted lines.

Particle identification
π+

p d

π- K-

•3He(K-, d) missing mass spectrum 
•3He(K-, d K-) missing mass spectrum 
•3He(K-, d) missing mass tagged K- “p” 

K beam	

Elastic scatter? 
Hyperon? 

3N-absorption? 
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d is detected by CDS 



3He(K-, d K-) missing mass	

2７	

3He(K-, d K- ) MM is clearly seen missing proton. 
 K-+3He→d+K-+”p” has low BG 
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3He(K-, d) missing mass w K- “p”	

2８	

3He(K-,d) spectrum don’t change by K- “p” tag. 
K- is absorbed in 3He, decay into d K- p. 
• directly? via Y*? Analysis is in progress. 

This channel is very interesting.    
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Summary	
•J-PARC E15 1st physics run was performed. 
　All detectors are working well and design values. 
  Unfortunately, stopped at only 24kW*4day running time 
  (<1% of full proposal) 
 
•Semi-inclusive 3He(K-, n) spectrum has an yield  
 excess below the K-pp threshold. 
 
•Λp missing n analysis indicate existence of 
 3-N absorption process 
 
•3He+K-→d+K-+p channel is clearly seen. 
  →The spectrum suggests 3-N kaon absorption. 

2９	



Thanks your attention! 
	


