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K-pp bound-state search 
via the 3He(K-,n) reaction at 1 GeV/c"

Tadashi Hashimoto for the J-PARC E15 collaboration
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‣ Introduction / physics#
‣ Setup & performance#
‣ Latest results: 3He(K-,n), 3He(K-,p), 3He(K-,Λp)n
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J-PARC E15 collaboration
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K1.8BR beam-line & experimental area
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K1.8 

K1.8BR 

T1 target 
K1.1BR 

KL 

‣ Low p 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

other 3 talks
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Experiments at K1.8BR
‣ Three stage-2 approved experiments  

to investigate the KbarN interaction"
#

• E15: Search for K-pp via 3He(K-, n)"
#

#

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

#

• E17: Kaonic 3He/4He atom X-rays  

�4

K-

3He

X-ray

K- pp

p K-

?



T. Hashimoto@Hadron square, Mar. 12, 2014

KbarN interaction
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E. Friedman, A. Gal / Physics Reports 452 (2007) 89 –153 115
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Fig. 17. Calculations from Ref. [24] of cross sections for K−p scattering and reactions. The dashed lines show free-space chiral-model cou-
pled-channel calculations using amplitudes from Ref. [26]. The solid lines show chiral-model coupled-channel calculations using slightly varied
parameters in order to fit also the K−-atom data for a (shallow) optical potential calculated self-consistently.

Additional sources of experimental information are the !" invariant mass spectrum in the I = 0 channel from various
reactions, and the K−p scattering length deduced from the recent measurements at KEK [34] and at Frascati [35] (the
DEAR collaboration) using a Deser-based formula [117]:

ϵ1s − i
#1s

2
≈ −2$3%2

K−paK−p(1 − 2$%K−p(ln $ − 1)aK−p), (41)

where $ is the fine-structure constant. The value of aK−p derived from the DEAR measurement using this expression,
aK−p = (−0.45 ± 0.09) + i(0.27 ± 0.12) fm, appears inconsistent with most comprehensive fits to the low-energy
K−p scattering and reaction data, as discussed by Borasoy et al. [118–121]. A dissenting view, however, is reviewed
recently by Oller et al. [122].

The K−p elastic, charge-exchange and reaction cross sections shown in Fig. 17 refer to energies above the K−p

threshold at
√

s=1432 MeV. However, by developing potential models, or limiting the discussion to phenomenological
K-matrix analyses, K̄N amplitudes are obtained that allow for analytic continuation into the non-physical region below
threshold. Using a K-matrix analysis, this was the way Dalitz and Tuan predicted the existence of the &(1405) !",
I = 0 resonance in 1959 [123]. Recent examples from a coupled-channel potential model calculation [119] based on

A. Cieplý et al.  
NPA (2001).

EM value

K-p Kα

Kα Kβ

higher

the latest experiment

SIDDHARTA

Phys. Lett. B704(2011)133

Kaonic hydrogen X-ray Low-energy scattering data

Attractive interaction (I=0)"
has been established.

MEASUREMENT OF THE !π PHOTOPRODUCTION . . . PHYSICAL REVIEW C 87, 035206 (2013)

than the sum of the two errors. The agreement between the
two decay mode reconstruction channels is generally good.
The average of these two measurements will be used in the
subsequent comparisons with the other charge decay modes.

In all cases the !+π− mass distribution clearly peaks at
a mass of around 1420 MeV/c2, which is higher than the
nominal mass of the #(1405) at 1405.1 MeV/c2 listed by the
PDG [25]. We also note the sharp drop or break of the mass
distributions at the NK̄ threshold near 1.435 GeV/c2, which
is a signature of the opening of a new threshold for S-wave
resonances. This is discussed in Sec. IX.

B. Line shape results for all !π channels

Our main results [44], the line shape comparison for all
three !π channels, is shown in Fig. 17. As noted, the !+π−

channel is the weighted average of the two measured final
states. The !0π0 channel and !−π+ channels are again shown
with inner and outer error bars, where the inner bars are
statistical, and the outer bars include the estimated residual
discrepancy in the fits added in quadrature to the inner bars.
For each of nine bins in invariant energy W , we show the !π
mass distribution in each of three charge states. The data have
been summed over the full range of measured kaon production
angles. The large-angle cutoffs were not quite identical for all
charge states because of differing acceptances, but because the
cross sections get very small at large angles (cos θ c.m.

K+ < −0.5)
we can neglect these differences.

For all energies, it is evident that the line shapes differ
markedly between charge states; in some regions they differ by
well over 5σ . This occurs far away from the indicated reaction
thresholds, making it unlikely that the effects are attributable
to mere mass differences. None of the mass distributions are
reproduced by the simple relativistic Breit-Wigner line shape
with PDG-given centroid and width. The !+π− channel peaks
at a higher mass than the !−π+ channel, while having a
width that is significantly smaller. The charge dependence
of the mass distributions is largest for W between 2.0 and
2.4 GeV. For W approaching 2.8 GeV the mass distributions
tend to merge together. This hints that whatever I ̸= 0 coherent
admixture of isospin states is at work here, it fades away at
higher total energy. Our own fit to the line shapes to extract
our best estimates for the mass and width of the #(1405) and
other structures causing this charge-dependence of the mass
distributions are shown in Sec. IX.

Comparing our line shape results to the prediction of Nacher
et al. [7] computed in a chiral unitary model approach, we see
in Fig. 18 that they are indeed different for each !π channel.
In the chiral unitary theory this was explained as an I = 1
amplitude interfering with the I = 0 #(1405) amplitude in
such a way that the !+π− and !−π+ channels were shifted
in opposite directions due to the interference term. The model
curves were computed for Eγ = 1.7 GeV, but we compare with
our results at Eγ = 1.88 GeV because our statistics are better
there. The model calculation uses a Weinberg-Tomozawa
contact interaction that is energy and angle independent,
allowing us to compare the model to the data in any energy
bin. In our results it is the !+π− channel that is shifted to
higher mass with a narrower width, and the !−π+ channel is
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FIG. 18. (Color online) Mass distributions at W = 2.10 GeV and
Eγ = 1.88 GeV in comparison to the model of Nacher et al. [7] scaled
down by a factor of 2.0. The !+π− channel is shown as red circles
and the red dot-dashed line; the !0π 0 channel is shown as the blue
squares and the blue dashed line; the !−π+ channel is shown as the
green triangles and the green solid line. The dashed vertical colored
lines at the left side show the reaction thresholds, and the vertical
dashed lines at 1.405- and 1.437-GeV mark the nominal centroid and
the NK̄ thresholds, respectively. The error bars on the data points are
combined statistical and point-to-point systematic uncertainties.

smaller and wider, in contrast to the model calculation. Also,
the model curves have been scaled down by a factor of 2.0
to match the data, suggesting that the model overestimates
the strength of the photocouplings by that amount. In Sec. IX
we make our own phenomenological isospin decomposition
to find a plausible explanation of what is seen.

The other existing prediction for the mass distribution of
the !π final states is that of Lutz and Soyeur [11]. In their
so-called double kaon pole model, the combined effects of the
!(1385) and the #(1405) were considered, and this produced
some variation among the three charge combinations we have
presented. However, as has been discussed, we subtracted off
the effect of the !(1385) and still are left with a substantial
variation in the three final states. We do not compare our results
directly to theirs because they are qualitatively similar in shape
to those of Ref. [7] and also because they are about a factor of
four too large in cross section, indicating a serious quantitative
discrepancy when comparing to our results.

VII. SYSTEMATIC UNCERTAINTIES AND TESTS

A. Overall systematics of the run

For systematic uncertainties, there were global contribu-
tions from the yield extraction, acceptance corrections, flux
normalization, and the line shape fitting procedure. The main
cuts that influenced the yield extraction were the 'TOF
cuts, the CL cuts in the kinematic fit, and the selection of
intermediate the ground-state hyperon. All of these cuts were
varied within each bin of center-of-mass energy and angle,
and the total yields were checked for any differences due to
the cuts. Variation in the 'TOF width by 0.2 ns changed

035206-15

Λ (1405) - line shape, peak position - 

K. Moriya et. al.,"
 Phys. Rev C87, 035206 (2013).

γ-induced

K-induced by E31 But how strong??
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Kaonic nuclear bound state

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

T.Yamazaki,	  A.Dote,	  Y.Akiaishi,	  PLB587,	  167	  (2004).	  

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

dense matter ?

Kaon in nuclear medium?

Assumption !"
↓

What will happen when anti-kaon is embedded in nucleus?
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K-pp few-body calculations

‣ All calculations agree on the existence of the bound state"
‣ Model of the KbarN interaction makes large difference
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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
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Claims of 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 ?
Tp dependence?

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
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J-PARC E15 experiment
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Invariant mass 
spectroscopy

Missing mass !
spectroscopy

+ +
reaction

decay

K- 3He K-pp n

p

p

Λ

π -

1 GeV/c 1.2~1.3 GeV/c

NC

CDS

CDS

A search for the simplest kaonic nucleus K-pp

A kinematically complete experiment with J-PARC intense beam

formation

decay
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in-flight vs. stopped kaons

‣ In-flight reaction"
• suppresses multi-nucleon absorption reactions"
• kinematically separates multi-NA & hyperon decay
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KEK E549/E570"
4He(stopped K-,πn)"
neutron missing mass

excellent statistics"
& resolution(~7 MeV/c2)

1.H. Yim et al. Physics Letters B 688, 43–49 (2010).

Low background condition is expected !!

12C(inflight K-,n)"

12C(inflight K-,p)"

KEK E548

No 2NA

1.T. Kishimoto et al. Progress of Theoretical Physics 118, 181–186 (2007).
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Spectral calculation by Koike&Harada

‣ DWIA using  
Green’s function method 

‣ Phenomenological potential"
#
#
#

‣ ~mb/sr cross section 
in bound region"
#

‣ observed as a distinct peak  
in the DISTO/FINUDA case.

�11

K- + 3He →“K-pp” + n @ PK=1GeV/c, θlab=0º

phase space factor 

� Energy-dependent  K--”pp” optical potential  

) f2(E) : 2-nucleon K- abs. 

    K-pp � K- + “pp” � Σ + Ν  

                                        (no π emission)

) f1(E) : 1-nucleon K- abs. 

   K-pp � “K-p” + p � π + Σ + Ν

Ref.  J. Mares, E. Friedman, A. Gal, PLB606 (2005) 295. 

f (E)  = 0.8 f1(E)  +  0.2 f2(E) 

[[[J. Yamagata, H. Nagahiro, S. Hirenzaki, PRC74 (2006) 014604. 

(B.E., Γ) 
=(15,92)MeV"
DHW

(B.E., Γ) 
=(45,82)MeV"
AY

(B.E., Γ) 
=(59,164)MeV"
SGM

(B.E., Γ) 
=(115,67)MeV"
FINUDA

1.T. Koike and T. Harada. Phys. Rev. C 80, 055208 (2009).#
2.T. Koike and T. Harada. Physics Letters B 652, 262–268 (2007).
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J-PARC E15 1st stage physics run
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Missing mass !
spectroscopy+ +

reaction

K- 3He K-pp n
1 GeV/c 1.2~1.3 GeV/c

formation

‣ Focus on the missing-mass measurement"
‣ 3He(K-,n)X semi-inclusive analysis"

‣ 3He(K-,p)X semi-inclusive analysis"

‣ Hint of exclusive 3He(K-,Λp)n events"

‣ 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 )
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Setup & Performance
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Principle of the 3He(K-,n) measurement
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K
-

CDH hit

CVC veto

BVC veto

, n

charge 
sweep out

NC hit

T0

X

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

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

~15 m
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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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Kaon beam line
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Cylindrical Detector System (CDS)

‣ CDC : Vertex reconstruction with BPC track"

‣ CDH : Trigger & PID, 54o<θ <126o

�17

72 CHAPTER 3. DATA ANALYSIS
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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)

target cell

500 mm0

solenoid magnet

vacuum vessel
target cell

Beam Veto Counter

CDH

CDC

BPC

BPD IHDEF
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70 CHAPTER 3. DATA ANALYSIS
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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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76 CHAPTER 3. DATA ANALYSIS
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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.
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Figure 3.29: Distribution of the energy deposit on the NC and 1/β.

Neutron analysis

‣ Offline dE threshold to reduce accidentals"

‣Neutron detection efficiency "

• 23 ± 4 % @ quasi-free"

• Exclusive analysis of 3He(K-,K0sn)d events
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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)
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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

Semi-inclusive spectrum

�22

biased by the request of charged track(s) in the CDS

①K-pp signals??

②DISTO/FINUDA

quasi-free peak"
KN→NK

preliminary
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Figure 4.3: Comparison between the 3He(K−, n)X missing-mass and the K0
s -tagged one.

The red histogram represents the K0
s -tagged spectrum with a scale factor of 8. The dotted

line represents the K−pp binding threshold.

K0 and the deuteron masses, which is almost equivalent to the K− + p + p mass. The
continuum in the K0

s tagged spectrum is mainly contributed from Λ(1520) production via
its decay into K0

sn, and K0 production with an associated pion, such as,

K− + 3He → Λ(1520) + π0 + ds, (4.2)

Λ(1520) → K0
s + n,

K− + 3He → K0 + π0 + n+ ds, (4.3)

whose missing-mass of 3He(K−, n)X should be located at larger than the sum of the pion,
the K0 and the deuteron masses.

The K0
s -tagged spectrum actually rises at the K−pp binding threshold and has few

events in the bound region. Therefore, it is the direct evidence that the tail structure
cannot be explained by the broadening of the quasi-free peak due to the detector resolution.

Contamination from the material around the target

As shown in Fig. 3.24, we recorded the production data of not only the K−-3He reaction
but also reactions between the kaon and other materials, such as the target cell and the
helium transfer pipes. Due to the finite vertex resolution, other reactions than the K−-
3He should contaminated in the fiducial-volume selection, especially when the vertex is
reconstructed using one charged particle from the K0/Λ/Σ decays. To investigate the
contamination, we performed the empty-target run with the same detector setup as the
production run.
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Figure 4.4: Comparison between the 3He target data and the empty-target one. The
empty-target data is normalized by the kaon flux.

The empty-target data was analyzed exactly in the same way as the 3He run including
the vertex selection criteria. The spectrum is compared with the 3He data as shown in
Fig. 4.4. The empty-target spectrum is scaled by factor ∼10, since the accumulated data
was about ∼10% of the production run with 3He target on the basis of the number of the
incident beam kaon. The contribution from other materials than 3He was evaluated to be
less than 10% of 3He events in the bound region.

Continuous background

The yield of the purely accidental background can be assumed to be time constant and
thus estimated from the 1/β spectrum as shown in Fig. 4.1. However, the time-constant
background is not enough to explain the yield even in unphysical region below the ΛN -mass
threshold at 2054 MeV/c2 in the missing mass spectrum as shown with green dotted line
in Fig. 4.5. To reproduce the yield in the unphysical region, we evaluate the background
using an additional background whose shape is naturally expected to be smooth as an
extrapolation from below the ΛN threshold. Here we assume the continuous background
is dominant at below 2.29 GeV/c2, where no specific structures are expected. At above
2.29 GeV/c2, the Y ∗N branches of non-mesonic two-nucleon absorption processes may
contribute as discussed in Sec. 4.3.1.

We consider three shapes of the continuous background. The first one is assumed to be
a purely time-constant distribution. The yield is determined by fitting the missing-mass
spectrum with the time-constant background obtained with the 1/β spectrum. The second
one is a combination of the time-constant background in 1/β and a constant function in
the missing-mass spectrum. The third one is similar to the second one but we employ a
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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
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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

NC CDS
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What is the excess??
1. non-mesonic 2NA      : Y*N branches may contribute"
2. mesonic 2NA & 3NA  : #
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Figure 4.11: Simulated neutron spectra in NM2NA. For each branch, the number of
generated events corresponds to 20 mb/sr at θlab = 0◦.

in Fig. 4.11. The experimental spectrum have reveals no significant structure in such
region, which indicates the contributions of the ΛN and the ΣN branches of NM2NA are
quite limited. This fact is consistent to the result of KEK PS-E548[39](Fig. 1.2). They
found no significant contribution from reaction (4.7) in 12C(K−, N) reactions at 1 GeV/c.
Rough estimations of the upper limit for the reaction cross sections were done by fitting
histogram with their simulated line shape and continuous background.

Σ∗N and Λ∗N branches

In NM2NA which produce hyperon resonances, contributions of the primary neutrons
appear at the tail of the observed quasi-free peak, while neutrons from their decays make
broad continuum in higher missing-mass region.

Now we simply assume the tail structure is fully composed of the Y ∗N branches in
NM2NA. The main shape of the quasi-free peak is assumed to be the same as the K0

s

tagged spectrum. Then the neutron spectrum was fitted by the four components with
four free parameters which define their intensities. The fitting result is shown in Fig.
4.12. We obtained rather large cross section of ∼5 mb/sr and ∼2 mb/sr at θlab = 0◦

for the Λ(1405)n, and the Λ(1520)n branches, respectively, while the contribution of the
Σ(1385)n branch was much suppressed. Thus, the obtained yields for Λ∗N branches give
upper limit of their contribution.

Here, we discuss whether the large contribution of the Λ(1405)n branch in NM2NA is
reasonable or not, by referring other experimental and theoretical information. A previous
in-flight kaon experiment by Braun et. al. using a deuterium bubble chamber at 834
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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)

ΛN/ΣN branches : small

Y*N branches : "
large cross section ( ~ 5mb/sr )"
to fully explain the excess

(after Σ-decay removal)
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Figure 4.15: (left) 3He(K−,Λp)X missing-mass spectrum and (right) Λp invariant mass.
They are fitted with the simulated spectra simultaneously. The thick black and the red
histograms represent the data and the fitting result, respectively.
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Figure 4.16: 3He(K−, n)X missing-mass spectra of mesonic 2NA and 3NA (left) in linear
scale and (right) in log scale. The thick black and the red histograms represent the data
and the obtained result, respectively.
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Figure 4.15: (left) 3He(K−,Λp)X missing-mass spectrum and (right) Λp invariant mass.
They are fitted with the simulated spectra simultaneously. The thick black and the red
histograms represent the data and the fitting result, respectively.
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Figure 4.16: 3He(K−, n)X missing-mass spectra of mesonic 2NA and 3NA (left) in linear
scale and (right) in log scale. The thick black and the red histograms represent the data
and the obtained result, respectively.
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Figure 4.16: Upper limits of the formation differential cross section at θlab = 0◦ for
strange dibaryon state decaying into Λp final state.

differential cross section dσ
dΩ(θlab = 0◦) of the peak and parameters for background

functions. We accepted the reduce χ2 value less than 1.5.

Derivation of the upper limit from the fitting result

First, the systematic error of the cross section, which is evaluated to be 17%, is
quadratically summed to the error of the fitting parameter, dσ

dΩ(θlab = 0◦). Then,
with the center value of the obtained differential cross section,, The upper limit at
95% confidence level was calculated. As for the treatment of the unphysical region,
namely negative cross section region, we employed so called Baysian approach. The
probability of taking negative value is simply ignored.

4.4.2 Result

The peak search procedure was perfumed for assumed widths of 20, 60, 100 MeV/c2

and assumed masses MS from 2.1 GeV/c2 to 2.28 GeV/c2 in increments of 20
MeV/c2. The decay mode assumed here is K−pp → Λp only. The resultant up-
per limits are shown in Fig. 4.16.
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Figure 3.44: Normalized neutron spectrum. The CDS tagging bias is still remains.

their angular dependence. Since our measurements always needs at least 1 CDC
charged track, we are not able to obtain ACDS in a consistent manner.

Figure 3.44 is the normalized missing spectrum of the neutron at θlab = 0◦. Values
in Table. 3.4, whose details are described below, were used for the normalization of
the spectrum but ACDS explicitly remains. Figure 3.44 is not an inclusive spectrum
and is somehow distorted by the requirement of the CDC tracks in the limited
acceptance. We call it semi-inclusive spectrum instead, and thus we should be
careful when it is compared with theoretical spectra.

Vertex reconstruction efficiency

The vertex reconstruction efficiency here consider the track multiplicity in the CDS
and the tracking efficiency of the CDC track. The track multiplicity in the CDS
normalized by total event number is shown in Fig. 3.45. The vertex reconstruction
efficiency ϵvertex was calculated as,

ϵvertex =
6∑

n=1

Rn · (1− (1− ϵCDC)
n)

preliminary
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Results(2) : 3He(K-, p)X
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Isospin dependence of K- NN reaction
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Semi-inclusive 3He(K-,p) spectrum
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Results(3) : 3He(K-, Λp)n
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Λp distribution

‣ Λp reconstructed with the CDS"
• most events accompanied by pion(s)"
• missing-neutron ~ 400 events "

‣ Σ0pn (Σ0→Λγ) separation is not easy… 
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Λpn correlation
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Λpn correlation
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Λpn correlation
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Λpn correlation
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Λpn correlation
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Λpn correlation
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Λpn correlation
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Λp invariant mass (+ nmissing)
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• 2NA very weak"
#

• 3NA dominant?"
#

• structure around 
the threshold ??

need more data !!

resolution ~ 10 MeV/c2

preliminary
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Summary of J-PARC E15 status

‣ J-PARC E15 1st stage physics run was performed"
• All the detector subsystems are working well with the good 

performance as designed"
• Unfortunately stopped at only 24 kW*4 day running 

(< 1% of full proposal)"

#

‣ Semi-inclusive 3He(K-,n)X spectrum have tail 
component in the K-bound region which is hard to be 
explained by ordinary processes"
#

‣ 3He(K-,p)X spectrum looks very similar to (K-,n)"
#

‣ Λ + p + n(missing) correlation analysis seems interesting 
when the statistics is much improved in the future run.
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