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K- induced reactions

✓large cross section for the elementary processes ~ mb/sr 
✓Clean production + controlled kinematics
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J-PARC: Japan Proton Accelerator Research Complex
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High-intensity proton driver to produce variety of secondary beams
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Experiments with E15-CDS
• 2012: Completed the construction [PTEP 02B011(2012)] 

• 2013: E15 1st, “K-pp” search.     
         [PTEP 061D01 (2015), PTEP, 051D01 (2016)} 

• 2015: E15 2nd, “K-pp” search 
         [PLB789, 620 (2019), PRC102, 044002 (2020), PRC10, 014002 (2024)] 

• 2018: E31, Λ(1405) 
         [PLB837,137637(2023) + 2 in preparation] 

• 2020: T77,  lifetime, (“K-ppn” search) 
         [PLB485, 138128 (2023) + 1 in preparation] 

• 2021: E73 1st,  production cross section 
         [arXiv:2509.16967] 

• 2024~2025: E73 2nd,  lifetime, (“K-pp” study) 
         [>3 publications expected]
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Light hypernucleus



Measurement of the lifetime and L separation energy of 3
LH ALICE Collaboration

A Additional Material
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Figure A.1: Collection of the 3
LH lifetime (left) and BL (right) measurements obtained with different experimental

techniques. The horizontal lines and boxes are the statistical and systematic uncertainties respectively. The dash-
dotted lines are the corresponding theoretical predictions.
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(K-, π0) reaction: complementary to HI experiments

• Low recoil momentum → hypernucleus mostly stops before its decay 

• Spin-nonflip reaction is dominant at 1.0 GeV/c or lower 

•  spectroscopy is difficult → high-energy gamma tagging at forward angleπ0

T. Motoba

K− + n → Λ + π−

K− + p → Λ + π0

widely adopeted 
with magnetic spectrometers

difficult to do  spectroscopyπ0

Recoil momentum on Carbon 



Time-domain lifetime measurement

Short Title of the Article

2. J-PARC T77 experiment

As the pilot run of our hypertriton (3
⇤

H) lifetime mea-
surement experiment (J-PARC E73), the J-PARC T77 ex-
periment demonstrates the feasibility of the novel production
method as 4He(K*, ⇡0)4

⇤
H. Instead of a full reconstruction

of the ⇡0 momentum, we utilize the kinematics of the in-
flight reaction to e�ectively select the hypernuclear events.
As illustrated in Fig. 1, its working principle can be outlined
as follows: the projectile ⇡0 decays almost immediately into
two �s, whose polar angle and energy in the laboratory
frame is a function of the ⇡0 momentum; in the ideal case,
by covering the very forward angle, ✓ f ✓symm., one can
capture one of the two decayed �s with higher energy with
100% e�ciency because of strong boost from the mother ⇡0

particle. This means that by tagging the high energy � in the
forward angle, one can e�ectively select the fast ⇡0 in the
forward direction from the (K*, ⇡0) reaction. These events
have a higher probability of forming the hypernuclear bound
state due to the small recoil momentum of the ⇤ hyperon.
The populated 4

⇤
H hypernucleus can be identified through

the coincidence measurement of the two-body mesonic weak
decay, 4

⇤
Hô4He+⇡*.

Figure 1: Illustration for the working principle of (K*
, ⇡0

) event

selection with � tagging in the forward direction. ✓symm. stands

for the symmetric opening angle of the two decayed �s whose

CM polar angle is perpendicular to the ⇡0
boost direction (solid

line).

In the J-PARC T77 experiment, we chooseK* beam mo-
mentum at 1.0 GeV/c to avoid background from K* in-flight
decay and minimize the contribution from ⌃ production.
As a result, the ⇡0 emitted at 0 degrees from the 4He(K*,
⇡0)4

⇤
H reaction has a momentum of Ì0.9 GeV/c and the

✓symm. is Ì7 degrees in the laboratory frame. A technical
challenge is to construct a suitable calorimeter to catch the
high energy � ray in the very forward angle, which overlaps
with the intensive meson beam. We solve this problem by
constructing a Cherenkov-based electromagnetic calorime-
ter with PbF

2
crystals, which have a very short dead time and

strong radiation robustness. We achieve a reasonably good
energy resolution of Ì 5% at 1 GeV energy deposit.[5]

The schematic view of the J-PARC T77 experiment setup
is shown in Fig. 2, which consists of a forward calorimeter, a
Cylindrical Detector System (CDS), and a cryogenic system
for liquid 4He target. The calorimeter is placed in the forward
direction to detect the high energy � emitted from the decay
of ⇡0. The CDS comprises a solenoid magnet, a Beam Profile
Chamber (BPC), a Cylindrical Drift Chamber (CDC), and

a Cylindrical Detector Hodoscope (CDH), which is used to
detect the ⇡* meson from the two-body mesonic weak decay
4

⇤
Hô4He+⇡* to identify the 4

⇤
H hypernucleus. The details

of the CDS can be found in Ref. [6].
The data taking for the J-PARC T77 experiment is con-

ducted in June 2020 at the J-PARC hadron facility’s K1.8BR
beam line. Approximately 6ù109 ofK* beams are irradiated
onto a liquid 4He target, resulting in the successful identifi-
cation of approximately 1.2ù103 4

⇤
H hypernuclei using the

⇡* decay spectrum.
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CDH

π0→γ
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Figure 2: Schematic view of the J-PARC T77 experiment setup

with liquid
4
He target; high-energy � rays are tagged with PbF

2

calorimeter; Cylindrical Detector System(CDS) is the tracking

device to capture decayed ⇡*
particle from

4

⇤
H weak decay.

3. Data analysis

3.1. Event selection

To e�ectively select the K* beam, we use a threshold
type Aerogel Cherenkov counter at the trigger level to veto
⇡* and e* contamination in the beam. We also use the
beam time-of-flight to further purify the K* beam in o�ine
data analysis. To suppress background events with multiple
charged tracks, such as multiple pion reactions, we require
both single track in the CDC and single hit in the CDC
inner layer. We also require consistency between the CDH
hit segment and the CDC tracking. The reaction vertex is
reconstructed by combining a K* beam track measured by
BPC and a ⇡* track measured by the CDC. A distance of
closest approach (DCA) cut of f 5 mm is applied for vertex
selection.

To e�ectively enhance the signal-to-noise ratio of the
populated 4

⇤
H hypernucleus, the fast ⇡0 events in the forward

direction are selected using large energy deposits in the
calorimeter. Fig. 3 shows the correlation between the ⇡*

momentum and energy deposit of the �s that have decayed
from the ⇡0 after event selection. The e�ectiveness of our
innovative ⇡0 tagging method is clearly demonstrated. Fig.
4 shows the final ⇡* momentum spectrum after the high-
energy � selection with E� g 550 MeV. 1 The ⇡* produced

1Throughout the beam time, the calorimeter is calibrated and moni-
tored with 1 GeV/c e* beam mixed into the K* beam.

T. Akaishi et al.: Preprint submitted to Elsevier Page 2 of 5

tdecay = (tCDH − tT0) − tcalc.
CDC − tcalc.

beam



PbF2 EM calorimeter for  tagπ0

• Cherenkov-type, Fast & Radiation hard 
• 25 x 25 x 140 mm3 

• 40 segment 
• 1/4” PMT with Fe magnetic shield 19

D.F. Anderson, et al., Nucl. Inst. Meth. A290 (1990) 385
P. Achenbach, et al., Nucl. Inst. Meth. A416 (1998) 357

Experimental setup: π0 tagger (PbF2)

π- peak
electron 

peak

expected performance after 
one month beam time

(10 times more resistive than Pb glass)
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Decay pion spectrum with gamma-tag

✓Two-body decay peaks are observed. 
✓Backgrounds from quasi-free hyperons are well under control

12

http://arxiv.org/abs/2509.16967 

http://arxiv.org/abs/2509.16967


4ΛH lifetime

• Comparable presicion with the latest STAR data ( )218 ± 6(stat.) ± 13(sys.)

Short Title of the Article

from the two-body decay of 4

⇤
Hô4He+⇡* has a prominent

peak with the correct momentum after energy loss correc-
tion.

The dominant background in the experiment is from
the quasi-free ⇤ and ⌃

0,* in-flight decay. To reproduce the
background events, we use the elementary reaction K*

+

N ô ⇤_⌃
0,*

+ ⇡0 convoluted with Fermi motion in
Monte Carlo simulation and apply the same analysis as for
the experimental data. [7] The experimental spectrum is
fitted using the ⇡* momentum distribution for each back-
ground processes and calculated 4

⇤
H production process to

determine the relative amplitudes.[8] As shown in Fig. 4,
excellent agreement between simulation and experimental
data has been achieved, which allows us to subtract the
background time distribution and derive the 4

⇤
H lifetime

based on simulation.

0

5

10

15

20

25

30

0.3− 0.25− 0.2− 0.15− 0.1− 0.05−
 Momentum (GeV/c)×Charge 

0

100

200

300

400

500

600

700

800

900

1000

 E
ne

rg
y 

on
 C

al
or

im
et

er
 (M

eV
)

Figure 3: Correlation between ⇡*
momentum and neutral

particle energy deposit in the calorimeter. The red horizontal

dotted line at 550 MeV shows the threshold for high-energy �
tagging
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Figure 5: Time response function from the prompt (⇡*
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)

hadronic reaction.

3.2. Timing analysis

An important advantage of the J-PARC T77 (and also
the future J-PARC E73) experiment is the capability to
directly measure the 4

⇤
H lifetime in time domain, which pro-

vides a unique opportunity to solve the hypertriton lifetime
puzzle.[9] In particular, the mesonic decay time of 4

⇤
H can

be obtained experimentally as

t
decay

= (t
CDH

* t
T0
) * tcalc.

CDC
* tcalc.

beam
, (1)

where t
decay

stands for the decay time of the 4

⇤
H event,

t
CDH

* t
T0

is the measured time di�erence between the
CDH counter and T0 counter, tcalc.

CDC
is the calculated time of

flight between the vertex and the CDH using the CDC track
information, tcalc.

beam
is the calculated time of flight between T0

counter and the vertex using the momentum reconstructed
with K* beam line spectrometer.

To optimize the time resolution, we perform time cali-
bration and slewing correction for the CDH counter using
prompt (⇡*, ⇡*) events measured by the CDS, where the
⇡* beam is mixed in and prescaled with the K* beam.
These events are selected in a similar manner to the (K*,⇡0)
events, except that the requirement for the detection of a
forward-neutral particle is removed. To cover our region of
interest, only ⇡* in the momentum range of (*0.3,*0.1)
GeV/c are used for calibration.

The time response function shown in Fig. 5 is obtained
from the prompt (⇡*, ⇡*) hadronic reaction at the 4

⇤
H signal

momentum range of (*0.138,*0.124) GeV/c. The response
is well described by a Gaussian function with the standard
deviation of � = 123 ± 1 ps.

4.
4

⇤
H lifetime result

The decay time spectrum at the 4

⇤
H signal momentum

range of (*0.138,*0.124) GeV/c is obtained as shown in
Fig. 6. Background contribution from the quasi-free hyperon
processes are already subtracted based on the MC. The 4

⇤
H

lifetime is derived by fitting the time spectrum by an expo-
nential distribution convoluted with time response function.

T. Akaishi et al.: Preprint submitted to Elsevier Page 3 of 5

χ2/ndf = 26.8/28

 ps206 ± 8(stat.) ± 12(sys.)

Short Title of the Article

Table 1
Systematic uncertainties for

4

⇤
H lifetime measurement.

Contribution Value

Intrinsic bias of J-PARC T77 approach ±2 ps

Uncertainty from � selection ±4 ps

Uncertainty of time calibration ±7 ps

Uncertainty of background subtraction ±5 ps

Uncertainty in fitting process ±7 ps

Total (quadratic sum) ±12 ps

A binned minimum �2 fit gives ⌧(4
⇤

H) = 205.9 ± 7.9 ps,
where the quoted error is statistical only.
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Figure 6: 4

⇤
H lifetime fitting with time resolution function after

background subtraction.

To ensure the accuracy of the measurement, it is impor-
tant to carefully consider and quantify the sources of system-
atic uncertainty. The main sources of systematic uncertainty
for the measurement of the 4

⇤
H lifetime are intrinsic bias in

the experimental approach, uncertainty in time calibration,
uncertainty from � selection, uncertainty in background
subtraction, and uncertainty from the fitting process of the
timing spectrum. These uncertainties are summarized in
Table 1.

The intrinsic bias of the experimental approach refers
to the systematic uncertainty in our method. Specifically, it
refers to the di�culty in distinguishing between the reaction
vertex and decay vertex, which can result in a displacement
of a few millimeters due to the forward recoil of the popu-
lated 4

⇤
H hypernucleus. We evaluate such e�ect by the Monte

Carlo simulation using a di�erential cross section calculated
by Harada. [8] Through a comparison of the input values and
analysis results, we have determined that this intrinsic bias
is controlled within ± 2 ps.

The selection of �-ray energy can a�ect the background
distribution from quasi-free hyperon decay. We perform
the full analysis procedure by varying the energy threshold
by ±50 MeV for both experimental data analysis and MC

background evaluation. The impact of this e�ect is found to
be less than or equal to ±4 ps.

The uncertainty in time calibration arises from run-by-
run and segment-by-segment alignment, the dependence of
hit position on our 79-cm long scintillation counter (CDH).
We evaluate these uncertainties using the (⇡*,⇡*

) data.
Additionally, a 0.5% uncertainty in the K* beam momentum
a�ects the calculation of tcalc.

beam
. The overall uncertainty is

confirmed to be within a tolerance of ±7 ps.
The uncertainty in background subtraction arises from

the unknown amount of background events and the timing
distribution. To estimate this uncertainty, we intentionally
scale the background events from quasi-free ⇤ and ⌃ in-
flight decay by ±2� from the best fit of our simulation. The
ratio between quasi-free ⇤ and ⌃

0 is fixed in the nominal
fitting based on the cross section in the literature since
the momentum distribution of the two process are similar.
We evaluate the e�ect of the uncertainty in this ratio by
suppressing ⇤ or ⌃0, respectively. We also employ a con-
ventional side-band subtraction method, which is found to
be consistent with the quoted systematic error.

The uncertainty in the fitting process is estimated by
varying the time range and binning width. We also check
the uncertainty by changing time resolution of the Gaussian
response by ±5 ps, whose e�ect to the lifetime is found to
be negligible.

By combining the fitting results with systematic uncer-
tainties, we conclude the 4

⇤
H lifetime as

⌧(4
⇤
H) = 206 ± 8(stat.) ± 12(syst.) ps, (2)

which is consistent with previous results.[10, 11] The pre-
cision of 4

⇤
H lifetime has been essentially improved by our

experiment and other measurements[11], which allows a
more reliable test for the 4

⇤
H wave function especially for

the repulsive core.[12]

5. Summary and outlook

The J-PARC T77 experiment successfully establishes
a new method to produce the hypernuclei with ZA(K*,
⇡0)Z*1

⇤
A reaction, which meets the long demanding request

to study the isospin dependent hyperon-nucleon interaction.
As the first application of this method, we derive the 4

⇤
H

lifetime with top class precision.[10, 11] Our next plan is
to measure the hypertriton lifetime with the present method
and solve the so called hypertriton lifetime puzzle.[9]
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Production cross sections &  binding energy3
ΛH

• Sizable production cross section for  supports for  

• Cross section ratio  imply shallow bininding of  ~ 100 keV

3
ΛH JP = 1/2+

3
ΛH/4

ΛH 3
ΛH

14

As a result, the ground-state production cross sections multi-
plied by the two-body MWD branching ratios are

ωεlab=0→–20→
4
Λ

H
↑ Br2-body(4

ΛH) = 25.3 ± 1.1 (stat.) +3.0
↓3.2 (syst.) µb,

ωεlab=0→–20→
3
Λ

H
↑ Br2-body(3

ΛH) = 3.5 ± 0.6 (stat.) +0.5
↓0.6 (syst.) µb.

Finally, by correcting the two-body MWD branching ratios
as listed in Table 3, the 4

ΛH and 3
Λ

H production cross sections
are obtained as,

ωεlab=0→–20→
4
Λ

H
= 49.9 ± 2.1 (stat.) +7.7

↓8.0 (syst.) µb,

ωεlab=0→–20→
3
Λ

H
= 15.0 ± 2.6 (stat.) +2.4

↓2.8 (syst.) µb,

where the uncertainties are combined from all sources, includ-
ing our analysis and quoted branching ratio results.

4. Discussion

As a uniquely weakly bound hadronic system (BΛ : 0.15 ↔
0.41 MeV, Ref. [3, 2]), the production cross section of 3

Λ
H is

highly sensitive to its Λ binding energy. Even a small change
in the Λ binding energy can cause significant variations of the
production cross section [9]. By using the production cross sec-
tion ratio between 3

Λ
H and 4

ΛH, the Λ binding energy of 3
Λ

H can
be derived even more reliably both experimentally and theoret-
ically.

From an experimental point of view, the systematic uncer-
tainties of the production cross section ratio are partially can-
celed out such as the geometrical acceptances of CDS and PbF2
and the efficiencies of detectors. In particular, it can signifi-
cantly cancel the systematic uncertainty caused by energy se-
lection in PbF2 calorimeters. The theoretical calculation of the
production cross section ratio based on the same DWIA frame-
work is also more robust against the ambiguities of the wave
functions.

Based on the production cross section obtained in the previ-
ous section, the ratio R34 = ω3

Λ
H/ω4

Λ
H is derived as follows:

R34 = 0.300 ± 0.054 (stat.) +0.047
↓0.051 (syst.),

where the systematic uncertainty is re-estimated by taking into
account the partial cancellation of the systematic uncertainties
of the production cross sections. The systematic uncertainties
of the individual production cross section and the R34 ratio are
summarized in Table 4.

Figure 5 shows the calculated production cross section ratio
varying the assumed Λ binding energy of hypertriton. The hor-
izontal red line in Fig. 5 is the value derived from the present
work, the long dashed lines show the range of the statistical er-
ror, and the short dashed lines show the total errors obtained as
the quadratic sum of the statistical and systematic errors. The
theoretical calculation by Harada [27] is plotted to illustrate the
consistency or discrepancy between the experimental result and
the theoretical expectation. The black dots are the theoretical
production cross section ratio R34. By comparing the theoreti-
cal calculation with the experimental values, Λ binding energy

of 3
Λ

H is estimated as follows:

BΛ = 0.063 +0.029
↓0.023 (stat.) +0.025

↓0.021 (syst.) MeV,

where the theoretical uncertainty is not included but expected
to be small enough due to the cancellation. Our result for BΛ is
slightly smaller than the emulsion average [3] and the J-PARC
E07 result [5], but still consistent with them within about 2ω.
Compared to the STAR measurement [2], our value is signifi-
cantly smaller, while it is consistent with the ALICE result [4]
within the quoted uncertainties. This overall comparison sug-
gests a tendency toward a longer lifetime for the hypertriton.

Another important property of the hypertriton is its ground-
state spin. The ratio R34 ↔ 1/3 clearly demonstrates a sizable
production cross section of the 3He(K↓, ϑ0)3

Λ
H reaction, which

can be understood by the kinematics and the Λ binding energy
of 3
Λ

H ground-state as discussed in Ref. [9]. Owing to the spin
non-flip dynamics of the in-flight (K↓, ϑ0) reaction, we can con-
clude that the ground-state spin of 3

Λ
H produced in our reaction

is the same as that of the 3He target, namely J = 1/2.

Theoretical calculation
Experimental result
Statical error
Quadratic sum of the stat.
and syst. errors

Figure 5: The calculated production cross section ratio R34 = ω3
Λ

H/ω4
Λ

H vary-
ing the assumed Λ binding energy of hypertriton. The horizontal red line in-
dicates the measured ratio R34, the long dashed lines show the range of the
statistical errors, and the short dashed lines show the total errors obtained as
the quadratic sum of the statistical and systematic errors. The dots represent
the calculated ratios. The theoretical calculation by Harada [27] is plotted to
illustrate the consistency or discrepancy between the experimental result and
the theoretical expectation.

5. Summary

This study presents the first measurement of the production
cross sections of 3

Λ
H and 4

ΛH ground-state hypernuclei using the
in-flight (K↓, ϑ0) reaction at a beam momentum of 1.0 GeV/c.
The experiment aims to address discrepancies in the reported
binding energies of hypertriton, one of the crucial benchmarks
in hypernuclear physics. These measurements are conducted
using the J-PARC E73 experimental setup, which combines a
forward Čerenkov calorimeter to tag the (K↓, ϑ0) reaction and a
cylindrical detector system (CDS) to detect decay products.

The production cross sections, for the angular range
from 0→ to 20→ in the laboratory frame, are measured

6

As a result, the ground-state production cross sections multi-
plied by the two-body MWD branching ratios are

ωεlab=0→–20→
4
Λ

H
↑ Br2-body(4

ΛH) = 25.3 ± 1.1 (stat.) +3.0
↓3.2 (syst.) µb,

ωεlab=0→–20→
3
Λ

H
↑ Br2-body(3

ΛH) = 3.5 ± 0.6 (stat.) +0.5
↓0.6 (syst.) µb.

Finally, by correcting the two-body MWD branching ratios
as listed in Table 3, the 4

ΛH and 3
Λ

H production cross sections
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E07 result [5], but still consistent with them within about 2ω.
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cantly smaller, while it is consistent with the ALICE result [4]
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R3, R4 from references 

DWIA calc.

What we directory measured http://arxiv.org/abs/2509.16967 

Harada, et al., 
NPA1015, 122301 (2021)

http://arxiv.org/abs/2509.16967


Latest dataset for hypertriton lifetime
Data-taking completed in 2025

• He target as calibration data demonstrates the consistency across different data 
taking periods 

• He data shows ~1000 two-body decay signal events as proposed.  
Further improvement is expected by optimizing tracking and cutting conditions. 

4

3
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Kaonic nuclei



KbarN interaction

• Strong attraction in I=0 from scattering and X-ray experiments. 

•  molecule picture is now widely accepted 
• Why not kaonic nucleus with additional nucleons?

Λ(1405) = K̄N

17

K-N scattering 
NPB179(1981)33.

K-p atom 
 PLB704(2011)113. 

KbarN molecule from Lattice QCD 
PRL114(2015)132002.

N
K̄

L(1116), 1/2+

L(1405), 1/2-

L(1520), 3/2-

S*(1385), 3/2+

S(1192), 1/2+

KN(1432)

-27 MeV

Λ(1405) : Double pole?
JP = ½-, I = 0,  ML(1405)< MKbarN , lightest in neg. parity baryons

ＫＮ
pS

Chiral Unitary Model: 
D. Jido et al., NPA725(03)181

Λ(1405) in  
chiral unitary model 

T. Hyodo

ūs

N
N K̄



Theoretical calculations of KbarNN

• KbarNN should exist. Then, how to produce and observe it? 

18

B.E. ~ 10-30 MeV B.E. ~ 40-70 MeV
suggesting a more compact 

and dense system

MΛ(1405)~1405, single poleMΛ(1405)~1420, double pole

deep  potentialK̄Nshallow  potentialK̄N

Chiral unitary model 
(energy dependent)

Phenomenological model 
(energy independent)

I(Jp) =
1
2

(0−)

N
N K̄



“K-pp” searches

• No conclusive result because of complex reactions & background…

19

???
multi-NA?

N*?
acceptance?

No “K-pp”

No “K-pp”

No “K-pp”



Our approach: in-flight (K-, n) reaction

✓Effeciently produce sub-threshold virtual  
✓Simplest target allows an exclusive analysis 
✓Large-acceptance detector to cover a wide range of kinematical region

K̄

20

T. Kishimoto, Phys. Rev. Lett. 83, 4701 (1999).

K-N elementaly cross-sections

Production of -nucleiK̄
 elementary cross sections @ (K−, N) θN = 0∘

VOLUME 83, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 6 DECEMBER 1999

It is given by the two body laboratory cross section multi-
plied by the so-called effective nucleon number (Neff).

We first use the plane wave approximation to evaluate
N

pw
eff . At 0±, where only non-spin-flip amplitude is rele-

vant, N
pw
eff is given by

N
pw
eff ! !2J 1 1" !2jN 1 1" !2!K 1 1"

3

√

!K jN J
0 2

1
2

1
2

!2

F!q" . (2)

In this equation we assumed that a nucleon in a jN orbit
is knocked out and a kaon enters in an !K orbit making a
transition from a 01 closed shell target to a spin J state.
Here the form factor F!q" is given by the initial nucleon
and final kaon wave functions as

F!q" !

√
Z

r2 dr RK !r"RN !r"jL!qr"

!2

, (3)

where L ! J 6 1
2 is the transferred angular momentum.

For an oscillator potential of radius parameter b, the
radial wave function is

R!!r" ! c!!r#b"!e2r2#2b2
(4)

for nodeless states, where c! ! $2l12#b3pp !2l 1
1"!!%1#2. In the present case it is enough to consider
natural parity stretched states with L ! !N 1 !K since
the transferred momentum q is larger than the Fermi
momentum. The form factor [Eq. (4)] is well known for
the harmonic oscillator wave function [13] as

F!q" !
!2Z"Le2Z

$!2L 1 1"!!%2

$G!L 1 3#2"%2

G!!K 1 3#2"G!!N 1 3#2"
(5)

with Z ! !bq"2#2, where the radius parameter b ! mv
h̄

has to be replaced by
2
b2 !

1
b2

N
1

1
b2

K
(6)

to account for the different radius parameters for the
nucleon (bN ) and the kaon (bK ) where 1#b2

K !
p

8#b2
N .

N
pw
eff is further reduced by the distortion of incoming and

outgoing waves as

Neff ! N
pw
eff Deik . (7)

The distortion Deik is estimated by the eikonal absorption
where the imaginary parts of the K2 and proton optical
potentials are given by their total cross sections with
nucleons. At PK ! 1 GeV#c, total cross sections of the
K2 nucleon and the p nucleon are almost the same, and
we take both to be 40 mb. The small radius parameter b
indicates larger cross sections through the high momentum
component; we thus evaluated Neff for bK ! bN also as
the smallest value.

The cross section of the elementary reaction was given
by the phase shift analysis of available data [15]. Here we
need to consider only the non-spin-flip amplitude ! f" as

explained above. Since the kaon and nucleon are isospin 1
2

particles there are I ! 0 ! f0" and I ! 1 ! f1" amplitudes.
The amplitudes for elastic and charge exchange scattering
are represented by appropriate linear combinations of the
isospin amplitudes as

fK2n!K2n ! f1, (8)

fK2p!K2p !
1
2

! f1 1 f0" , (9)

fK2p!K̄0n !
1
2

! f1 2 f0" . (10)

The c.m. (center-of-mass) differential cross section of the
three reactions at 180± are shown in Fig. 3 as a function of
incident kaon momentum. The cross sections depend on
the incident momentum. For instance, the K2p ! K2p
reaction has a peak at around 1 GeV#c. We thus take
1 GeV#c for the incident kaon momentum. Since the tar-
get nucleon is moving in a nucleus, Fermi averaging has
to be made for the two body cross section which smears
the fine momentum dependence. The c.m. cross section
is reduced by 20% to 30% depending on models for this
averaging. We take &1.3 mb#sr as the c.m. cross section
at 1 GeV#c.

Here we consider I ! 0 symmetric nuclei as targets.
The (K2, p) reaction produces only an I ! 1 state; on the
other hand, the (K2, n) reaction can produce both I ! 0
and 1 states. The K̄N system is strongly attractive in the
I ! 0 channel though not so much in the I ! 1 channel.
The kaon-nucleus potential is an average of both channels
and thus depends little on the total isospin of kaonic nuclei.
Consequently, we expect that the I ! 0 state produced by
the (K2, n) reaction appears at nearly the same excitation
energy. The elementary cross section for the (K2, n)
reaction in Eq. (1) becomes the sum of the K2n ! K2n
and K2p ! K̄0n cross sections. The incoherent sum
of the two cross sections may not be inappropriate for
the evaluation since the K2 and K̄0 mass difference is
considered to be large on a nuclear physics scale.
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68 Data analysis and calibration

by fitting mass distributions sliced with each momenta of Fig.3.29 by using Gaussian distri-
bution, and ±2.5s region is identified as each particles. In this analysis, overlap regions of
two PID functions are removed to reduce the background from wrong identification.
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Fig. 3.29 Momentum and mass-square distribution measured by the CDS. The pion, kaon,
proton and deuteron are clearly separated in this plot. Each lines show the boundary of the
particle identification. The overlap region of two different particle is ignored in this analysis
to remove the background comes from wrong-identification.

3.3.4 Absolute value of the solenoid magnetic field

Because of the momentum of the detected particle in the CDS is calculated by using magnetic
field strength of the solenoid magnet, the absolute value of the magnetic field strength must
be calibrated. For calibration of the magnetic field strength, the mass of the K

0
s

and L are
checked by changing the magnetic field strength. The mass of the K

0
s

and L are reconstructed
by the p�p+ and p�

p -pairs, respectively. Fig.3.30 shows the results of the study for the
magnetic field strength. In this figure, difference between PDG value and reconstructed
masses of the K

0
s

and the L plotted as a function of the magnetic filed strength. In this
analysis, the absolute value of the magnetic filed is setted to 0.715 T, where the differences
of the K

0
s

and the L masses are the same value of about 0.5 MeV/c2.

particle identification

missing neutron selection
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Fig. 18 A schematic figure of the E15 CDS for the charged particle analysis. The CDS covers ≈
50 % of the target solid angle. The particle identification is made by the time-of-flight measurement
in the CDS. Figure is taken from Ref. [55].

kinematics of

K−+3 He → (K̄NN)+n → (Λ p)+n (6)

can be considered as a two body reaction. Thus, the kinematics can be specified
by only two parameters. Therefore, events are plotted in the two dimensional plane
consisting of the Λ p invariant mass and the neutron emission angle in the center-of-
mass (CM) of the Λ pn system.

Although the statistics are limited, the Λ p invariant mass spectrum drastically
changed from the 3He(K−, n) missing mass spectrum. As shown in the figure (top),
a very interesting event concentration was observed around the binding threshold
in the Λ p invariant mass spectrum. More interestingly, about half of the events are
located below the binding threshold, so that it cannot be explained by quasi-free
kaon production. On the other hand, it is clear that the quasi-free kaon formation
yield above the binding threshold is substantially suppressed. Apart from the event
concentration, there exists broad event distribution over the entire kinematically al-
lowed region, whose spectrum is similar to the phase space of Λ pn (denoted as
3NA: three-nucleon absorption).

As shown in the figure (right), the event concentration is formed at forward neu-
tron emission angle (θCM

n ∼ 0◦). This indicates that the doorway reaction chan-
nel, that originates the event concentration, is the neutron knock out reaction,
K−N → K̄n as is expected for “K−pp” formation. It is also quite interesting, that the
neutron emission angle seems to be not very forward peaked for the event concentra-
tion (left-bottom), which indicates that the missing mass spectroscopy at θCM

n ∼ 0◦
is not adequate to study the full reaction dynamics. In fact, the event concentration
extendsup to cosθCM

n ≈ 0.8, which is ≈ 40◦ degree in the CM.
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Quasi-free K- scattering 
（+2NA absorption）

: (K-,n) momentum transfer, : Λp invariant mass𝒒  𝑴 

d2σ/(dM ⋅ dq)
[nb/MeV2/c3]

projection

Deep biding (B.E. ~ 40 MeV), Large decay width (Γ~ 100 MeV), Large momentum transfer
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Λd analysis with the 4He target

•Similar distribution as 3He data.  Publication coming soon with x3 4He data.
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Fig. 1. a) 2D event distribution plot on the M (= IM!p ) and the momentum transfer q (q!p ) for the !pn final state. The M F (q) given in Eq. (2), the mass threshold M(Kpp), 
and the kinematical boundary for !pn final state, are plotted in the figure. The lower q boundary corresponds to θn = 0 (forward n), and the upper boundary corresponds to 
θn = π (backward n). The histograms of projection onto the M axis b), and onto q axis c) are also given together with the decompositions of the fit result.

tation. On the other hand, the distribution centroid of M above 
M(Kpp) depends on q, and the yield vanishes rapidly as a function 
of q. The centroid shifts to the heavier M side for the larger q, sug-
gesting its non-resonant feature, i.e. the propagator’s kinetic energy 
is converted to the relative kinetic energy between ! and p, near 
the lower q boundary. Thus, the most natural interpretation would 
be non-resonant absorption of quasi-free ‘K ’ by the ‘N N ’ spectator 
(QFKA) due to the final state interaction (FSI). This process can be 
understood as a part of the quasi-free K reaction, in which most 
K s escape from the nucleus, as we published in [21]. Note that 
there is another change in event distributions at M(Kpp), i.e., the 
event density is low close to the θn = 0 line below M(Kpp), while 
it is high above M(Kpp) (this point will be separately discussed in 
the last section).

This spectral substructure is in relatively good agreement with 
that of Sekihara–Oset–Ramos’s spectroscopic function [23] to ac-
count for the observed structure in [22]. Actually, their spectrum 
has two structures, namely A) a “K −pp” pole below the mass 
threshold M(Kpp) (meson bound state), and B) a QFKA process 
above the M(Kpp). Thus, the interpretation of the internal sub-
structures near M(Kpp) is consistent with their theoretical picture.

3. Fitting procedure

We first describe what we can expect if point-like reactions 
happen between an incoming K − and 3He, which goes to a !pn
final state. The events must distribute simply according to the !pn
Lorentz-invariant phase space ρ3(M, q), as shown in Fig. 2a. We 
fully simulated these events based on our experimental setup and 
analyzed the simulated events by the common analyzer applied 
to the experimental data. The result is shown in Fig. 2b, which 
is simply E(M, q) × ρ3(M, q), where E(M, q) is the experimen-
tal efficiency. One can evaluate E(M, q) by dividing Fig. 2b by 
Fig. 2a bin-by-bin, which is given in Fig. 2c. As shown in Fig. 2c, 
we have sufficient and smooth experimental efficiency at the re-
gion of interest, M ≈ M(Kpp) at lower q, based on the careful 
design of the experimental setup. On the other hand, the efficiency 

is rather low at the dark blue region and even less toward the 
kinematical boundary, as shown in Fig. 2c. If we simply apply the 
acceptance correction, the statistical errors of those bins become 
huge and very asymmetric. This fact makes the acceptance correc-
tion of the entire (M, q) region unrealistic. Therefore, we applied 
a reverse procedure, i.e., we prepared smooth functions f{ j}(M, q)

(to account for the j-th physical process) and multiplied that with 
E(M, q) × ρ3(M, q) (= Fig. 2b) bin-by-bin. In this manner, one 
can reliably estimate how the physics process should be observed 
in our experimental setup, and this permitted us to calculate the 
mean-event-number expected in each 2D bin. The three introduced 
model functions (at the best fit parameter set) are shown in Fig. 3.

A very important and striking structure exists below M(Kpp), 
which could be assigned as the “K − pp” signal. To make the fitting 
function as simple as possible, let us examine the event distri-
bution by using the same function as was applied in [22], i.e., a 
product of B.W. depending only on M , and an S-wave harmonic-
oscillator form-factor depending only on q as:

f{Kpp} = CKpp
(
%Kpp/2

)2

(
M − MKpp

)2 +
(
%Kpp/2

)2 exp

(

−
(

q
Q Kpp

)2
)

, (1)

where MKpp and %Kpp are the B.W. pole position and the width, 
Q Kpp is the reaction form-factor parameter, and CKpp is the nor-
malization constant, as shown in Fig. 3a.

A model-function of the QFKA channel, f{Q F KA} (M, q), is intro-
duced as follows. As described, we assume that a ‘K ’ propagates 
between the two successive reactions. It consists of 1) K −N →
‘K ’N and 2) non-resonant ‘K ’ + ‘N N ’ → ! + p in the FSI. When the 
‘K ’ propagates at momentum q as an on-shell particle in the spec-
tator’s rest frame (≡ laboratory-frame), then the resulting invariant 
mass M (≡ I M!p(‘K + N N ’)) can be given as:

M F (q) =
√

4m2
N + m2

K + 4mN

√
m2

K + q2, (2)

E15:  K− + 3He → Λp + nf ( ∼ 42 × 109 K−) T77:  K− + 4He → Λd + nf ( ∼ 6 × 109 K−)
PLB789(2019)620 before acceptance correctionM(Kpp) M(Kppn)

preliminary
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Fig. 5. (a) Experimental resolution as a function of the π" mass. (b) Calculated 
π" spectrum to fit the measured spectra in the I = 0 channel. The solid thick and 
thin lines are the spectrum with and without the resolution function convoluted, 
respectively. The response function Fres is shown as a dashed line in arbitrary units. 
(c) Deduced scattering amplitude of K̄ N → K̄ N in the I = 0 channel. The real and 
imaginary parts are shown as solid and dashed lines, respectively. The vertical thin 
lines show the K − p and K 0n mass thresholds.

is described in Ref. [47], where G0 is expressed as a function of 
the momentum (q′) in the center of mass frame in the K −N1(K̄n) 
system and the relation of the laboratory momentum qN2 to q′

is given. Using the K −N → K̄ N scattering amplitudes based on a 
partial wave analysis [50] and the deuteron wave function #d [51], 
we evaluate Fres as a function of the π" mass Mπ" , as shown by 
the dashed line in Fig. 5(b). Here, we took 3 degrees as a typi-
cal scattering angle of the knocked-out nucleon in the laboratory 
frame. The line shapes of the π" mass spectra above the K̄ N mass 
threshold are characterized by Fres, the distribution of which re-
flects the Fermi motion of a nucleon in the deuteron. For S-wave 
T I ′

2 , we consider the K̄ N-π" coupled channel T matrix. The diago-
nal and off-diagonal matrix elements can be parametrized similarly 
to the case in Ref. [52] as

T I ′
2 (K̄ N, K̄ N) = AI ′

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (12)

T I ′
2 (K̄ N,π") = eiδ I′

√
k1

√
ImAI ′ − 1

2 |AI ′ |2ImR I ′k2
2

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (13)

where AI ′ , R I ′ , and δ I ′ are the complex scattering length, complex 
effective range, and real phase, respectively. k1 and k2 are respec-
tively the momenta of π and K̄ in the center of mass frame. Here, 
k2 becomes a pure imaginary number below the K̄ N mass thresh-
old, to satisfy analytic continuity. The parametrization in Eq. (12)
is the so-called effective range expansion of the K̄ N → K̄ N scat-
tering amplitude, where the cotangent of the phase shift is ex-
panded to O (k2

2). Then, T I ′
2 (K̄ N, π") is deduced from the relation 

of the 2 × 2 T -matrix, |T11|2 + |T12|2 = ImT11, that is obtained 
from the unitarity relationship of the S-matrix (S = I + 2iT ). Here, 
T11 = k1T I ′

2 (K̄ N, K̄ N) and T12 = √
k1

√
k2T I ′

2 (K̄ N, π").
We demonstrate the fitting result for the π" (I = 0) channel, as 

shown in Fig. 5(b). A0 and R0 are determined to fit the measured 
π0"0 and (π+"− + π−"+ − π−"0)/2 spectra, simultaneously. 
We took the K̄ N mass threshold at the average of K − p and 
K 0n since the differential cross sections of K −n → K −n [53] and 
K − p → K 0n [54] are almost equal at a neutron forward angle at 
an incident kaon momentum of ∼1 GeV/c. However, we took into 

account the differences from the fitting results for the cases of the 
K − p and K 0n mass thresholds as systematic errors. In the present 
fitting, δ I ′ could not be determined since it deos not appear explic-
itly in the fitting function that depends on |T I ′

2 (K̄ N, π")|2. In the 
fitting, the experimental resolution function [Fig. 5(a)] was convo-
luted with the calculated spectrum and the vertical scale is arbi-
trarily adjusted. We obtained A0 = [−1.12 ± 0.11(fit)+0.10

−0.07(syst.)] + 
[0.84 ±0.12(fit)+0.08

−0.07(syst.)]i fm, R0 = [−0.18 ±0.31(fit)+0.08
−0.06(syst.)]

+ [−0.40 ± 0.13(fit) ± 0.09(syst.)]i fm, where the fitting errors 
are indicated as “(fit)”. As mentioned above, the differences of 
the different K̄ N mass threshold were taken into account as sys-
tematic errors indicated as “(syst.)”. The reduced chi-square was 
1.76 with 24 degrees of freedom. The present scattering length is 
smaller than a recent theoretical calculation, −1.77 + 1.08i, which 
is based on the lattice QCD [55]. The thick and thin solid lines 
in Fig. 5(b) show the resolution-convoluted and no-resolution-
convoluted spectra, respectively, calculated with the best fit val-
ues. The energy dependence of the deduced T 0

2 (K̄ N, K̄ N) is 
shown in Fig. 5(c). We find a zero-crossing in the real part 
and a bump in the imaginary part at the same place. This is 
a typical structure of a resonance. We find a resonance pole at 
1417.7+6.0

−7.4(fit)+1.1
−1.0(syst.) + [−26.1+6.0

−7.9(fit)+1.7
−2.0(syst.)]i MeV/c2 in 

the I = 0 channel of the K̄ N → K̄ N scattering. The errors are 
estimated by fluctuations of the pole position due to the errors 
for the best fit values of A0 and R0. The real part of the de-
duced pole is closer to the K − p mass threshold than the so-called 
PDG value of 1405.1 MeV/c2. It is worthy of evaluating the fol-
lowing quantity, |T 0

2 (K̄ N, K̄ N)|2/|T 0
2 (K̄ N, π")|2 ∼ 2.2+1.0

−0.6(fit)±0.3
(syst.) at the pole energy, which corresponds to the ratio of the 
two partial widths in the Flatté formula [56,57]. This suggests that 
the coupling of %(1405) to K̄ N is predominant, which does not 
contradict a picture of %(1405) as a K̄ N-bound state. Meißner 
and Hyodo have reviewed [58] and discussed the pole struc-
ture of the %(1405) region based on chiral unitary approaches 
[31,32,34,35] with a constraint on the scattering length obtained 
from kaonic hydrogen atom X-ray data by the SIDDHARTA col-
laboration [59,60]. They collected four sets of two poles deduced 
by several authors in the relevant region. Poles 1 and 2 are the 
so-called higher and lower poles, respectively, which are thought 
to be coupled to K̄ N and π", respectively. The suggested higher 
poles are located at the region of 1421–1434 MeV on the real 
axis and 10–26 MeV on the imaginary axis in the complex energy 
plane. Recently, a theoretical analysis based on next-to-next-to-
leading order chiral unitary approach has been reported and gives 
a higher pole at 1425 ± 1 − i(13 ± 4) MeV/c2 [61]. The pole po-
sition determined by the present experiment is consistent to the 
higher poles though it is located at slightly smaller and larger val-
ues for the real and imaginary parts, respectively. A lattice QCD 
calculation has reported two poles and the so-called higher pole is 
located at 1430 − 22i MeV/c2 [62]. Our result is smaller and sim-
ilar in real and imaginary part, respectively. Recently, Anisovich et 
al. reported one single pole of %(1405) contribution to fit the data 
of γ and K − induced reactions on proton and the kaonic hydro-
gen atom, as 1421 ± 3 − (23 ± 3)i MeV/c2 [63]. The present result 
is consistent with the reported pole position.

5. Conclusion

We measured π±"∓ , π0"0, and π−"0 mass spectra below 
and above the K̄ N mass threshold in d(K −, N)π" reactions at a 
forward angle, of N knocked out by an incident kaon momentum 
of 1 GeV/c. We obtained decomposed π" spectra in terms of I
= 0 and 1, and confirmed a relation between the four reactions 
with respect to the isospin states. We find that the I = 0 ampli-
tude is dominant. We demonstrated that the π" spectral shape 
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With two-step reaction processes

S-wave  amplitude (I=0) was deduced

pole:  1417.7 − 26.1𝑖 [MeV]

K̄N

K− + d → πΣ + nf

θn = 0∘

 with high certaintyI(Jp) = 0(1/2−)PLB 736, 137637 (2023) PRC102, 044002 (2020).
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BK̄NNN ∼ 60 ± 11(stat) MeV
ΓK̄NNN ∼ 100 MeV
σK̄NNN→Λd ∼ 4 μb

 
 

BK̄NN = 42 ± 3 (stat.) +3
−4 (syst.) MeV

ΓK̄NN = 100 ± 7 (stat.) +19
−9 (syst.) MeV

σK̄NN→Λp = 9.3 ± 0.8 (stat.) +1.4
−1.0 (syst.) μb

J-PARC E31 Collaboration Physics Letters B 837 (2023) 137637

Fig. 5. (a) Experimental resolution as a function of the π" mass. (b) Calculated 
π" spectrum to fit the measured spectra in the I = 0 channel. The solid thick and 
thin lines are the spectrum with and without the resolution function convoluted, 
respectively. The response function Fres is shown as a dashed line in arbitrary units. 
(c) Deduced scattering amplitude of K̄ N → K̄ N in the I = 0 channel. The real and 
imaginary parts are shown as solid and dashed lines, respectively. The vertical thin 
lines show the K − p and K 0n mass thresholds.

is described in Ref. [47], where G0 is expressed as a function of 
the momentum (q′) in the center of mass frame in the K −N1(K̄n) 
system and the relation of the laboratory momentum qN2 to q′

is given. Using the K −N → K̄ N scattering amplitudes based on a 
partial wave analysis [50] and the deuteron wave function #d [51], 
we evaluate Fres as a function of the π" mass Mπ" , as shown by 
the dashed line in Fig. 5(b). Here, we took 3 degrees as a typi-
cal scattering angle of the knocked-out nucleon in the laboratory 
frame. The line shapes of the π" mass spectra above the K̄ N mass 
threshold are characterized by Fres, the distribution of which re-
flects the Fermi motion of a nucleon in the deuteron. For S-wave 
T I ′

2 , we consider the K̄ N-π" coupled channel T matrix. The diago-
nal and off-diagonal matrix elements can be parametrized similarly 
to the case in Ref. [52] as

T I ′
2 (K̄ N, K̄ N) = AI ′

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (12)

T I ′
2 (K̄ N,π") = eiδ I′

√
k1

√
ImAI ′ − 1

2 |AI ′ |2ImR I ′k2
2

1 − i AI ′k2 + 1
2 AI ′ R I ′k2

2

, (13)

where AI ′ , R I ′ , and δ I ′ are the complex scattering length, complex 
effective range, and real phase, respectively. k1 and k2 are respec-
tively the momenta of π and K̄ in the center of mass frame. Here, 
k2 becomes a pure imaginary number below the K̄ N mass thresh-
old, to satisfy analytic continuity. The parametrization in Eq. (12)
is the so-called effective range expansion of the K̄ N → K̄ N scat-
tering amplitude, where the cotangent of the phase shift is ex-
panded to O (k2

2). Then, T I ′
2 (K̄ N, π") is deduced from the relation 

of the 2 × 2 T -matrix, |T11|2 + |T12|2 = ImT11, that is obtained 
from the unitarity relationship of the S-matrix (S = I + 2iT ). Here, 
T11 = k1T I ′

2 (K̄ N, K̄ N) and T12 = √
k1

√
k2T I ′

2 (K̄ N, π").
We demonstrate the fitting result for the π" (I = 0) channel, as 

shown in Fig. 5(b). A0 and R0 are determined to fit the measured 
π0"0 and (π+"− + π−"+ − π−"0)/2 spectra, simultaneously. 
We took the K̄ N mass threshold at the average of K − p and 
K 0n since the differential cross sections of K −n → K −n [53] and 
K − p → K 0n [54] are almost equal at a neutron forward angle at 
an incident kaon momentum of ∼1 GeV/c. However, we took into 

account the differences from the fitting results for the cases of the 
K − p and K 0n mass thresholds as systematic errors. In the present 
fitting, δ I ′ could not be determined since it deos not appear explic-
itly in the fitting function that depends on |T I ′

2 (K̄ N, π")|2. In the 
fitting, the experimental resolution function [Fig. 5(a)] was convo-
luted with the calculated spectrum and the vertical scale is arbi-
trarily adjusted. We obtained A0 = [−1.12 ± 0.11(fit)+0.10

−0.07(syst.)] + 
[0.84 ±0.12(fit)+0.08

−0.07(syst.)]i fm, R0 = [−0.18 ±0.31(fit)+0.08
−0.06(syst.)]

+ [−0.40 ± 0.13(fit) ± 0.09(syst.)]i fm, where the fitting errors 
are indicated as “(fit)”. As mentioned above, the differences of 
the different K̄ N mass threshold were taken into account as sys-
tematic errors indicated as “(syst.)”. The reduced chi-square was 
1.76 with 24 degrees of freedom. The present scattering length is 
smaller than a recent theoretical calculation, −1.77 + 1.08i, which 
is based on the lattice QCD [55]. The thick and thin solid lines 
in Fig. 5(b) show the resolution-convoluted and no-resolution-
convoluted spectra, respectively, calculated with the best fit val-
ues. The energy dependence of the deduced T 0

2 (K̄ N, K̄ N) is 
shown in Fig. 5(c). We find a zero-crossing in the real part 
and a bump in the imaginary part at the same place. This is 
a typical structure of a resonance. We find a resonance pole at 
1417.7+6.0

−7.4(fit)+1.1
−1.0(syst.) + [−26.1+6.0

−7.9(fit)+1.7
−2.0(syst.)]i MeV/c2 in 

the I = 0 channel of the K̄ N → K̄ N scattering. The errors are 
estimated by fluctuations of the pole position due to the errors 
for the best fit values of A0 and R0. The real part of the de-
duced pole is closer to the K − p mass threshold than the so-called 
PDG value of 1405.1 MeV/c2. It is worthy of evaluating the fol-
lowing quantity, |T 0

2 (K̄ N, K̄ N)|2/|T 0
2 (K̄ N, π")|2 ∼ 2.2+1.0

−0.6(fit)±0.3
(syst.) at the pole energy, which corresponds to the ratio of the 
two partial widths in the Flatté formula [56,57]. This suggests that 
the coupling of %(1405) to K̄ N is predominant, which does not 
contradict a picture of %(1405) as a K̄ N-bound state. Meißner 
and Hyodo have reviewed [58] and discussed the pole struc-
ture of the %(1405) region based on chiral unitary approaches 
[31,32,34,35] with a constraint on the scattering length obtained 
from kaonic hydrogen atom X-ray data by the SIDDHARTA col-
laboration [59,60]. They collected four sets of two poles deduced 
by several authors in the relevant region. Poles 1 and 2 are the 
so-called higher and lower poles, respectively, which are thought 
to be coupled to K̄ N and π", respectively. The suggested higher 
poles are located at the region of 1421–1434 MeV on the real 
axis and 10–26 MeV on the imaginary axis in the complex energy 
plane. Recently, a theoretical analysis based on next-to-next-to-
leading order chiral unitary approach has been reported and gives 
a higher pole at 1425 ± 1 − i(13 ± 4) MeV/c2 [61]. The pole po-
sition determined by the present experiment is consistent to the 
higher poles though it is located at slightly smaller and larger val-
ues for the real and imaginary parts, respectively. A lattice QCD 
calculation has reported two poles and the so-called higher pole is 
located at 1430 − 22i MeV/c2 [62]. Our result is smaller and sim-
ilar in real and imaginary part, respectively. Recently, Anisovich et 
al. reported one single pole of %(1405) contribution to fit the data 
of γ and K − induced reactions on proton and the kaonic hydro-
gen atom, as 1421 ± 3 − (23 ± 3)i MeV/c2 [63]. The present result 
is consistent with the reported pole position.

5. Conclusion

We measured π±"∓ , π0"0, and π−"0 mass spectra below 
and above the K̄ N mass threshold in d(K −, N)π" reactions at a 
forward angle, of N knocked out by an incident kaon momentum 
of 1 GeV/c. We obtained decomposed π" spectra in terms of I
= 0 and 1, and confirmed a relation between the four reactions 
with respect to the isospin states. We find that the I = 0 ampli-
tude is dominant. We demonstrated that the π" spectral shape 
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With two-step reaction processes

S-wave  amplitude (I=0) was deduced

pole:  1417.7 − 26.1𝑖 [MeV]

K̄N

K− + d → πΣ + nf

θn = 0∘

 with high certaintyI(Jp) = 0(1/2−)PLB 736, 137637 (2023) PRC102, 044002 (2020).

Established the existence of Kaonic nuclei 
and the production method via (K-, N)



Future plan
Confirmation of “ ” → J-PARC E80 

Further investigation of the  system → J-PARC E89 
Quantum number, Spatial size, heavier system, double  nuclei…

K−ppn

K̄NN

K̄



New CDS 29

✓Solid angle: x1.6 (59%→93%) 
✓Neutron eff. x4 (3%→12%) 
✓forward TOF counters 
✓proton polarimeter in future

E15-CDS

E80-CDS
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Is the observed state really  ?K̄NN
• Isospin partner should exist 

• “ ” →  analysis 

• need neutron detection 
• Spin-parity measurement:  
• spin-spin correlation between Λ and p 
• need polarimeter for proton

K̄0nn Λn, Σ−p

31

p
K-pp

p

Figure 3: The experimental principle to measure the spin-spin correlation of ⇤p. The

most probable spin direction of ⇤ (~So (⇤!p⇡�
)

⇤
) will be measured by weak-decay asym-

metry of ⇤. The most probable transverse spin direction of proton (~So ?
p ) will be

measured by proton scattering asymmetry in a plastic scintillator.

function of azimuthal angle (�⇤p). The �⇤p-distribution can be expressed as

N(�⇤p) = N0

⇣
1 + rJ

P · ↵⇤p cos�⇤p

⌘
, (2)

where N0 is mean number of events a bin of N(�⇤p) spectrum, and rJ
P
is an asymmetry

reduction factor from ↵⇤p (the factor rJ
P
is described in Sec. 5 and Appendix A, in

detail).

3 Experimental setup

3.1 The K1.8BR beam-line

A schematic drawing of the K1.8BR beam-line is shown in Fig. 4. Note that the figure
shows a shortened beam-line configuration, which we have proposed in the E80 [29].
With this configuration, K�-beam intensity increases about 1.5 times larger than that
with the current K1.8BR configuration. The K�-beam is provided by the K1.8BR
beam-line, and hardware-level kaon identification is realized by an aerogel Čherenkov
counter (AC) located downstream of the last beam-line magnet Q8. More precise kaon
identification will be performed using a time-of-flight information obtained from two
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Internal structure & spin-parity
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The lightest -nucleusK̄

K̄NN

(K̄[NN]I=0)I=1/2

Jπ = 1−

− 1
4 [K̄N]I=0N + 3

4 [K̄N]I=1N

(K̄[NN]I=1)I=1/2

Jπ = 0−

3
4 [K̄N]I=0N + 1

4 [K̄N]I=1N

ground state

 - K−pp K̄0pnIz = + 1/2

 - K−pn K̄0nnIz = − 1/2

We observed signal 
 in J-PARC E15

2

shallow bound?
N. Shevchenko, Few-Body syst. 61 (2020) 27

K̄NN(I = 1/2)



How compact is the system?
• Momentum-transfer distribution 
• large S-wave gauss. form factor Q ~ 400 MeV/c 

• Decay branching ratio 

•  vs. ,  

•  vs. 

K̄NN → ΛN K̄NN → πYNs Σ± → π±n

K̄NNN → Λd K̄NNN → Λpn

32

— Momentum transfer dependence & spacial size of the  —K̄NN

Size of K̄NN
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Phys. Rev. C102(2020)044002

We need more precise measurement & analysis  
to conclude the spacial size of the K̄NN

 -dependence based on PWIAqX

dσ
dqX

∝ exp (− q2

Q2 )
 : S-wave Gaussian form factorQ ∼ 400 MeV/c

The result suggests that 
 the spacial size would be surprisingly small ( ).r ∼ 0.6 fm

MesonicNon-mesonic

neutron 
detection

3N absorption 2N absorption

2N absorption 1N absorption

neutron 
detection

1N : 2N : 3N  =  ?K̄A K̄A K̄A ρN : ρ2
N : ρ3

N



How compact is the system?

• Momentum of the “spectator” nucleon should reflect the system size. 
• Most of the spectator nucleons have too low momentum to be detected. 
→ detect the forward knocked-out nucleon in the production reaction
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configuration. This state proceeds to J π = 0− continuum states
of Λ + p with L = 1 and S = 1 which result from the intrinsic-
parity difference betweenΛ∗(J π = 1/2−) and Λ(J π = 1/2+).
Then, the effective transition potential, which makes L and S

change by 1, is presented in the following form:

(13)v(#ξ) = V0(#σp − #σΛ)
#ξ
b
exp

{
−(ξ/b)2

}
.

The range b is estimated to be 1.0 fm from a three-body cal-
culation of the K−pp [1]. The effect of b value on the follow-
ing results was found to be small, and so we kept this value
throughout the numerical calculations. The matrix element of
the transition potential is calculated to be

V (kΛp) = V0
4√
3πb

(
1

2πa2

)3/4( 4πa2b2

4a2 + b2

)5/2

(14)× kΛp exp
{
− a2b2

4a2 + b2
k2Λp

}
.

It is to be noted that the spin–coordinate coupling factor in
Eq. (13) makes the momentum transfer appreciably larger com-
pared to a simple Gaussian potential case.
The theoretical formulation of Eq. (7) is given in the at-rest

center-of-mass frame of K−ppn. So, we introduce Lorentz-
invariant Dalitz’s variables, that is, partial invariant masses of
two decay products constructed with their measured energies
and momenta:

(15)X ≡ m2
12 =

[
(E1 + E2)

2 − ( #p1 + #p2)2c2
]
/c4,

(16)Y ≡ m2
23 =

[
(E2 + E3)

2 − ( #p2 + #p3)2c2
]
/c4.

The Dalitz domain is bounded by a curve with minimum and
maximum X and Y ; Xmin = (m1 + m2)

2, Xmax = (M − m3)
2,

Ymin = (m2+m3)
2 and Ymax = (M −m1)

2. In the rest frame of
K−ppn, X and Y are related to E3 and E1 as

(17)X = M2 + m2
3 − 2ME3/c

2,

(18)Y = M2 + m2
1 − 2ME1/c

2.

By employing Dalitz’s variables of X = m2
Λp and Y = m2

pn,
we obtain Dalitz density distributions as

(19)
d2D

dX dY
= NnormEΛEnEp(x0)G(X,Y ),

where G(X,Y ) is a structure-dependent function of X and Y

with x0 as an implicit variable. When a structureless object de-
cays via a zero-range s-wave interaction, G(X,Y ) is a constant
and yields homogeneous Dalitz densities. We consider the fol-
lowing two cases.

(i) [K−ppn]T =0Jπ=1/2− → Λ + p + n.
In the p-participant case,

G(1)(X,Y ) = k2Λp(x0)

(20)× exp
{
− 2a2b2

4a2 + b2
k2Λp(x0) − 3a2

2
k2n

}
.

In the n-participant case, we obtain a similar function
G(2)(X,Y ) by exchanging the roles of n and p in G(1)(X,Y ).

Thus,

(21)G(X,Y ) = 1
2
[
G(1)(X,Y ) + G(2)(X,Y )

]
.

(ii) [K−ppp]T =1Jπ=3/2+ → Λ + p + p.
This decay can be treated in a similar way, but an essential

modification is to use a p-state wave function for φ(#r), since
the nuclear core ppp has a configuration of (0s)2(0p3/2). The
structure function of Eq. (20) in the case of participant p is
changed to

G(1)(X,Y ) = k2nk
2
Λp(x0)

(22)× exp
{
− 2a2b2

4a2 + b2
k2Λp(x0) − 3a2

2
k2n

}
.

In the K−ppp case, the decay-proton distribution is the sum of
the participant and spectator processes.

3. Dalitz plots and partial invariant-mass spectra

Now we show the results of the numerical calculation. We
calculated the Dalitz densities by using Eqs. (19), (20), (21),
(22) for the two parent clusters. We paid particular attention
to the effect of the structure of the K̄ clusters, and examined
the two cases, namely, the “shrunk core” (11) and “normal
core” (12). For comparison of various cases we set the parent
masses to be the same, namely,M = 3115 MeV/c2.
Calculated Dalitz density distributions in three-dimensional

presentation are shown in Fig. 1 for K−ppn(T = 0) → Λ +
p + n and K−ppp(T = 1) → Λ + p + p with the “shrunk
core” and the “normal core”. Their variation over the Dalitz do-
main is seen to depend on the quantum numbers and the core
shrinkage. The ridges on the right-hand and left-hand sides cor-
respond to the “participant” proton and the “spectator” proton,

Fig. 1. Calculated density distributions in three-dimensional presentation of
Dalitz plots in the decay of ppnK−(T = 0) (upper) and pppK−(T = 1)
(lower) ofM = 3115 MeV/c2. Left: “shrunk core” and right: “normal core”.
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K− + 4He → (ΛN + Ns) + nf

CDS

forward TOF

K− + 3He → (πY + Ns) + Nf

CDS



Construction status
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Solenoid york Superconducting solenoid CDC: completed, in commissioning

CNC: prototype tested, in production 

Installation from summer 2026 
Beam commissioning in early 2027

completed in JFY2022 completed in JFY2024



Detector tests as a parasite
AC, polarimeter tracker, TOF counters, …

• E72:  resonance at  threshold 

• E63: commissioning of  gamma-ray spectroscopy 

• E16: spectral modification of vector mesons in nuclei 

Λ Λη
4
ΛH(1+ → 0+)

(ϕ/ω)

35
J-PARC SX beamtime Nov. 5‒26

Hyperon Spectrometer 
(Helmholtz + TPC)



Summary
• K- beam provides unique opportunities for strange nuclear physics. 
• Light hypernuclei 
• lifetime measured with high precision for H4L 
• Hypertriton binding energy can be assessed with the production cross section 
• hypertritron lifetime under analysis. stay tuned! 

• Kaonic nuclei 
• (K-, N) reaction efficiently excites the sub-threshold anti-kaon amplitude. 

• , “ ”, “ ”, More analysis results to come. (d, 3He, 4He) 

• Next-gen. experiments start in 2027 with an upgraded solenoid detector 
• Key questions: quantum number, spatial size from the decay observables 
• Many opportunities with E80-CDS: hypernuclei, pbar beam, K+ beam, …

Λ(1405) K−pp K−ppn
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We have performed an exclusive measurement of the K− + 3He → !pn reaction at an incident kaon momen-
tum of 1 GeV/c. In the !p invariant mass spectrum, a clear peak was observed below the mass threshold
of K̄+N +N , as a signal of the kaonic nuclear bound state, K̄NN . The binding energy, decay width, and
S-wave Gaussian reaction form factor of this state were observed to be BK = 42 ± 3(stat.)+3

−4(syst.) MeV,
"K = 100 ± 7(stat.)+19

−9 (syst.) MeV, and QK = 383 ± 11(stat.)+4
−1(syst.) MeV/c, respectively. The total produc-

tion cross section of K̄NN , determined by its !p decay mode, was σ tot
K BR!p = 9.3 ± 0.8(stat.)+1.4

−1.0(syst.) µb.
We estimated the branching ratio of the K̄NN state to the !p and $0 p decay modes as BR!p/BR$0 p ∼
1.7, by assuming that the physical processes leading to the $NN final states are analogous to those
of !pn.
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Abstract

Light s-shell hypernuclei (3,4
Λ

H) and their ground-state properties are crucial benchmarks in hypernuclear physics. In particular,
comparing the production cross sections of 3

Λ
H and 4

ΛH provides insights into the ΛN interaction in different isospin configurations,
which can help address recent discrepancies in the reportedΛ binding energy of hypertriton. We present the first measurement of the
production cross sections for 3

Λ
H and 4

ΛH using the in-flight (K→, ω0) reaction at a beam momentum of 1.0 GeV/c with an identical
experimental setup. The production cross sections in the laboratory frame, for the angular range from 0↑ to 20↑, are measured to be
15.0 ± 2.6 (stat.) +2.4

→2.8 (syst.) µb and 49.9 ± 2.1 (stat.) +7.8
→8.0 (syst.) µb for the ground-state of 3

Λ
H and 4

ΛH, respectively. Using the ratio
of these cross sections and comparing it with theoretical calculations, we evaluate the Λ binding energy of hypertriton, yielding a
value consistent with the picture of a loosely bound system.

Keywords: Strangeness exchange reaction, hypernuclear production cross section, hypertriton binding energy

1. Introduction

Hypernuclear physics explores the interaction between hy-
perons and nucleons (YN) within nuclei. Over the past few
decades, both experimental and theoretical studies of hyper-
nuclei have significantly expanded our understanding of YN
interaction through systematic investigations of hypernuclear
structures [1]. However, as the cornerstone of hypernuclear
physics, the lightest s-shell hypernucleus, hypertriton (3

Λ
H),

remains not fully understood. In particular, the STAR col-
laboration has reported the Λ binding energy of hypertriton
(BΛ = 0.41 ± 0.12 (stat.) ± 0.11 (syst.) MeV) [2] that dif-
fers from those obtained in an earlier emulsion experiment
(BΛ = 0.15 ± 0.08 MeV) [3] and the ALICE collaboration
(BΛ = 0.102 ± 0.063 (stat.) ± 0.067 (syst.) MeV) [4]. Re-
cently, new results from emulsion experiments (J-PARC E07)

Email address: akaishi@rcnp.osaka-u.ac.jp (T. Akaishi)

have been published (BΛ = 0.23±0.11 (stat.)±0.05 (syst.) MeV)
[5]. Such a discrepancy can result in a large lifetime difference
because the spreading of the Λ wave function in hypertriton
sharply depends on degrees of smallness of the Λ binding en-
ergy and affects the weak decay rate, which may help explain
the long-standing hypertriton lifetime puzzle. Moreover, as the
only known hadronic system that can be classified as an Efi-
mov state, hypertriton presents a unique opportunity to study
the T = 0 three-body force in a YNN system [6]. Notably,
the ground-state angular momentum of hypertriton has so far
only been indirectly inferred as J = 1/2 based on the branch-
ing ratios of the two-body mesonic decay and inclusive mesonic
decay channels [7].

To address these unresolved issues, the J-PARC E73 collabo-
ration has proposed a novel method for hypernuclei production
using the in-flight AZ(K→, ω0)A

Λ(Z-1) reaction at a beam momen-
tum of 1.0 GeV/c [8]. This method allows us the direct produc-
tion of s-shell hypernuclei in their ground-state due to the small
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