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

beam



• Successfully demonstrated the new method!

 lifetime as a feasibility test (J-PARC T77)4
ΛH
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4ΛH π-

2-body decay  
“almost” at rest 4He

CDS

50 kW ~3 days 
@June, 2020

χ2/ndf = 26.8/28

 ps206 ± 8(stat.) ± 12(sys.)

Phys. Lett. B 845, 138128 (2023).



•We succeeded in observing the 2-body decay peak 
•80kW x 25 days beam-time to acquire >1000 events will be 
scheduled sometime from April to June, 2024.

Helium-3 test data
6

Although 3
ΛH is the lightest hypernucleus, its binding energy has not been 

determined yet. Recently, theoretical calculations[1] suggest the 
production cross-section of 3ΛH is strongly related to the binding energy, 
because of a loosely binding nature of 3ΛH. In particular, the production 
cross-section ratio 3ΛH/4ΛH (R) with the same experimental setup can be 
discussed the 3ΛH binding energy.

We will provide the information of binding energy of 3ΛH and study the 
mechanism of the production and structure of 3ΛH.

[1] T. Harada, Y. Hirabayashi, Nucl. Phys. A 1015(2021)122301.

J-PARC E73 experiment employs the (K−, π0) reaction. This is a novel 
production method to convert a proton into Λ hyperon by tagged by π0

meson. Hypernucleus of the ground state is selectively produced by this 
so-called strangeness exchange reaction.

Comparison of 3ΛH/4ΛH production cross-section 
via (K-, π0) reaction at J-PARC

Takaya Akaishi (Osaka University) for the J-PARC E73 collaboration

1. Introduction 2. J-PARC E73 experiment

3. Analysis Result 
Target 4He(0.144 g/cm3) 3He(0.070 g/cm3)
Date June 2020 May 2021

BeamTime 65 hours (~ 3 days) 107 hours (~ 4.5 days)
# of Beam 5.0 G Kaon 8.8 G Kaon

5. Summary and Outlook  

Hypernucleus 4
ΛH 3

ΛH 3
ΛH/4ΛH

# of signal 1.6×103 3×102 0.20
Branching ratio 50 % 25 % 0.50
Luminosity(L) 1.1 (nb)-1 1.2 (nb)-1 1.1

# of signal/(BR*L) 2.9×103 1.1×103 ~0.4

4
ΛH 

2-body decay
~ 1600 events 3

ΛH 2-body decay
~ 300 events

– Data
– QF- Λ (Sim)
– QF-Σ0 (Sim)
– QF-Σ- (Sim)
– All(Sim)

4. Discussion
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3
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3
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Figure 3: π- momentum distribution of 4He target

Table 1: Beam time summary

Table 2: the number of hypernuclear signals

Figure 2: Overview of the setup in K1.8 BR Beamline

We have measured the 3ΛH and 4ΛH production using strangeness exchange reaction, 3He, 4He(K−, π0)3
ΛH, 4ΛH, as J-PARC E73 experiment at 

the J-PARC K1.8BR beamline in Japan. The E73 experiment can provide important information for the 3ΛH binding energy. A recent theoretical 
calculation suggests that the production cross-section ratio(3

ΛH/4ΛH) can be used to study the binding energy of the 3ΛH. We will introduce our 
preliminary result with this new method.

BΛ = 0.41 MeV
rΛ-d ~ 5.8 fm

BΛ = 0.13 MeV
rΛ-d ~ 10 fm or

The π- momentum distribution can be obtained from CDS. As shown in the 
figure 3 and figure 4, π- signal from hypernuclear mesonic weak decay can 
be clearly seen. This is the first successful identification of hypernucleus by 
tagged by π0 without using the missing-mass method. The background 
events from quasi-free Λ and Σ in-flight decay are well reproduced by 
geant4 simulation.

Figure 4: π- momentum distribution of 3He target

The E73 experiment has already been performed with 4He, and 3He 
targets to produce 4ΛH and 3ΛH, respectively. We showed the preliminary 
result of π- momentum distribution in the (K-, π0) reaction.
Mono-momentum π- events are clearly observed which come from two 

body decay of 4
ΛH and 3ΛH.

Ratio of production cross-section 3
ΛH/4ΛH is suggested a sensitive 

observable for the binding energy of hypertriton.  
A rough estimation of the cross-section ratio, 3ΛH/4ΛH , has been 

obtained, which is evaluated to be R ~ 0.4.
Obtained R-value suggests that 3ΛH is a loosely bound system.

Finalization of the number of hypernucleus signals and  evaluation of 
systematic error are in progress.

The number of hypernuclear signals is obtained by subtracting the 
simulated background from the data. Since acceptance and efficiency are 
almost the same, the ratio of the hypernucleus yield after correcting the 
branching ratio is directly the ratio of the cross-section. Our preliminary 
result shows R ~ 0.4. This suggests that a shallow bound hypertriton 
consistent with emulsion data.

c.f. BΛ=0.13 MeV(Emulsion) ⇒ R ~ 0.3–0.4
BΛ=0.41 MeV(STAR)       ⇒ R ~ 0.65

K- + 3He, 4He → 3ΛH, 4ΛH + π0 (tag)
3
ΛH, 4ΛH → 3He, 4He + π- (measure)

CDS is composed of a solenoid 
magnet, a drift chamber and timing 
counters.
Momentum resolution ~ 2.4 MeV/c 
We use the PbF2 crystal, a 
Cherenkov light-based calorimeter. 
The energy resolution is σ/E ~ 5 % 
at 1 GeV and the PbF2 crystals 
have a nice separation between 
pion and electron.

c.f. Dr. Y. Ma’s talk in 
Session 1; Mon-Ⅱ

Λ hyperon

deuteron

Λ hyperon

deuteron

Figure 1: physical picture of hypertriton

K- 3He 3
ΛH π0

rΛ−d = ħ2
4μBΛ

In order to enhance the hypernucleus signal to noise 
ratio, calorimeter energy selection and Distance of 
closest approach(DCA) cut were performed in the 
offline analysis.
The geant4 simulation is implemented with realistic 
geometry, Fermi motion, and detector resolution. 
3-body decay of hypertriton were also observable[2].
[2] H. Kamada et al., Phys. Rev. C 57(1998)1595

133 MeV/c 114 MeV/c

The 14th International Conference on Hypernuclear and Strange Particle Physics, HYP2022, poster session

K- 4He 4
ΛH π0

4He

π-

3He

π-

The high momentum π0 is used to tag Λ hyperon 
productions with smaller recoiling momentum,
which has higher formation probability of hypertriton. 
Since the hypernucleus decay at rest, the hypernucleus
can be identified by finding a mono-momentum π-. 

OSAKA UNIVERSITY

~60 kW x 4 days in 2021



• Forward Calorimeter is enlarged with additional PbG crystals 
• Newly install VFT (vertex fiber tracker) 
• The target system modified accordingly

Improvement in setup
7
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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
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100% e�ciency because of strong boost from the mother ⇡0

particle. This means that by tagging the high energy � in the
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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
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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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with liquid
4
He target; high-energy � rays are tagged with PbF
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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



•Z-vertex resolution ~7mm → ~1mm 
•x2 better momentum & mass resolution

Improvement in resolution with VFT
8
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•Resotluion would be improved ~40 MeV → ~ 25 MeV 

•We expect different structure in  (I=1) because  (I=0)mΣ0d K̄NNN → Λd

 separation might be possibleΛ/Σ0
9

Event selection for  final stateΛpn
8
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Larger acceptance using “short tracks”
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• Studying how to fix them…

VFT status: many damaged fibers…
11各layerについて

• 合計で64本 
• Layer2 185ch, 
layer4 102ch
はケーブルが原
因で現在解決済
み
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side
• UU’VV’ configuration 
• 896 channels in total 
• Readout by 8x8 MPPC array 
• CIRASAME: ASIC+FPGA board



• H2/D2/3He/4He with the same system using a pulse tube cryocooler 
• Target cell with less material.

Target status
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Further experiment on  
(J-PARC E80)

K̄NNN



• x3 longer CDC: solid angle 59%→93% 
• 3-layer barrel NC: neutron efficiency 3%→15% 

J-PARC E80 with a new spectrometer
14



• large kinematical-region coverage & x2 acceptance

Acceptance for K− +4 He → Λd + n
15
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•We expect x40  eventsΛdn

Expected spectrum @ 90 kW x 3 weeks
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•> x10 acceptance compared with E15 setup 

•Still, one order of magnitude smaller compared with Λdn

Acceptance for K− +4 He → Λpn + n
17
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✓Clear peak would be observed for both modes 
✓Peak positions etc. should be carefully compared

Expected spectra
18

M(K-ppn) M(K-ppn)

K-+4HeΛd+n K-+4HeΛpn+n

BKppn ~ 40 MeV  
ΓKppn ~ 100 MeV

Qkppn ~ 400 MeV/c

@ 3 weeks, 90kW

σ(K-ppn)*Br ~ 5 µb 
σ(QF)            ~ 5 µb 
σ(BG)            ~ 10 µb



• If  is 2NA process, spectator momentum would 
reflect the system size. 

•However, we cannot detect low-momentum protons… 

K̄NNN → Λpn

Spacial information  decayK̄NNN → Λpn
19

P. Kienle et al. / Physics Letters B 632 (2006) 187–191 189

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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moves in the whole region of the nuclear system in order to
gain the energy from the strong K̄N interaction.

With the AY potential, the binding energy of the K̄NNN
system is about 30 MeV larger than the binding energies with
the Kyoto K̄N potential, and the decay width is ! ∼ 79 MeV.
The particle density distributions and the rms radii are similar
to those obtained with the Kyoto K̄N potential with Type
II, although there is about 30 MeV difference between the
binding energies with these two potentials. The tail of the wave
function is considered to be related to the binding energy, but
the central densities and rms radii are not determined only by
the binding energy. It is now clear that the deeply bound (B >
100 MeV in Refs. [6,7]) and high density (8.2 times the normal
density shown in Ref. [7]) K̄NNN state is not realized in the
accurate few-body calculation. Such an extreme result can be
regarded as an artifact due to the approximated treatment of the
few-body systems, e.g., the optical potential or the g-matrix
approach [6,7] which makes the NN repulsive core soft. A
detailed discussion on the effect of the NN repulsive core in the
light kaonic nuclei will be given in the following section V D.
We, however, emphasize that the existence of the bound state
is confirmed also with the realistic Kyoto K̄N interaction, and
the central density of nucleons can be about two times larger
than that in the 3He.

C. Structure of K̄ N N N N quasibound state

Next, we investigate the structure of the five-body systems,
strange tetrabaryon K̄NNNN systems with J π = 0−. We find
isospin-doublet quasibound states in the K−pppn-K̄0ppnn
(≡ 4

K̄
He) and K−ppnn-K̄0pnnn (≡ 4

K̄
H) systems. Our results

are listed in Tables V and VI.

TABLE V. Properties of the 4
K̄He system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 67.9 72.7 85.2

! (MeV) 28.3 74.1 86.5

δ
√

s (MeV) −67.6 − i23.0 −18.4 − i15.0

PK− 0.08 0.06 0.16

PK̄0 0.92 0.94 0.84
√

〈r2
NN 〉 (fm) 1.98 1.91 2.07

√
〈r2

K̄N
〉 (fm) 1.83 1.72 1.81

√
〈r2

N 〉 (fm) 1.22 1.18 1.27
√

〈r2
K̄
〉 (fm) 1.22 1.12 1.14

〈T 〉K−
G (MeV) 32.6 + i6.75 26.7 + i16.2 50.3 + i7.22

〈V 〉K−
G (MeV) −25.1 − i6.74 −20.0 − i15.9 −42.3 − i12.0

〈T 〉K̄0

G (MeV) 214 + i27.8 240 + i66.0 183 + i52.7

〈V 〉K̄0

G (MeV) −265 − i38.4 −300 − i94.3 −232 − i88.3

2〈V 〉K−K̄0

G (MeV) −24.8 − i3.66 −20.2 − i9.13 −43.9 − i2.82

P I=0
K̄N

0.28 0.27 0.31

P I=1
K̄N

0.72 0.73 0.69

TABLE VI. Properties of the 4
K̄H system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 69.6 75.5 87.4

! (MeV) 28.0 74.5 87.2

δ
√

s (MeV) −68.7 − i22.4 −19.1 − i14.9

PK− 0.93 0.94 0.86

PK̄0 0.07 0.06 0.14
√

〈r2
NN 〉 (fm) 1.96 1.89 2.04

√
〈r2

K̄N
〉 (fm) 1.82 1.71 1.79

√
〈r2

N 〉 (fm) 1.21 1.17 1.26
√

〈r2
K̄
〉 (fm) 1.21 1.11 1.13

〈T 〉K−
G (MeV) 216 + i28.1 244 + i66.6 188 + i53.4

〈V 〉K−
G (MeV) −269 − i39.1 −306 − i95.7 −241 − i90.0

〈T 〉K̄0

G (MeV) 30.5 + i5.50 25.1 + i14.7 47.0 + i6.54

〈V 〉K̄0

G (MeV) −23.0 − i5.54 −18.5 − i14.2 −38.7 − i10.9

2〈V 〉K−K̄0

G (MeV) −24.4 − i3.00 −19.9 − i8.71 −42.7 + i2.64

P I=0
K̄N

0.28 0.27 0.30

P I=1
K̄N

0.72 0.73 0.70

The binding energy with Type II is 5 MeV larger than that
with Type I. The decay width with Type II (∼75 MeV) is
about three times larger than that with Type I (∼28 MeV).
The rms distances

√
〈r2

NN 〉,
√

〈r2
K̄N

〉,
√

〈r2
N 〉, and

√
〈r2

K〉 with
Type II are smaller than those with Type I. The probabilities
PK− and PK̄0 are not sensitive to the choice of Types I and
II. In contrast to these features, the energy decomposition
of the K̄NNNN exhibits different characteristics from the
three- and four-body systems. The incomplete cancellation
of the kinetic energy and potential energy in the dominant
component (〈T 〉K̄0

G + 〈K〉K̄0

G in 4
K̄

He and 〈T 〉K−

G + 〈K〉K−

G in
4
K̄

H) leaves sizable contributions to the binding energy, which
are comparable with the off-diagonal components 2〈V 〉K−K̄0

G .
For the decay widths, the diagonal channels are also important
as in the four-body systems.

From the results of PK− and PK̄0 , we see that the dominant
component in the 4

K̄
He (4

K̄
H) system is the K̄0ppnn (K−ppnn)

channel, although the K−pppn (K̄0pnnn) channel contains
more K̄N I = 0 components than the K̄0ppnn (K−ppnn)
channel. This is because the nucleon contribution of the
K̄0ppnn (K−ppnn) channel, which can form an α-particle
configuration giving the binding energy about 30 MeV, is
larger than the nucleon contribution of the K−pppn (K̄0pnnn)
channel, and thus the K̄0ppnn (K−ppnn) channel is favored.
It is also for this reason that the K̄0 (K−) diagonal component
gains the binding energy in the 4

K̄
He (4

K̄
H) system, as we see

above.
The Coulomb splitting between these two systems is larger

than that in the K̄NN systems, %B = B(4
K̄

He) − B(4
K̄

H) ∼
2 MeV. There is one repulsive Coulombic pair in the K̄0ppnn
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moves in the whole region of the nuclear system in order to
gain the energy from the strong K̄N interaction.

With the AY potential, the binding energy of the K̄NNN
system is about 30 MeV larger than the binding energies with
the Kyoto K̄N potential, and the decay width is ! ∼ 79 MeV.
The particle density distributions and the rms radii are similar
to those obtained with the Kyoto K̄N potential with Type
II, although there is about 30 MeV difference between the
binding energies with these two potentials. The tail of the wave
function is considered to be related to the binding energy, but
the central densities and rms radii are not determined only by
the binding energy. It is now clear that the deeply bound (B >
100 MeV in Refs. [6,7]) and high density (8.2 times the normal
density shown in Ref. [7]) K̄NNN state is not realized in the
accurate few-body calculation. Such an extreme result can be
regarded as an artifact due to the approximated treatment of the
few-body systems, e.g., the optical potential or the g-matrix
approach [6,7] which makes the NN repulsive core soft. A
detailed discussion on the effect of the NN repulsive core in the
light kaonic nuclei will be given in the following section V D.
We, however, emphasize that the existence of the bound state
is confirmed also with the realistic Kyoto K̄N interaction, and
the central density of nucleons can be about two times larger
than that in the 3He.

C. Structure of K̄ N N N N quasibound state

Next, we investigate the structure of the five-body systems,
strange tetrabaryon K̄NNNN systems with J π = 0−. We find
isospin-doublet quasibound states in the K−pppn-K̄0ppnn
(≡ 4

K̄
He) and K−ppnn-K̄0pnnn (≡ 4

K̄
H) systems. Our results

are listed in Tables V and VI.

TABLE V. Properties of the 4
K̄He system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 67.9 72.7 85.2

! (MeV) 28.3 74.1 86.5

δ
√

s (MeV) −67.6 − i23.0 −18.4 − i15.0

PK− 0.08 0.06 0.16

PK̄0 0.92 0.94 0.84
√

〈r2
NN 〉 (fm) 1.98 1.91 2.07

√
〈r2

K̄N
〉 (fm) 1.83 1.72 1.81

√
〈r2

N 〉 (fm) 1.22 1.18 1.27
√

〈r2
K̄
〉 (fm) 1.22 1.12 1.14

〈T 〉K−
G (MeV) 32.6 + i6.75 26.7 + i16.2 50.3 + i7.22

〈V 〉K−
G (MeV) −25.1 − i6.74 −20.0 − i15.9 −42.3 − i12.0

〈T 〉K̄0

G (MeV) 214 + i27.8 240 + i66.0 183 + i52.7

〈V 〉K̄0

G (MeV) −265 − i38.4 −300 − i94.3 −232 − i88.3

2〈V 〉K−K̄0

G (MeV) −24.8 − i3.66 −20.2 − i9.13 −43.9 − i2.82

P I=0
K̄N

0.28 0.27 0.31

P I=1
K̄N

0.72 0.73 0.69

TABLE VI. Properties of the 4
K̄H system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 69.6 75.5 87.4

! (MeV) 28.0 74.5 87.2

δ
√

s (MeV) −68.7 − i22.4 −19.1 − i14.9

PK− 0.93 0.94 0.86

PK̄0 0.07 0.06 0.14
√

〈r2
NN 〉 (fm) 1.96 1.89 2.04

√
〈r2

K̄N
〉 (fm) 1.82 1.71 1.79

√
〈r2

N 〉 (fm) 1.21 1.17 1.26
√

〈r2
K̄
〉 (fm) 1.21 1.11 1.13

〈T 〉K−
G (MeV) 216 + i28.1 244 + i66.6 188 + i53.4

〈V 〉K−
G (MeV) −269 − i39.1 −306 − i95.7 −241 − i90.0

〈T 〉K̄0

G (MeV) 30.5 + i5.50 25.1 + i14.7 47.0 + i6.54

〈V 〉K̄0

G (MeV) −23.0 − i5.54 −18.5 − i14.2 −38.7 − i10.9

2〈V 〉K−K̄0

G (MeV) −24.4 − i3.00 −19.9 − i8.71 −42.7 + i2.64

P I=0
K̄N

0.28 0.27 0.30

P I=1
K̄N

0.72 0.73 0.70

The binding energy with Type II is 5 MeV larger than that
with Type I. The decay width with Type II (∼75 MeV) is
about three times larger than that with Type I (∼28 MeV).
The rms distances

√
〈r2

NN 〉,
√

〈r2
K̄N

〉,
√

〈r2
N 〉, and

√
〈r2

K〉 with
Type II are smaller than those with Type I. The probabilities
PK− and PK̄0 are not sensitive to the choice of Types I and
II. In contrast to these features, the energy decomposition
of the K̄NNNN exhibits different characteristics from the
three- and four-body systems. The incomplete cancellation
of the kinetic energy and potential energy in the dominant
component (〈T 〉K̄0

G + 〈K〉K̄0

G in 4
K̄

He and 〈T 〉K−

G + 〈K〉K−

G in
4
K̄

H) leaves sizable contributions to the binding energy, which
are comparable with the off-diagonal components 2〈V 〉K−K̄0

G .
For the decay widths, the diagonal channels are also important
as in the four-body systems.

From the results of PK− and PK̄0 , we see that the dominant
component in the 4

K̄
He (4

K̄
H) system is the K̄0ppnn (K−ppnn)

channel, although the K−pppn (K̄0pnnn) channel contains
more K̄N I = 0 components than the K̄0ppnn (K−ppnn)
channel. This is because the nucleon contribution of the
K̄0ppnn (K−ppnn) channel, which can form an α-particle
configuration giving the binding energy about 30 MeV, is
larger than the nucleon contribution of the K−pppn (K̄0pnnn)
channel, and thus the K̄0ppnn (K−ppnn) channel is favored.
It is also for this reason that the K̄0 (K−) diagonal component
gains the binding energy in the 4

K̄
He (4

K̄
H) system, as we see

above.
The Coulomb splitting between these two systems is larger

than that in the K̄NN systems, %B = B(4
K̄

He) − B(4
K̄

H) ∼
2 MeV. There is one repulsive Coulombic pair in the K̄0ppnn
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TABLE IV: Binding energies (B.E.) and rms distances of NN (RNN ), K̄N (RK̄N ), and K̄K̄ (RK̄K̄) pairs in the lowest states
of kaonic and normal nuclei. Calculated values obtained with the set-I (weak-binding) and set-II (deep-binding) cases are
compared with other theoretical results obtained with weak-type chiral and deep-type AY interactions by Maeda et al. [18],
Ohnishi et al. [19], and Barnea et al. [17]. For values of weak-type chiral interactions, the weak-chiral-regime result of Ref. [18],
the Kyoto type-I result of Ref. [19], and the BGL result of Ref. [17] are listed. For normal nuclei, the AV4’ result obtained by
Ohnishi et al. from Ref. [19] is also shown.

present Maeda [18] Ohnishi [19] Barnea [17]

set-I set-II Chiral AY Chiral AY Chiral

⌫N (fm�2) 0.16 0.25

kaonic nuclei(J⇡, T )

K̄N(1/2�, 0) B.E. (MeV) 10 27 8.3 26.6 11.4

RK̄N (fm) 2.17 1.73 2.25 1.41 1.87

K̄NN(0�, 1/2) B.E. (MeV) 20.8 47.8 23.8 51.5 27.9 48.7 15.7

RNN (fm) 1.77 1.41 1.93 1.62 2.16 1.84

RK̄N (fm) 2.17 1.73 1.80 1.55

K̄K̄NN ; (0+, 0) B.E. (MeV) 40.7 97.3 43 93 32.1

RNN (fm) 1.77 1.41 1.57 1.35 1.84

RK̄K̄ (fm) 2.50 2.00 2.31

K̄NNN(1/2�, 0) B.E. (MeV) 40.4 73.6 42 69 45.3 72.6

RNN (fm) 1.77 1.41 1.89 1.75 1.99 1.87

RK̄N (fm) 2.17 1.73 1.79 1.63

K̄NNNN(0�, 1/2) B.E. (MeV) 60.8 93.2 67.9 85.2

RNN (fm) 1.77 1.41 1.98 2.07

RK̄N (fm) 2.17 1.73 1.83 1.81

nuclei(J⇡, T )

NN(1+, 0) B.E. (MeV) 1.6 0.8 2.24 2.24

RNN (fm) 1.77 1.41 4.04 4.04

NNN(1/2+, 1/2) B.E. (MeV) 6.7 6.6 8.99 8.99

NNNN(0+, 0) B.E. (MeV) 23.5 28.7 32.1 32.1

the perturbative picture, the constant SK̄ in the K̄NN

and K̄K̄NN systems can be described by the conden-
sation of two antikaons in the same orbit around two
nucleons. if the K̄K̄ interaction is minor. It should be
noted that, when three antikaons around two nucleons
are considered, the additional(third) antikaon no longer
exhibits isoscalar K̄N correlation because the isospin is
already saturated in the K̄K̄NN system.

The higher states K̄K̄NN(0+, 1), K̄K̄NN(0+, 2), and
K̄K̄NN(1+, 1), exhibit weaker isoscalar K̄N correla-
tions because these state have lower symmetry in the
isospin coupling between antikaons and nucleons than
K̄K̄NN(0+, 0) does. In particular, the K̄K̄NN(0+, 1)
and K̄K̄NN(0+, 2) states are composed of isovector NN

and K̄N pairs coupled to T = 1 and T = 2, respectively,
and the K̄K̄NN(1+, 1) state contains an isoscalar NN

pair.

Comparing K̄K̄NN(0+, 1) and K̄K̄NN(1+, 1), one

can see the competition between the isoscalar K̄N

and NN correlations. K̄K̄NN(0+, 1) has a moderate
isoscalar K̄N component with a fraction of 1/2 but no
isoscalar NN component, whereas the K̄K̄NN(1+, 1)
state contains a pure isoscalar NN component but no
isoscalar K̄N correlation with a fraction 1/4 of the T = 0
component. For these two states, SK̄ is constant at
9.1 MeV for the set-I case and 19.5 MeV for the set-
II case. The energy di↵erence between K̄K̄NN(0+, 1)
and K̄K̄NN(1+, 1) is the same value as the energy dif-
ference between K̄NN(0�, 1/2) and K̄NN(1�, 1/2), i.e.,
approximately 5 MeV in the set-I result and ⇡ 20 MeV
in the set-II result.

In future experimental searches for double-kaonic nu-
clei, the K̄K̄NN states might be observed as the quasi-
bound resonances in the invariant mass spectra of such
modes as the ⇤⇤, ⇤⌃±

⇡
⌥, and ⌅�

p decays. The ⇤⇤
mode for the T = 0 spectrum shows the K̄K̄NN(0+, 0)
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TABLE IV: Binding energies (B.E.) and rms distances of NN (RNN ), K̄N (RK̄N ), and K̄K̄ (RK̄K̄) pairs in the lowest states
of kaonic and normal nuclei. Calculated values obtained with the set-I (weak-binding) and set-II (deep-binding) cases are
compared with other theoretical results obtained with weak-type chiral and deep-type AY interactions by Maeda et al. [18],
Ohnishi et al. [19], and Barnea et al. [17]. For values of weak-type chiral interactions, the weak-chiral-regime result of Ref. [18],
the Kyoto type-I result of Ref. [19], and the BGL result of Ref. [17] are listed. For normal nuclei, the AV4’ result obtained by
Ohnishi et al. from Ref. [19] is also shown.

present Maeda [18] Ohnishi [19] Barnea [17]

set-I set-II Chiral AY Chiral AY Chiral

⌫N (fm�2) 0.16 0.25

kaonic nuclei(J⇡, T )

K̄N(1/2�, 0) B.E. (MeV) 10 27 8.3 26.6 11.4

RK̄N (fm) 2.17 1.73 2.25 1.41 1.87

K̄NN(0�, 1/2) B.E. (MeV) 20.8 47.8 23.8 51.5 27.9 48.7 15.7

RNN (fm) 1.77 1.41 1.93 1.62 2.16 1.84

RK̄N (fm) 2.17 1.73 1.80 1.55

K̄K̄NN ; (0+, 0) B.E. (MeV) 40.7 97.3 43 93 32.1

RNN (fm) 1.77 1.41 1.57 1.35 1.84

RK̄K̄ (fm) 2.50 2.00 2.31

K̄NNN(1/2�, 0) B.E. (MeV) 40.4 73.6 42 69 45.3 72.6

RNN (fm) 1.77 1.41 1.89 1.75 1.99 1.87

RK̄N (fm) 2.17 1.73 1.79 1.63

K̄NNNN(0�, 1/2) B.E. (MeV) 60.8 93.2 67.9 85.2

RNN (fm) 1.77 1.41 1.98 2.07

RK̄N (fm) 2.17 1.73 1.83 1.81

nuclei(J⇡, T )

NN(1+, 0) B.E. (MeV) 1.6 0.8 2.24 2.24

RNN (fm) 1.77 1.41 4.04 4.04

NNN(1/2+, 1/2) B.E. (MeV) 6.7 6.6 8.99 8.99

NNNN(0+, 0) B.E. (MeV) 23.5 28.7 32.1 32.1

the perturbative picture, the constant SK̄ in the K̄NN

and K̄K̄NN systems can be described by the conden-
sation of two antikaons in the same orbit around two
nucleons. if the K̄K̄ interaction is minor. It should be
noted that, when three antikaons around two nucleons
are considered, the additional(third) antikaon no longer
exhibits isoscalar K̄N correlation because the isospin is
already saturated in the K̄K̄NN system.

The higher states K̄K̄NN(0+, 1), K̄K̄NN(0+, 2), and
K̄K̄NN(1+, 1), exhibit weaker isoscalar K̄N correla-
tions because these state have lower symmetry in the
isospin coupling between antikaons and nucleons than
K̄K̄NN(0+, 0) does. In particular, the K̄K̄NN(0+, 1)
and K̄K̄NN(0+, 2) states are composed of isovector NN

and K̄N pairs coupled to T = 1 and T = 2, respectively,
and the K̄K̄NN(1+, 1) state contains an isoscalar NN

pair.

Comparing K̄K̄NN(0+, 1) and K̄K̄NN(1+, 1), one

can see the competition between the isoscalar K̄N

and NN correlations. K̄K̄NN(0+, 1) has a moderate
isoscalar K̄N component with a fraction of 1/2 but no
isoscalar NN component, whereas the K̄K̄NN(1+, 1)
state contains a pure isoscalar NN component but no
isoscalar K̄N correlation with a fraction 1/4 of the T = 0
component. For these two states, SK̄ is constant at
9.1 MeV for the set-I case and 19.5 MeV for the set-
II case. The energy di↵erence between K̄K̄NN(0+, 1)
and K̄K̄NN(1+, 1) is the same value as the energy dif-
ference between K̄NN(0�, 1/2) and K̄NN(1�, 1/2), i.e.,
approximately 5 MeV in the set-I result and ⇡ 20 MeV
in the set-II result.

In future experimental searches for double-kaonic nu-
clei, the K̄K̄NN states might be observed as the quasi-
bound resonances in the invariant mass spectra of such
modes as the ⇤⇤, ⇤⌃±

⇡
⌥, and ⌅�

p decays. The ⇤⇤
mode for the T = 0 spectrum shows the K̄K̄NN(0+, 0)

Y. Kanada-En’yo 
EPJA 57, 185 (2021)
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TABLE X. Properties of the 6
K̄Li system with J π = 1−.

Model Kyoto AY

Type I Type II

B (MeV) 70.8 77.5 92.9

" (MeV) 26.4 75.2 88.0

δ
√

s (MeV) −70.2 − i21.5 −13.2 − i10.4

PK− 0.07 0.06 0.16

PK̄0 0.93 0.94 0.84
√

〈r2
NN 〉 (fm) 2.95 2.90 2.83

√
〈r2

K̄N
〉 (fm) 2.54 2.45 2.37

√
〈r2

N 〉 (fm) 1.91 1.88 1.83
√

〈r2
K̄
〉 (fm) 1.54 1.45 1.40

〈T 〉K−
G (MeV) 33.3 + i5.24 27.3 + i16.9 57.1 + i8.22

〈V 〉K−
G (MeV) −26.4 − i5.55 −21.1 − i16.8 −50.3 − i13.7

〈T 〉K̄0

G (MeV) 240 + i24.7 268 + i61.3 219 + i46.1

〈V 〉K̄0

G (MeV) −294 − i35.2 −332 − i89.9 −275 − i81.3

2〈V 〉K−K̄0

G (MeV) −23.8 − i2.40 −19.2 − i9.03 −43.3 − i3.31

P I=0
K̄N

0.27 0.27 0.29

P I=1
K̄N

0.73 0.73 0.71

become 10 and 7 MeV larger than those with J π = 1−.
Namely, the stronger K̄N attraction leads to more drastic level
inversion in the seven-body systems. In this way, there is a
possibility to extract the information on the K̄N interaction not
only from the binding energies but also from the ground state
quantum number J π and from the splitting between J π = 0−

and 1− states.
Finally, we show, in Figs. 13, 14, 15, and 16, the particle

density distributions of the 6
K̄

He system with J π = 0− and
1−. The nucleon density distributions of the 6He (J π = 0+)
and 6Li (J π = 1+) systems are also plotted for comparison. In
the K̄NNNNNN system with J π = 0−, the central nucleon
density becomes slightly larger than that with J π = 1− and

TABLE XI. Properties of the 6
K̄He system with J π = 1−.

Model Kyoto AY

Type I Type II

B (MeV) 72.8 80.7 95.6

" (MeV) 26.0 75.6 88.5

δ
√

s (MeV) −71.6 − i20.8 −13.8 − i10.4

PK− 0.93 0.94 0.86

PK̄0 0.07 0.06 0.14
√

〈r2
NN 〉 (fm) 2.95 2.89 2.81

√
〈r2

K̄N
〉 (fm) 2.53 2.44 2.36

√
〈r2

N 〉 (fm) 1.91 1.87 1.82
√

〈r2
K̄
〉 (fm) 1.53 1.44 1.39

〈T 〉K−
G (MeV) 242 + i25.0 272 + i61.9 223 + i46.8

〈V 〉K−
G (MeV) −298 − i35.9 −339 − i91.3 −284 − i83.0

〈T 〉K̄0

G (MeV) 31.2 + i3.96 25.6 + i15.4 53.5 + i7.40

〈V 〉K̄0

G (MeV) −24.2 − i4.36 −19.7 − i15.2 −46.5 − i12.4

2〈V 〉K−K̄0

G (MeV) −23.3 − i1.69 −18.8 − i8.64 −42.3 − i3.10

P I=0
K̄N

0.27 0.26 0.29

P I=1
K̄N

0.73 0.74 0.71

about two times larger than that in the 6Li. Meanwhile, the
central antikaon density with J π = 0− is slightly smaller than
that with J π = 1−.

In Fig. 17, we summarize the nucleon and antikaon density
distributions of various kaonic nuclei from three- to seven-
body systems. The central nucleon densities of the seven-body
systems become about half and antikaon densities become
one third of the densities of the four- and five-body systems.
The central nucleon densities of the five-body systems are
highest in the light kaonic nuclei up to seven-body systems,
while the densities are not as high as those suggested by
using the effective interaction based on the g-matrix approach
in Refs. [7,8]. The large nucleon density in the five-body
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FIG. 13. Same as Fig. 3 but for the 6
K̄He system with J π = 0−. The nucleon density distributions for 6He with J π = 0+ is plotted for

comparison.
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FIG. 12. Antikaon density distribution ρK̄ (r) in the center-of-mass system for (a) K−pp, (b) 3
K̄H, and (c) 4

K̄H systems. The Kyoto K̄N

potential with Type I is employed for the K̄N interaction.

six-nucleon systems. With Type II, the magnitude of the real
part of δ

√
s used in the two-body K̄N interaction is smaller,

and the K̄N interaction becomes more attractive than that
with Type I. Because the J π = 0− state contains a larger
fraction of the I = 0 K̄N components than the J π = 1− state,
as in the case of the strange dibaryon K̄NN systems, the K̄N
interaction with Type II is so strong that the binding energy
of 6

K̄
Li with J π = 0− becomes larger than the J π = 1− state.

In other words, by adding an antikaon, the spin of the ground
state of the six-nucleon system may change depending on the
strength of the K̄N interaction. The inversion of the level
structure of the ground state and the first excited state by
the antikaon is also seen in the two-nucleon systems (strange
dibaryon K̄NN). The ground state of the two-nucleon sector
without the antikaon is the spin-triplet deuteron, while the

TABLE VIII. Properties of the 6
K̄Li system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 69.8 79.7 103

$ (MeV) 23.7 75.6 88.0

δ
√

s (MeV) −76.2 − i18.1 −15.1 − i10.2

PK− 0.70 0.72 0.64

PK̄0 0.30 0.28 0.36
√

〈r2
NN 〉 (fm) 2.80 2.75 2.57

√
〈r2

K̄N
〉 (fm) 2.52 2.40 2.27

√
〈r2

N 〉 (fm) 1.82 1.78 1.66
√

〈r2
K̄
〉 (fm) 1.61 1.49 1.43

〈T 〉K−
G (MeV) 186 + i19.3 213 + i47.9 184 + i34.4

〈V 〉K−
G (MeV) −220 − i28.5 −258 − i69.3 −224 − i61.7

〈T 〉K̄0

G (MeV) 89.5 + i5.08 88.9 + i26.5 110 + i17.5

〈V 〉K̄0

G (MeV) −95.4 − i8.43 −97.6 − i33.4 −121 − i31.7

2〈V 〉K−K̄0

G (MeV) −30.1 + i0.703 −25.6 − i9.55 −52.4 − i2.59

P I=0
K̄N

0.41 0.41 0.41

P I=1
K̄N

0.59 0.59 0.59

spin-singlet channel is unbound. As discussed in Sec. V A,
by injecting an antikaon, the ground state is spin singlet
which maximizes the fraction of the K̄N (I = 0) component.
Recalling that the 6He and 6Li are well approximated by an
α + N + N three-body model (see, for example, Ref. [54] and
references therein), the difference of J π = 1− and J π = 0−

states of seven-body systems can be essentially caused by the
difference of the K̄NN subsystems. Similar to the three-body
systems, the level inversion can take place also in the seven-
body systems, which is driven by the balance between the
nuclear structure and the attraction in the K̄N system.

This property is more pronounced if the strength of the
K̄N attraction is further increased. For instance, when we use
the AY potential which is more attractive than the Kyoto K̄N
potential, the binding energies of 6

K̄
Li and 6

K̄
He with J π = 0−

TABLE IX. Properties of the 6
K̄He system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 70.6 80.0 103

$ (MeV) 23.9 75.5 88.0

δ
√

s (MeV) −75.6 − i18.3 −14.9 − i10.2

PK− 0.41 0.41 0.40

PK̄0 0.59 0.59 0.60
√

〈r2
NN 〉 (fm) 2.79 2.74 2.56

√
〈r2

K̄N
〉 (fm) 2.51 2.40 2.27

√
〈r2

N 〉 (fm) 1.81 1.77 1.66
√

〈r2
K̄
〉 (fm) 1.61 1.49 1.43

〈T 〉K−
G (MeV) 115 + i10.5 125 + i31.1 121 + i21.1

〈V 〉K−
G (MeV) −129 − i15.7 −144 − i41.5 −137 − i37.7

〈T 〉K̄0

G (MeV) 161 + i14.2 177 + i43.4 173 + i30.6

〈V 〉K̄0

G (MeV) −188 − i21.3 −211 − i60.9 −208 − i55.4

2〈V 〉K−K̄0

G (MeV) −30.7 + i0.330 −26.2 − i9.77 −52.8 − i2.72

P I=0
K̄N

0.41 0.41 0.40

P I=1
K̄N

0.59 0.59 0.60
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FIG. 12. Antikaon density distribution ρK̄ (r) in the center-of-mass system for (a) K−pp, (b) 3
K̄H, and (c) 4

K̄H systems. The Kyoto K̄N

potential with Type I is employed for the K̄N interaction.

six-nucleon systems. With Type II, the magnitude of the real
part of δ

√
s used in the two-body K̄N interaction is smaller,

and the K̄N interaction becomes more attractive than that
with Type I. Because the J π = 0− state contains a larger
fraction of the I = 0 K̄N components than the J π = 1− state,
as in the case of the strange dibaryon K̄NN systems, the K̄N
interaction with Type II is so strong that the binding energy
of 6

K̄
Li with J π = 0− becomes larger than the J π = 1− state.

In other words, by adding an antikaon, the spin of the ground
state of the six-nucleon system may change depending on the
strength of the K̄N interaction. The inversion of the level
structure of the ground state and the first excited state by
the antikaon is also seen in the two-nucleon systems (strange
dibaryon K̄NN). The ground state of the two-nucleon sector
without the antikaon is the spin-triplet deuteron, while the

TABLE VIII. Properties of the 6
K̄Li system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 69.8 79.7 103

$ (MeV) 23.7 75.6 88.0

δ
√

s (MeV) −76.2 − i18.1 −15.1 − i10.2

PK− 0.70 0.72 0.64

PK̄0 0.30 0.28 0.36
√

〈r2
NN 〉 (fm) 2.80 2.75 2.57

√
〈r2

K̄N
〉 (fm) 2.52 2.40 2.27

√
〈r2

N 〉 (fm) 1.82 1.78 1.66
√

〈r2
K̄
〉 (fm) 1.61 1.49 1.43

〈T 〉K−
G (MeV) 186 + i19.3 213 + i47.9 184 + i34.4

〈V 〉K−
G (MeV) −220 − i28.5 −258 − i69.3 −224 − i61.7

〈T 〉K̄0

G (MeV) 89.5 + i5.08 88.9 + i26.5 110 + i17.5

〈V 〉K̄0

G (MeV) −95.4 − i8.43 −97.6 − i33.4 −121 − i31.7

2〈V 〉K−K̄0

G (MeV) −30.1 + i0.703 −25.6 − i9.55 −52.4 − i2.59

P I=0
K̄N

0.41 0.41 0.41

P I=1
K̄N

0.59 0.59 0.59

spin-singlet channel is unbound. As discussed in Sec. V A,
by injecting an antikaon, the ground state is spin singlet
which maximizes the fraction of the K̄N (I = 0) component.
Recalling that the 6He and 6Li are well approximated by an
α + N + N three-body model (see, for example, Ref. [54] and
references therein), the difference of J π = 1− and J π = 0−

states of seven-body systems can be essentially caused by the
difference of the K̄NN subsystems. Similar to the three-body
systems, the level inversion can take place also in the seven-
body systems, which is driven by the balance between the
nuclear structure and the attraction in the K̄N system.

This property is more pronounced if the strength of the
K̄N attraction is further increased. For instance, when we use
the AY potential which is more attractive than the Kyoto K̄N
potential, the binding energies of 6

K̄
Li and 6

K̄
He with J π = 0−

TABLE IX. Properties of the 6
K̄He system with J π = 0−.

Model Kyoto AY

Type I Type II

B (MeV) 70.6 80.0 103

$ (MeV) 23.9 75.5 88.0

δ
√

s (MeV) −75.6 − i18.3 −14.9 − i10.2

PK− 0.41 0.41 0.40

PK̄0 0.59 0.59 0.60
√

〈r2
NN 〉 (fm) 2.79 2.74 2.56

√
〈r2

K̄N
〉 (fm) 2.51 2.40 2.27

√
〈r2

N 〉 (fm) 1.81 1.77 1.66
√

〈r2
K̄
〉 (fm) 1.61 1.49 1.43

〈T 〉K−
G (MeV) 115 + i10.5 125 + i31.1 121 + i21.1

〈V 〉K−
G (MeV) −129 − i15.7 −144 − i41.5 −137 − i37.7

〈T 〉K̄0

G (MeV) 161 + i14.2 177 + i43.4 173 + i30.6

〈V 〉K̄0

G (MeV) −188 − i21.3 −211 − i60.9 −208 − i55.4

2〈V 〉K−K̄0

G (MeV) −30.7 + i0.330 −26.2 − i9.77 −52.8 − i2.72

P I=0
K̄N

0.41 0.41 0.40

P I=1
K̄N

0.59 0.59 0.60
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TABLE X. Properties of the 6
K̄Li system with J π = 1−.

Model Kyoto AY

Type I Type II

B (MeV) 70.8 77.5 92.9

" (MeV) 26.4 75.2 88.0

δ
√

s (MeV) −70.2 − i21.5 −13.2 − i10.4

PK− 0.07 0.06 0.16

PK̄0 0.93 0.94 0.84
√

〈r2
NN 〉 (fm) 2.95 2.90 2.83

√
〈r2

K̄N
〉 (fm) 2.54 2.45 2.37

√
〈r2

N 〉 (fm) 1.91 1.88 1.83
√

〈r2
K̄
〉 (fm) 1.54 1.45 1.40

〈T 〉K−
G (MeV) 33.3 + i5.24 27.3 + i16.9 57.1 + i8.22

〈V 〉K−
G (MeV) −26.4 − i5.55 −21.1 − i16.8 −50.3 − i13.7

〈T 〉K̄0

G (MeV) 240 + i24.7 268 + i61.3 219 + i46.1

〈V 〉K̄0

G (MeV) −294 − i35.2 −332 − i89.9 −275 − i81.3

2〈V 〉K−K̄0

G (MeV) −23.8 − i2.40 −19.2 − i9.03 −43.3 − i3.31

P I=0
K̄N

0.27 0.27 0.29

P I=1
K̄N

0.73 0.73 0.71

become 10 and 7 MeV larger than those with J π = 1−.
Namely, the stronger K̄N attraction leads to more drastic level
inversion in the seven-body systems. In this way, there is a
possibility to extract the information on the K̄N interaction not
only from the binding energies but also from the ground state
quantum number J π and from the splitting between J π = 0−

and 1− states.
Finally, we show, in Figs. 13, 14, 15, and 16, the particle

density distributions of the 6
K̄

He system with J π = 0− and
1−. The nucleon density distributions of the 6He (J π = 0+)
and 6Li (J π = 1+) systems are also plotted for comparison. In
the K̄NNNNNN system with J π = 0−, the central nucleon
density becomes slightly larger than that with J π = 1− and

TABLE XI. Properties of the 6
K̄He system with J π = 1−.

Model Kyoto AY

Type I Type II

B (MeV) 72.8 80.7 95.6

" (MeV) 26.0 75.6 88.5

δ
√

s (MeV) −71.6 − i20.8 −13.8 − i10.4

PK− 0.93 0.94 0.86

PK̄0 0.07 0.06 0.14
√

〈r2
NN 〉 (fm) 2.95 2.89 2.81

√
〈r2

K̄N
〉 (fm) 2.53 2.44 2.36

√
〈r2

N 〉 (fm) 1.91 1.87 1.82
√

〈r2
K̄
〉 (fm) 1.53 1.44 1.39

〈T 〉K−
G (MeV) 242 + i25.0 272 + i61.9 223 + i46.8

〈V 〉K−
G (MeV) −298 − i35.9 −339 − i91.3 −284 − i83.0

〈T 〉K̄0

G (MeV) 31.2 + i3.96 25.6 + i15.4 53.5 + i7.40

〈V 〉K̄0

G (MeV) −24.2 − i4.36 −19.7 − i15.2 −46.5 − i12.4

2〈V 〉K−K̄0

G (MeV) −23.3 − i1.69 −18.8 − i8.64 −42.3 − i3.10

P I=0
K̄N

0.27 0.26 0.29

P I=1
K̄N

0.73 0.74 0.71

about two times larger than that in the 6Li. Meanwhile, the
central antikaon density with J π = 0− is slightly smaller than
that with J π = 1−.

In Fig. 17, we summarize the nucleon and antikaon density
distributions of various kaonic nuclei from three- to seven-
body systems. The central nucleon densities of the seven-body
systems become about half and antikaon densities become
one third of the densities of the four- and five-body systems.
The central nucleon densities of the five-body systems are
highest in the light kaonic nuclei up to seven-body systems,
while the densities are not as high as those suggested by
using the effective interaction based on the g-matrix approach
in Refs. [7,8]. The large nucleon density in the five-body
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FIG. 13. Same as Fig. 3 but for the 6
K̄He system with J π = 0−. The nucleon density distributions for 6He with J π = 0+ is plotted for

comparison.
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• In semi-inclusive spectrum at forward angle, we clearly see 
the quasi-free peak but cannot isolate the bound state. 

• The situation does not change in  exclusive analysisΛpn

(K-, N) at forward angle
23
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FIG. 10. mX spectra for various intervals of qX : (a) qX ! 0.3 GeV/c, (b) 0.3 < qX ! 0.6 GeV/c, (c) 0.6 < qX ! 0.9 GeV/c, and
(d) 0.9 GeV/c < qX . The dotted lines correspond to the mX -slice regions given in Fig. 11.

2425 and 2234, respectively. We plotted the signal of K̄NN
formation and its !p decay as a red line, and K̄NN → "0 p in
the !pn-selection window as a red dashed line. To simplify
the plot, we summed the QFK̄−abs and broad contributions
from the !pn final state and from contaminations of the "NN
final states, because the spectra for each reaction process are
relatively similar [see Figs. 7(b) and 9]. As expected, the
K̄NN formation signal is clearly seen in Fig. 10(b) in the mX
spectrum, and in Fig. 11(b) in the qX spectrum.

At the lowest qX region of the mX spectrum in Fig. 10(a),
the spectrum is confined in a medium mass region due to the
kinematical boundary (see Figs. 4 and 5). In this region, the
backward K̄ part of the QFK̄−abs process K− + N → K̄ + n
becomes dominant. In Fig. 10(b), the K̄NN formation signal
is dominant and contributions from other processes, in par-
ticular the QFK̄−abs process, are relatively suppressed. In the
relatively large qX region in Fig. 10(c), the broad component
becomes dominant, while the K̄NN formation signal becomes
weaker. At an even larger qX region in Fig. 10(d), the for-
ward K̄ part of the QFK̄−abs process becomes large, which

distributes to the large mX side. This events concentration
may partially arise from direct K− absorption on two protons
in 3He (2NA), but the width is too great to be explained by
the Fermi motion. Therefore, it is difficult to interpret 2NA
as the dominant process of this events concentration. In this
qX region, there is also a large contribution from the broad
component.

Figure 11 shows the qX spectra sliced on mX . Figure 11(a)
shows the region below the K̄NN formation signal where the
broad distribution is dominant, having small leakage from the
signal. As shown in the spectrum, the broad distribution has no
clear structure and has a larger yield at a higher qX region than
at a lower qX region. Figure 11(b) shows the K̄NN formation
signal region, in which the events clearly concentrate at the
lower qX side. In Fig. 11(c), we can see the backward K̄
part of the QFK̄−abs process, together with the leakage from
the signal and broad distribution. In contrast to K̄NN , the
QFK̄−abs process even more strongly concentrates in the lower
qX region (neutron is emitted to the very forward direction).
To compare the qX dependence with that of the K̄NN formation
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• large-q region would be better to isolate the bound state. 
•Wide angular acceptance to study q-dependence.

Possible setup
24
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• Moderate resolution ~50 MeV 
can be improved to <20 MeV with a kinematic fit. 

• Reasonable resolution to identify missing nucleon ~50 MeV

Expected resolution
25
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•momentum transfer is large in (K-,d) 

•no clear signal of quasi-elastic process  3He(K−, d)

(K-, N) vs. (K-, d)
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•We can reconstruct full reaction kinematics without 
detecting one of the decay particle 
• neutral paritcle 
• low-momentum proton.  (cf. spectator in decay)

Other merits with the forward counter
27

K− +4 He → K̄NNN + n

→ {Λpns + n
Λnps + n

K− +3 He → K̄NN + n
→ πΣps + n

Useful to analyze decay kinematics 
and to understand background processes



Prototype test with electron beam at ELPH
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Room to optimize a bit more 
(MPPC amp is saturated now)
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Kaonic deuterium
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He target: ~6 hours 
✓almost background 
free as designed

E57 test run in 2019
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H2 target: ~4 days 
✓Higher transitions are 
observed. 

x no clear Kα peak 
x Low yields

Meanwhile, SIDDHARTA2 
started data taking …

Kα



✓Drastic background reduction by detecting K and L X-rays in coincidence 
✓Install SDDs into the target gas to avoid attenuation at the target container 
✓KHe 1s & Σ-He can be measured in a similar way

Updated strategy: X-ray coincidence
31

The slowing down and the atomic process time scales are
much faster than the lifetimes of the hadrons considered for
exotic atoms as the kaon. Therefore, following the stopping of
the kaon in matter, the kaon-nucleus strong interaction can be
studied.

C. Study of strong-interaction effects in kaonic atoms

The study of strong-interaction effects was the major
motivation for performing experiments with kaonic atoms.
The electromagnetic interaction with the nucleus is well
known and the energy levels can be calculated at a precision
of eV by solving the Klein-Gordon equation. Even a small
deviation from the electromagnetic value allows one to get

information on the strong interaction between the kaon and
the nucleus.
From Table I, one sees that the atomic binding energies of

light systems are in the keV range, namely, the kaon interacts
with the nucleus with a relative energy of a few keV, instead of
the tens of MeV, as performed in the low-energy scattering
experiments. Hence, kaonic atoms offer the unique oppor-
tunity to study the antikaon-nucleon–nucleus interaction,
nearly “at threshold,” namely, at zero relative energy.
Of particular interest in kaonic atom experiments are the

studies of systems formed with hydrogen isotopes, which give
access to the basic low-energy physics parameters such as the
antikaon-nucleon scattering lengths. Kaonic deuterium ena-
bles access to the antikaon-neutron system. Other light
elements provide information on how to construct the anti-
kaon-nucleus interaction from elementary reactions. It is
noteworthy that light exotic atoms are formed almost “electron
free,” which opens the possibility for high-precision mea-
surements due to the absence of the electron screening effect.
In the study of strong-interaction effects, the observables of

interest are the shift (ε) and the width (Γ) of the atomic levels
caused by the strong interaction between the kaon and the
nucleus. The levels are shifted and broadened relative to the
electromagnetic value, but the shift and width are sensible
only for the ground state 1s.
For the sign of the strong-interaction shift ε1s we use the

Warsaw convention (Iwasaki et al., 1997), according to which
ε1s is defined as

ε1s ¼ Emeasured
2p→1s − Ee:m:

2p→1s; ð4Þ

where Emeasured
2p→1s and Ee:m:

2p→1s are the 2p → 1s transition
energies experimentally measured and calculated with only
the electromagnetic interaction taken into account,
respectively.
The electromagnetic 2p → 1s energy transition is calcu-

lated by solving the Klein-Gordon equation and then
applying finite size and vacuum polarization corrections.
The value obtained for kaonic hydrogen is 6480$ 1 eV
(Iwasaki et al., 1997).
Neglecting isospin-breaking corrections altogether, i.e.,

assuming md ¼ mu, in the case of kaonic hydrogen the
relation between ε1s and Γ1s and the K−p complex scattering
length aK−p is given by the so-called Deser-Trueman formula
(Deser et al., 1954; Trueman, 1961)

ε1s þ
i
2
Γ1s ¼ 2α3μ2aK−p. ð5Þ

It turns out, however, that the isospin-breaking corrections
to the lowest order of Eq. (5) are large (Meißner, Raha, and
Rusetsky, 2004, 2006). They are much larger than their
counterparts in pionic hydrogen (π−p) or in pionium
(πþπ−), where they are typically at the few percent level.
The large isospin-breaking corrections arise, in particular,

from s-channel rescattering with K0n intermediate state (the
cusp effect) and Coulomb corrections that are nonanalytic in
aK−p, but proportional to lnðaK−pÞ.

FIG. 1. Density dependence of K−p atom x-ray yields. In this
work the shift and width were taken to be ε1s ¼ 300 eV,
Γ1s ¼ 550 eV, and Γ2p ¼ 1 meV. ρSTP denotes the density at
the standard temperature and pressure. The liquid hydrogen
density (LHD) corresponds to ∼790 ρSTP. The gas target density
used in the KpX experiment, the first experiment to employ a
cryogenic gaseous target, was ∼10 ρSTP (1.3% LHD). In the
SIDDHARTA experiment (Bazzi et al., 2011a) a gas target
density of ∼14.5 ρSTP (1.8% LHD) was used. Adapted from
Koike, Harada, and Akaishi, 1996.

FIG. 2. Cascade processes for kaonic hydrogen, starting when
the kaon is captured in a highly excited state, down to the 1s
ground state, which is shifted due to strong interaction and
broadened due to nuclear absorption of the kaon by the proton.
The shift and width of the 2p state due to strong interaction are
negligible.

Catalina Curceanu et al.: The modern era of light kaonic …

Rev. Mod. Phys., Vol. 91, No. 2, April–June 2019 025006-5
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4. Geant4  simulation of the K�d spectrum 
 
For the simulation of the K�d spectrum, including synchronous and asynchronous 
events we used the following input: 
 

x simulation starts with 8·109 K� at T0 counter (160 kW·weeks; 80% machine 
duty factor included)  

x total active detector area 246 cm2 
x KD yield is 10�3 for a gaseous target 
x shift = � 800 eV and width = 800 eV  
x using first level trigger condition 
x including fiducial cut and charged particle veto 

 
The final numbers are summarised in table 4, while figure 8 shows the spectrum 
achieved with a signal-to-noise ratio of 1:3. In total approximately 850 KD will be 
collected, which will permit the determination of the shift and width with a 
precision of 60 eV and 140 eV, respectively. The statistical significance of the KD-line 
is ~ 12 V. 
 

 
Figure 8:   Simulated kaonic deuterium spectrum. The GEANT4 simulation started with 8·109 kaons,  
     assuming a shift of -800 eV, a width of 800 eV and an X-ray yield of 0.1%.  
    About 850 KD events are collected, which leads to a precision of the fit result in this  
                statistical sample: 60 eV (shift) and 130 eV (width). 
 

detect L X-rays
Kα

Kα

MC without 
L X-ray detection

1.4~2.4 keV



✓x1.6 kaons with the shortened beamline by ~2.5 m 
✓Longer horizontal vacuum chamber + ~1.3m 

→no problem. we have enough cooling power 
✓Larger acceptance for secondary particles. 
✓~4 week x 80 kW to get ~ 700/200 Ka X-rays wo/w L X-ray coincidence

32

With shorter beamline & Dorami

K- beam

target cell 
(~ 100K, 0.5MPa?)

feed through
SDD arrays 
(60 units= 480 channels)

~20% coincidence acceptance

assumption: 0.1% X-ray yield, 80% active SDD channels



• Alessandro is proposing to put CdZnTe detectors surrounding degrader 
• Kaonic C, S, Al, …

by-product with CdZnTe?
33
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anti-proton



• double K- production 

• recent study on the possibility of  bound state …ϕn

anti-proton beam experiment
35

3.1 The ¡ meson production via (p, ¡) reactions

3.1.1 Production cross section

To search for gluonic matter and exotic quark-gluon formations, intensive studies have
been performed at the CERN/LEAR facility for the ”OZI-forbidden” formation reac-
tion of the type pp!M1M2, where M1 and M2 are vector mesons. One striking result
is the rather large ¡¡ production cross section near the production threshold ( ª 0.9
GeV/c), namely incident p momentum at around 1.3 ª 1.4 GeV/c[18]. Figure 6 (left)
shows the production cross section for double ¡ meson production as a function of inci-
dent momentum for p together with direct production of ¡ K+K° and K+K°K+K°

(non-resonant KK pairs).

∆m
φ
 = 40 MeV/c 2

∆m
φ  = 0 MeV/c 2

∆m
φ  = 20 MeV/c 2

µ

φφ -K+Kφ

-2K+2K

momentum transfer
to the backward φ

Figure 6: Left panel shows the cross section for double ¡ meson production around the
production threshold [18]. Right panel shows the momentum transfer for backward ¡
production as a function of the incident p momentum.

The cross section of the double-¡ channel has a peak at around a p momentum of 1.3
ª 1.4 GeV/c. In this momentum region, other kaon associated reactions, ¡K+K° and
K+K°K+K°, have considerably lower cross sections (ª 10 %) as shown in figure 6
(left), in spite of their lower Q-values. This reaction is indeed appropriated for the
missing mass spectroscopy for ¡ meson bound state, because when we detect ¡ meson
in this reaction at the incident p momentum less than 1.4 GeV/c ensured the other ¡
meson produced.

3.1.2 Missing mass spectroscopy

Let us focus on the double-¡ elementary reaction channel. In this reaction, one can
use the backward ¡ as the source of the quasi-recoilless ¡ meson production channel,

6

If exist, nuclear φ bound states search is of interest

44… H. Onishi



• Almost impossible to detect  

• Additional detectors on the beamline downstream of the target might help 

• Exclusive decay measurement is still possible ( ) 

• Does “dorami” have any advantage over the hyperon spectrometer? 

• Streaming DAQ would be useful for a flexible data-taking

ϕ

ϕn → ΛK0

Kinematics of  eventsϕϕ
36
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Figure 8: Left panel shows the momentum transfer to ¡ in the case of a proton target
as a function of ¡ production angle. Right panel shows the momentum of a kaon from
forward ¡ decay (µ¡ = 0 at 1.1 GeV/c) as a function of opening angle from the beam.
Thin lines in both figures are plotted with a step of ¢cosµCM = 0.02.

4.2 Beam Line

The momentum for the incident p used the proposed experiment is 1.1 GeV/c. After
the consideration, the K1.1 beam line which is now under construction is the best
beam line for the proposed experiment. This beam line is designed to have more than
2.0£106 p per spill beam with 270kW J-PARC PS operation. This means that ª106 p
per spill will be available even J-PARC PS operated with 100 kW. The design of K1.1
spectrometer is shown in Figure 9. Produced ps at T1 target are separated from other
negative particles by DC separators. The momentum of the particle is analyzing by
spectrometer magnets. For the momentum analysis and particle identification(PID)
in o≤ine analysis, particle tracking chambers are installed before Q8 and after Q11
magnets. Detail of the designed tracking chambers and PID detectors are shown in
following sections.

4.2.1 Beam Line Tracker

Trajectory of the incident p beam will be tracked with beam line tracker. The mo-
mentum of the p will be analyzed with this tracking information together with beam
optics of beam line magnets. The material in beam line tracker should be minimized,
to avoid multiple scattering of incident 1.1 GeV/c p beam. Moreover, beam intensity
where we are going to install our tracker upstream of the beam line is estimated to be
around a few M particles per pulse (0.7s) with proton energy and intensity in J-PARC
proton synchrotron as 30 GeV/9µA. It corresponds to a few MHz hit rate. For the
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• J-PARC E73 (hypertriton lifetime)  
•  with x2 larger K-s, x2 acceptance, x2 resolution 

• J-PARC E80 ( ) 

• x40 times  events (~20k events) 

•  decay (~1000 events?) 

• Forward nucleon detection 
• Feasibility test of the proton polarimeter 

• J-PARC P89 (spin-parity of )

K̄NN

K̄NNN

Λdn

Λpn

K̄NN

Summary
37

~2024

~2027?

~2030?

Kaonic deuterium? 
anti-proton experiment? Heavier kaonic nuclei 

L(1405) 
K-/K+/Σ scattering 
…


