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• Strong attraction in I=0 from scattering and X-ray experiements. 
•  molucle picture is now widely accepted Λ(1405) = K̄N

KbarN interaction
2

K-N scattering 
NPB179(1981)33.

K-p atom 
 PLB704(2011)113. 

KbarN molecule from Lattice QCD 
PRL114(2015)132002.

N
K̄

Why not kaonic nucleus with additional nucleons?

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



• Theoretical calculations agree on the existence of , 
although B.E. and  depend on the  interaction models. 

• No conclusive experimental evidence before us.

K̄NN

Γ K̄N

The simplest kaonic nucleus 3

theoretical studies [PPNP 112 (2020) 103770]

- FINUDA:  

- DISTO:  
- J-PARC E27:  

Null results 
- LEPS:  
- HADES:  
- AMADEUS: C

(K−
stopped, Λp)

pp → ΛpK+

d(π+, K+)X

p(γ, π−K+)X

pp → ΛpK+

(K−
stopped, Λp)

K̄NN(I = 1/2, JP = 0−)



Mass number dependence
4

Binding 
Energy

Width 
(mesonic-only)

AY: PRC65(2002)044005, PLB535(2002)70. 
WG: PRC79(2009)014001. 
BGL: PLB712(2012)132. 
OHHMH: PRC95(2017)065202.

Larger binding than  and similar width are predicted.K̄NN

I(Jp) = 0(1/2−)
Not a complete list. sorry…

K̄NNN



• Some experimental searches in 2000s. No conclusive result. 
• multi-N absorptions hide bound-state signals in Stop-K

: Experimental situaionK̄NNN
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BRIEF REPORTS PHYSICAL REVIEW C 76, 068202 (2007)

peak position of the pπ invariant mass (Mpπ ) agrees with the
known " mass, and the width of the " peak is as narrow as
10 MeV/c2 FWHM, which is fully consistent with the observed
1/β resolution on each detector arm. By the measurement, the
angular region of −1 ! cos θ"d ! −0.6 was covered, where
θ"d is the opening angle between " and d three-momenta
in the laboratory frame, and thus observed "d pairs are
back-to-back correlated. Because of the limited acceptance
of their momenta, only energetic d and " were detected.
Therefore, they are considered to be mainly produced in
nonmesonic final states,

(K−4He)atomic → " + d + n, (6)

→ %0("γ ) + d + n. (7)

The "dn and %0dn final states are separated from possible
contaminants, such as "/%0πdN , by reconstructing the
missing mass

MN∗ =
√

(pinit − p" − pd )2, (8)

where pinit, p", and pd are four-momenta of the initial
state K− + 4He at rest and the measured ones of " and d,
respectively. The distribution of the thus determined missing
mass MN∗ is shown in Fig. 2(b). The narrow peak structure at
∼940 MeV/c2 is due to a "dn final state, whereas a %0("γ )dn
final state causes the broad distribution peaked at
∼1020 MeV/c2. As expected, no event exists above mπ +
mN ≈ 1080 MeV/c2, where "πdN and %0πdN final states
should appear. Therefore, we selected the "dn final state by
the condition 920 ! MN∗ ! 960 (MeV/c2).

The correlation between the "d invariant mass (M"d )
and the total three-momentum (P"d ) from all "d events is
shown in Fig. 3, where its projections onto the horizontal
and vertical axes classified by the "dn and %0dn final
states are shown together. A simulated shape, evaluated by
uniformly generated "dn events in the three-body phase
space, taking the realistic experimental setup into account,
is overlaid on the M"d spectrum, normalized to the observed
number of "dn events. The M"d spectrum of "dn events,
which clearly deviates from the simulated one, consists of two
components. One is an asymmetric peak located just below
the m4He + mK− − mn mass threshold at 3282 MeV/c2, and
the other is a broad component from 3100 to ∼3220 MeV/c2.
The M"d resolution near the threshold, estimated from the
observed MN∗ distribution, is ∼8 MeV/c2 rms, which is
significantly smaller than the observed width of the peak
structure. Identifying P"d as the momentum of missing
neutron, the high-mass peak is correlated with neutrons in
the momentum range <∼250 MeV/c. Thus, we can interpret
this peak as the "d branch of the 3NA process,

K−“ppn”(n) → "d(n), (9)

where the missing n is a spectator of the reaction, inheriting its
original Fermi momentum distribution from 4He. The deuteron
in the final state could be either from an original d cluster in
4He participating in the reaction (“ppn” is actually “pd”, then)
or a product of coalescence after the absorption. The nature
of the broad lower mass component accompanying neutrons
with momenta higher than ∼250 MeV/c is very interesting but
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FIG. 3. A correlation diagram between the M"d and P"d , with
kinematical constraints for MN∗ = 920, 940, and 960 MeV/c2 over-
laid. On the projections, contributions of the "dn and %0dn events
are represented by black and gray lines, respectively. The phase-
space distribution is represented by a thin gray curve on the M"d

spectrum.

still unclear at this moment, and several explanations may be
possible.

The correlation between the momenta of the " and d of
the "dn events is shown in Fig. 4. Well-correlated high-
momentum "d pairs constitute the 3NA component at the
region of cos θ"d < −0.9, in which the momenta of d and "
widely distribute along kinematically allowed curves for given
M"d values, reflecting the original Fermi motion. However,
the lower invariant mass component is composed of relatively
slow-" and fast-d pairs, significantly different from the 3NA
component. A presumable interpretation of the observed lower
mass distribution with conventional processes might be a
sequence of a %n branch of 2NA process and successive %"
conversion,

K−“NN”(NN ) → %n(NN ), %(NN ) → "d. (10)

There are other possible candidates for conventional explana-
tions with two-step reaction mechanisms. One possible exotic
interpretation of the lower mass component is to assume the
3S+

T =0 production and its decay to "d. Another possibility
is the 2S0

T =1/2 production and its decay to "n. For both,

068202-3

Stopped K- on 4He Stopped K- on Li/C 
back-to-back Λd

Λd in Ni+Ni
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Experiments at J-PARC
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• K- beam at 1 GeV/c to maximize elementary (K-, N) cross sections 
• Most of background processes can be kinematically separated. 
• Hyperon decays and multi-nucleon absorption reactions 
• Simplest target allow exclusive analysis.

Our approach: in-flight (K-, n)
7

+ +
reaction

K- 3He “K-pp” (n)

pΛ

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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FIG. 3. The c.m. differential cross sections of the three reac-
tions are shown as a function of incident kaon lab momentum.
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 elementary cross sections @ (K−, N ) θN = 0∘

T. Kishimoto. PRL 83 (1999) 4701

detect with CDS

indetified by 
missing mass

small recoil 
~ 200 MeV/c



• Relatively short beamline suitable for low-momentum K- beam

J-PARC K1.8BR
8

primary 
proton beam

K1.8BR
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 in K̄NN 3He(K−, Λp)n
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Observation of a KNN bound state in the 3He(K−,!p)n reaction

T. Yamaga,1,* S. Ajimura,2 H. Asano,1 G. Beer,3 H. Bhang,4 M. Bragadireanu,5 P. Buehler,6 L. Busso,7,8 M. Cargnelli,6

S. Choi,4 C. Curceanu,9 S. Enomoto,14 H. Fujioka,15 Y. Fujiwara,12 T. Fukuda,13 C. Guaraldo,9 T. Hashimoto,20

R. S. Hayano,12 T. Hiraiwa,2 M. Iio,14 M. Iliescu,9 K. Inoue,2 Y. Ishiguro,11 T. Ishikawa,12 S. Ishimoto,14 K. Itahashi,1

M. Iwai,14 M. Iwasaki,1,† K. Kanno,12 K. Kato,11 Y. Kato,1 S. Kawasaki,10 P. Kienle,16,‡ H. Kou,15 Y. Ma,1 J. Marton,6

Y. Matsuda,17 Y. Mizoi,13 O. Morra,7 T. Nagae,11 H. Noumi,2,14 H. Ohnishi,22 S. Okada,23 H. Outa,1 K. Piscicchia,24,9

Y. Sada,22 A. Sakaguchi,10 F. Sakuma,1 M. Sato,14 A. Scordo,9 M. Sekimoto,14 H. Shi,6 K. Shirotori,2 D. Sirghi,9,5 F. Sirghi,9,5

S. Suzuki,14 T. Suzuki,12 K. Tanida,20 H. Tatsuno,21 M. Tokuda,15 D. Tomono,2 A. Toyoda,14 K. Tsukada,18

O. Vazquez Doce,9,16 E. Widmann,6 T. Yamazaki,12,1 H. Yim,19 Q. Zhang,1 and J. Zmeskal6

(J-PARC E15 Collaboration)
1RIKEN Cluster for Pioneering Research, RIKEN, Wako 351-0198, Japan

2Research Center for Nuclear Physics (RCNP), Osaka University, Osaka 567-0047, Japan
3Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8W 3P6, Canada

4Department of Physics, Seoul National University, Seoul 151-742, South Korea
5National Institute of Physics and Nuclear Engineering - IFIN HH, Bucharest, Romania

6Stefan-Meyer-Institut für subatomare Physik, A-1020 Vienna, Austria
7Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Torino, Torino, Italy

8Dipartimento di Fisica Generale, Universita’ di Torino, Torino, Italy
9Laboratori Nazionali di Frascati dell’ INFN, I-00044 Frascati, Italy
10Department of Physics, Osaka University, Osaka 560-0043, Japan
11Department of Physics, Kyoto University, Kyoto 606-8502, Japan

12Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
13Laboratory of Physics, Osaka Electro-Communication University, Osaka 572-8530, Japan

14High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
15Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan

16Technische Universität München, D-85748 Garching, Germany
17Graduate School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan

18Department of Physics, Tohoku University, Sendai 980-8578, Japan
19Korea Institute of Radiological and Medical Sciences (KIRAMS), Seoul 139-706, South Korea

20ASRC, Japan Atomic Energy Agency, Ibaraki 319-1195, Japan
21Department of Chemical Physics, Lund University, Lund 221 00, Sweden

22Research Center for Electron Photon Science (ELPH), Tohoku University, Sendai 982-0826, Japan
23Engineering Science Laboratory, Chubu University, Aichi 487-8501, Japan

24Centro Ricerche Fermi-Museo Storico della Fisica e Centro studi e ricerche “Enrico Fermi”, 000184 Rome, Italy

(Received 23 June 2020; accepted 16 September 2020; published 14 October 2020)

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.

DOI: 10.1103/PhysRevC.102.044002

*takumi.yamaga@riken.jp
†masa@riken.jp
‡Deceased.

2469-9985/2020/102(4)/044002(14) 044002-1 ©2020 American Physical Society

I(Jp) = 1/2(0−), IZ = + 1/2



Section 9: Chapter X — Kaonic Nuclei from the Experimental Viewpoint — 29

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.

•  events are selected with 
~80% purity. 

• ~20%  contamination

Λpn

Σ0pn /Σ−pp

 event selectionΛpn
11

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.

Event selection for  final stateΛpn
8
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K. Agari et. al., PTEP 2012, 02B011



Obtained spectrum in J-PARC E15
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Obtained spectrum
9
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Model functions 
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+ Broad component



2D Fit for the “ ” stateK̄NN
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0.3 < qx <0.6 GeV/c: Signals are well separated from other process

 MeV/c2σmΛp
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space



 in K̄NNN 4He(K−, Λd)n
Helium-4 data with the E15 setup as a test experiment in 2020 

15

I(Jp) = 0(1/2−)



Our approach
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• Two disributions are quite similar 
• structure below the threshold, QF-K-, and broad background

: Preliminary resultK̄NNN
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622 S. Ajimura et al. / Physics Letters B 789 (2019) 620–625

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)

PLB789(2019)620 before acceptance correction
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• The binding energy is compatible with theoretical predictions 
• “ ” system might have larger binding than “ ” 
• Expereimental width is larger than theoretical predictions. 

K̄NNN K̄NN

Comparison with theoretical calc.
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• Good agreement in the mass spectrum.  
(although it failed to explain experimental q spectrum) 
• Detailed comparison with theoretical spectrum is important

Comparison with Sekihara calc.
19

Compare to theoretical calculation

 0

 10

 20

 30

 40

 50

 60

 70

 2.2  2.25  2.3  2.35  2.4  2.45  2.5  2.55  2.6

d
σ

 / 
d
M
Λ
p
  [

 µ
b 

/ G
eV

 ]

MΛp  [ GeV ]

Theory (A)
Theory (B)
Exp. ( all – BG )

Fig. 3. Comparison between theoretical and
experimental results of the Λp invariant mass
spectrum dσ/dMΛp for the K−3He → Λpn
reaction in the momentum transfer window
350 MeV/c < qΛp < 650 MeV/c. For the ex-
perimental data we subtract the background con-
tribution in the experimental analysis [9].

spectrum strongly suggests that the K̄NN bound state was indeed generated in the J-PARC E15
experiment.

4. Summary

In this manuscript we have investigated the origin of the peak structure of the Λp invariant mass
spectrum near the K−pp threshold in the K−3He→ Λpn reaction, which was recently observed in the
J-PARC E15 experiment. For this purpose, we have calculated the cross section of the K−3He→ Λpn
reaction and Λp invariant mass spectrum based on the scenario that a K̄NN bound state is generated
and it eventually decays into Λp. As a result, we have found that the behavior of the calculated dif-
ferential cross section d2σ/dMΛpdqΛp is entirely consistent with the experimental data. In particular,
the peak for the quasi-elastic scattering of the K̄ at the first collision in the Λp invariant mass spec-
trum, which exists above the K−pp threshold, is highly suppressed when we restrict the momentum
transfer to the region 350 MeV < qΛp < 650 MeV, as done in the experimental analysis [9]; with
this cut only the peak for the K̄NN bound state below the K−pp threshold survives. Furthermore,
throughout a wide range of the Λp invariant mass, our calculation reproduces almost quantitatively
the experimental mass spectrum with the momentum transfer cut. These findings strongly suggest
that the K̄NN bound state was indeed generated in the J-PARC E15 experiment.
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mK̄ + 2mN

Theoretical calculation supports that the observed peak is  signal.K̄NN
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Fig. 2. The three most relevant Feynman diagrams depicting the three-nucleon absorption of a K− implement-
ing the multiple kaon scattering between two nucleons, which is represented by the shaded rectangles (see
Fig. 3).

with En(q) ≡ mn + q2/(2mn), where p′ 0 is different from p0 as the former contains the neutron

mass or energy. The amplitudes T (K−n→K−n)
1 and T (K−p→K̄0n)

1 are evaluated phenomenologically

in Appendix B, while the amplitudes T (K−p→K−p)
2 and T (K̄0n→K−p)

2 are taken from a chiral unitary
approach in s wave, as described in Appendix C.

2.3. Scattering amplitude: Generating a K̄NN quasi-bound state
In this subsection we consider the case of the formation of a K̄NN quasi-bound state in the
3He(K−, !p)n reaction, which would be the origin of the peak structure seen in the J-PARC E15
experiment. The K̄NN quasi-bound state is generated as the multiple scattering of the kaon between
two nucleons after emission of a fast neutron in the reaction. The most relevant diagrams are shown
in Fig. 2.

Taking into account the antisymmetrization for three nucleons, we have six contributions to the
scattering amplitude of the reaction:

T = T1 + T2 + T3 + T4 + T5 + T6. (25)

The amplitudes T1,2,3,4,5,6 come from the first, second, third, fourth, fifth, and sixth terms, respectively,
of the 3He wave function in Eq. (A.18) in Appendix A.

Let us consider the first term T1. We can use the same form as in Eq. (20), keeping the scattering
amplitude of the first step, T (K−n→K−n)

1 , the K− propagator of pµ, and the 3He wave function. Then,
the most important part of the scattering amplitude, i.e., the part where the K̄NN quasi-bound state is
generated and the kaon is absorbed, remains to be implemented. This is represented by the diagrams
shown in Fig. 3, which are calculated as follows. First, we do not consider spin flips during the
multiple scattering since the process takes place near the K̄NN threshold. Therefore, the spinor factor(
χ

†
p χ↑

) (
χ

†
!σχ↓

)
is the same as in Eq. (20). Second, the multiple scattering amplitude of Fig. 3

is calculated employing the so-called fixed center approximation to the Faddeev equation [17,21],
and we denote this part as T FCA. Third, the kaon absorption takes place after the multiple scattering,
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•  

•  reaction with a wide q-region 
neutron detection is required to reconstruct  decay 

•  
• spin-parity determination by spin-spin correlation of  

• Search for isospin partner:  

• Decay branch: Non-mesonic ( ), Mesonic ( ) 

•  
•  decay mode in addition to  

• Heaviear systems 
•  via , …

K̄N(Λ(1405))

d(K−, n)

π±Σ∓

K̄NN

Λp

(K̄NN )Iz=−1/2 → Λn

Λp, Σ0p, Σ+n πΛN, πΣN

K̄NNN

Λpn Λd

K−α 6Li(K−, d)

Future programs for  nucleiK̄
20

neutron detection 
polarimeter

J-PARC P89

J-PARC E80



• About 10 times volume 
• We got a large budget, 特別推進 (P.I.: M. Iwasaki, JFY2022̶JFY2026)

J-PARC E80 with a new spectrometer
21

new CDS

E15 CDS



• x3 longer CDC: solid angle 59%→93% 
• 3-layer barrel NC (CNC): neutron efficiency 3%→15% 
• polalimeter trackers between CNCs in future 

• VFT to improve z-vertex & momentum resolution

New spectrometer
22
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✓Clear peak would be observed for both modes

Expected spectra
23

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

x20 K- on target, x2 acceptance, x5 neutron efficiency



• JFY2024: Solenoid magnet will be completed 
• JFY2025: Installation &commissioning  
• JFY2026: Physics data taking 

Construction status
24サポート柱を変更

Return yoke for the solenoid Cylindrical drift chamber



Study of Kbar-nucl. interaction
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Kaonic deuterium 26

Need K-d data to constrain isospin 1 component 
→ SIDDHARTA2 (runnning) / J-PARC E57 (future)

A. Cieplý et al. NPA 954 (2016) 17–40 26 A. Cieplý et al. / Nuclear Physics A 954 (2016) 17–40

Fig. 2. The K−p (top panels) and K−n (bottom panels) elastic scattering amplitudes generated by the NLO approaches 
considered in our work. The various lines refer to the models: B2 (dotted, purple), B4 (dot-dashed, red), MI (dashed, 
blue), MII (long-dashed, green), PNLO (dot-long-dashed, violet), KMNLO (continuous, black). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

part) at energies about 30 MeV below the K̄N threshold with a shape in agreement with the 
Kyoto–Munich and MI models that have the resonance structure at slightly higher energies. The 
MII and both Bonn models generate apparently different energy dependence, with the Bonn mod-
els deviating from the other ones at energies above the K̄N threshold as well. It is interesting that 
both Murcia models agree with the Prague and Kyoto–Munich ones at energies above the K̄N

threshold despite the fact that the Murcia parameter sets were fitted to additional experimental 
data available for higher energies.

The deviations between the Bonn and other approaches are of great conceptual importance, 
which become most evident at energies above the K̄N threshold. They arise due to the fact that, 
in contrast to the other considered approaches, no s-wave projection of the interaction kernel is 
performed in the Bonn approach. Therefore, terms of the NLO Lagrangian proportional to the co-
sine of the scattering angle are explicitly accounted for in this approach. This issue is completely 
irrelevant when s-wave quantities are compared (such as scattering lengths), but may play an 
important role when addressing total cross sections. In general, the latter do not discriminate be-
tween various partial waves. Thus, neglecting higher partial waves in the calculation of the total 
cross sections is an additional assumption. It is not clear a priori, where this assumption breaks 
down, but it certainly will happen at some energies above the K̄N threshold. As a matter of fact, 
the experimental data in this region are actually dominated by the measurement of the total cross 
sections.

Re(FK-p) Im(FK-p)

Im(FK-n)Re(FK-n)
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K-3/4He atom X-rays 
with a cryogenic detector
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We have measured the 3d → 2p transition x rays of kaonic 3He and 4He atoms using superconducting
transition-edge-sensor microcalorimeters with an energy resolution better than 6 eV (FWHM). We
determined the energies to be 6224.5! 0.4ðstatÞ ! 0.2ðsystÞ eV and 6463.7! 0.3ðstatÞ ! 0.1ðsystÞ eV,
and widths to be 2.5! 1.0ðstatÞ ! 0.4ðsystÞ eV and 1.0! 0.6ðstatÞ ! 0.3ðstatÞ eV, for kaonic 3He and
4He, respectively. These values are nearly 10 times more precise than in previous measurements. Our results
exclude the large strong-interaction shifts and widths that are suggested by a coupled-channel approach and
agree with calculations based on optical-potential models.

DOI: 10.1103/PhysRevLett.128.112503

The interaction and properties of mesons in nuclear
matter are fundamental to hadron physics. Antikaons (K̄)
have been of great interest because their interaction with a
nucleon (N) is known to be strongly attractive. The possible
existence of kaonic nuclear bound states [1] and the role of
K̄ particles in high-density nuclear matter, such as neutron
stars [2], have been widely discussed for decades.

Experimental study of these phenomena requires the K̄N
interaction with low kinetic energy.
Two main experimental techniques have been used to

study the K̄N interaction at low energies: K̄N free particle
scattering and x-ray spectroscopy of kaonic atoms. For
short-lived particles like kaons, x-ray spectroscopy pro-
vides a crucial anchor point near zero kinetic energy, while

PHYSICAL REVIEW LETTERS 128, 112503 (2022)
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Kaonic atom X-rays
28
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• Large shift and width imply the generation of a nuclear state

“Kaonic helium puzzle”
29

S. Hirenzaki et al., PRC 61, 055205 (2000)

the kaonic atom data are also reproduced well by the chiral
unitary model, as we will see later on, it seems that the
strong shifts and widths of the kaonic atoms are mainly de-
termined by the optical potential strength at a certain nuclear
density, !"!0/4. This was the case of pionic atoms #15$
although the effective densities felt by the pions were differ-
ent.
We would like to mention other density dependent scat-

tering lengths obtained by the phenomenological fit of #16$.
One of their results can be written as

ae f f%!&!%"0.15#0.62i &#%1.66"0.04i &#!/!0$0.24 #fm$ .
%4&

The real part of this effective scattering length also changes
its sign and provides an attractive interaction in the nuclear
medium. However, the real part depends on the density much
more strongly than our results and gives Re ae f f(!0)
!1.51 #fm$ . On the other hand, the density dependence of
the imaginary part is rather flat and the strength is similar to
our results.

III. KAONIC ATOM STRUCTURE

We study the properties of kaonic bound states by solving
the Klein-Gordon equation

#"'! 2#(2#2(Vopt%r &$)%r! &!#E"VCoul%r &$2)%r! &.
%5&

Here, ( is the kaon-nucleus reduced mass and VCoul(r) is
the Coulomb potential with a finite nuclear size:

VCoul%r &!"e2! !p%r!&

"r!"r!!"
d3r!, %6&

where !p(r) is the proton density distribution. We take the
Woods-Saxon form for the density and keep the shapes of
neutron and proton density distributions the same:

!%r &!!n%r &#!p%r &!
!0

1#exp#%r"R &/a$
, %7&

where we use R!1.18A1/3"0.48 #fm$ and a!0.5 #fm$ with
A the nuclear mass number.
The kaon-nucleus optical potential is related to the kaon

self-energy in nuclear matter as *K!2(Vopt . We use the
optical potential in a finite nucleus. In coordinate space this
is accomplished by means of the local density approximation
%LDA&, where ! of nuclear matter is substituted by !(r) of
the nucleus. This procedure is exact for the lowest order term
in the density of the S-wave self-energy and arguments were
given in #17$ for the accuracy of the LDA in higher orders.
At the same time the translation code from nuclear matter to
finite nuclei for P waves was also given. Thus, we have

2(Vopt%r &!"4+,ae f f%!&!%r &, %8&

with the effective scattering length ae f f and , defined in
Sec. II.

We solve the Klein-Gordon equation numerically follow-
ing the method of Oset and Salcedo #18$. The applications of
the method to the pionic atom studies were reported in detail
in Ref. #19$.

IV. NUMERICAL RESULTS

We show here the numerical results on kaonic atoms with
the optical potential obtained from the local density approxi-
mation using the chiral unitary selfenergy at various nuclear
matter densities. We show in Fig. 3 the energy shifts and
widths for several kaonic atoms in comparison with data.
The calculated results agree with the experimental data well.
The quality of the agreement is as good as the phenomeno-
logical potentials. We note, here, that the theoretical model
does not contain any free parameter to reproduce the data.
The energy levels for atomic kaonic states in O and Ca

are shown in Fig. 4, where the results of the chiral model and
those of the phenomenological model #Eq. %4&$ are com-
pared. We can see that the results obtained with both poten-
tials are very similar. We find that the deep atomic states
such as 1s in 40Ca, still unobserved, appear with narrower
widths than the separation between levels and are predicted
to be quasistable states. Similar results to those of the phe-
nomenological potential shown in Fig. 4 were reported by
Friedman and Gal #21$.
In Fig. 5, we show the energy levels including the shallow

atomic and the deep nuclear kaonic states of Ca using the
chiral unitary model potential. The shallow atomic states are
shown by dashed bars. The deep nuclear ones are shown by

FIG. 3. The calculated energy shifts and widths are shown as
functions of the nucleus atomic number for 2p , 3d , and 4 f kaonic
atom states. Experimental data are also shown #20$.
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Transition-Edge-Sensor microcalorimeters
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escape
peaks
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FIG. 1. A measured spectrum of roughly 0.4 g of Pu ( 85% 239Pu and 14%
240Pu) comparing results with an array of microcalorimeters (blue) and a
high-purity germanium detector (red). The inset shows the same spectrum
over the energy range 40 keV to 220 keV.

system count rates of at least a kilohertz are required. For faint
sources, large collecting areas are also important.

Much of the literature about microcalorimeters for
gamma-ray spectroscopy has focused on the detectors them-
selves or analysis of spectra as opposed to the design and op-
eration of an entire instrument. This paper will address the
NIST-LANL gamma-ray spectrometer at an instrument level
including details of the experimental setup, fabrication of the
detectors, readout, operation of the instrument, and data pro-
cessing. We will also describe the characterization and perfor-
mance of the instrument.

II. TES MICROCALORIMETER THEORY

Transition-edge sensors have been used to detect pho-
tons and particles over a wide energy range that spans sub-
millimeter photons and MeV alpha particles. Although TES
microcalorimeters can be used over the whole range of
x-ray and gamma-ray energies, the best performance is ob-
tained when the device parameters are optimized for the indi-
vidual application. In this section, we describe the optimiza-
tion of our TES microcalorimeter spectrometer. We briefly
discuss the important considerations in instrument design, in-
cluding tradeoffs in energy resolution, dynamic range, speed,
and efficiency.

Figure 2(a) shows a schematic representation of the cou-
pled electrical and thermal circuits of a TES microcalorimeter
with a thermally linked bulk absorber. The TES is separated
from the thermal bath by a weak thermal conductance (G1).
When current is flowing through the resistance (R0) of the
TES, its heat capacity (C1) is heated to a temperature (T1)
above the bath temperature (Tb) by the electrical bias. The
sensor is voltage biased by placing its resistance (R0) in par-
allel with the smaller shunt resistance (Rsh). The equilibrium
current in the TES (I0) can then be chosen so that the equi-
librium temperature (T0) is in the superconducting transition
yielding a value of R0 that is in-between the normal resistance

hh11

C1

C2

G2

G1

Si Substrate

T
2

T1

Tb

∆E

Absorber

TES

Ib

Rsh R0

L

SQUID
Readout

(a) (b)

R 0/R
n

Temperature (mK)

FIG. 2. (a) Schematic representation of the coupled electrical and thermal
circuits of a two-body TES. The thermal conductances are shown as resistors.
(b) A typical superconducting transition for a Mo-Cu TES at zero dc current
with a small ac current used to perform the measurement.

(Rn) and zero resistance, see Fig. 2(b). In the small-signal
limit, the transition is parameterized by use of the logarith-
mic temperature sensitivity at constant current

αI = δlogR

δlogT

∣∣∣∣
I0

= T0

R0

δR

δT

∣∣∣∣
I0

, (1)

and the logarithmic current sensitivity at constant temperature

βI = δlogR

δlogI

∣∣∣∣
T0

= I0

R0

δR

δI

∣∣∣∣
T0

, (2)

so that the TES resistance as a function of changes in tem-
perature and current is Taylor expanded with only first order
terms retained

RT ES(δT , δI ) ≈ R0 + αI

R0

T0
δT + βI

R0

I0
δI. (3)

For simplicity, we start by assuming the thermal conduc-
tance between the absorber and TES (G2) is large, so that heat
capacity of the absorber (C2) and C1 act as a single heat ca-
pacity given by C = C1 + C2. When a photon strikes C, the
temperature of the TES and the absorber rises momentarily,
but then returns to equilibrium as the additional energy flows
through G1 into the bath. If we decouple the electrical and
thermal portions of the circuit, an instantaneous increase in
resistance would cause an exponential drop in current with a
time constant τ el = L/(Rsh + R0). The inductance (L) has the
effect of slowing down the current change. Then the temper-
ature of the TES returns to equilibrium exponentially with a
time constant τ = C/G1. The current through the TES is the
sum of the exponential decrease in current limited by τ el (rise
time of pulse) and an exponential return to equilibrium (fall
time of pulse) given by τ .

When the electrical and thermal circuits of the TES are
coupled, the decay time back to thermal equilibrium is re-
duced by negative electro-thermal feedback (ETF).3 When the
temperature of the film is increased by a photon or thermal
fluctuations, the resistance goes up, then the current drops,
causing the Joule heating to go down, driving the tempera-
ture back to the equilibrium value. As with most feedback
mechanisms, the ETF can cause the TES to become unsta-
ble when the feedback overcompensates. Care must be taken
in choosing the TES parameters to ensure stable detectors.
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Resolution: ~ 5 eV FWHM @ 6 keV 
cf.) silicon drift detector ~ 150 eV

Typical

pulse

τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs
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✓ 240 pixels 
✓ 23 mm2 eff. area

photo credit:
D.R. Schmidt✓ 1 pixel : 300 x 320 um2  (~ 0.1 mm2) 

✓ Mo-Cu bilayer TES. Tc ~ 107 mK.

✓ 4-µm-thick Bi absorber (eff.~ 85% @ 6 keV)

Φ ~1 cm



E62 setup 
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TES in-beam performance
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Resolution geometrical map

Resolution at CoKα 

no box : doesn’t work at all (12 pixel)

CoKα1

CoKα2

Response function

~5.8 eV FWHM

Detector response is well described 
by a gaussian and a low-energy exponential tail

After all the analysis optimization (mainly reduction of charge-particle effects)



Kaonic X-ray spectra
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4He3He
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He

3d!2p = 6224.5± 0.4(stat)± 0.2(syst) eV

�K�3
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2p = 2.5± 1.0(stat)± 0.4(syst) eV

EK�4
He

3d!2p = 6463.7± 0.3(stat)± 0.1(syst) eV
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Main source of the systematic error is the uncertainty in absolute energy scale.



Comparison with past experiments
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.
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The energy dependency of the energy resolution of the SDDs
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of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
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function (1) is shown as a solid line and, as well, the root-mean-
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termination of the detector resolution for the fit of the kaonic
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the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].
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terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
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Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
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• Anti-kaon could be a unique probe for hadron physics. 
We are performing systematic experiments at J-PARC K1.8BR. 

•  are investigated via d(K-,n)  reaction in J-PARC E31. 

•  signals were observed in 3He(K-,Λp)n channel in J-PARC E15. 

•  hint in 4He(K-,Λd)n events as a by-product of J-PARC T77. 

• Kaonic atom X-rays: K-He isotopes with unprecedented precisions. 

• More systematic study from JFY2026 with a new spectrometer  
•  detailed study (J-PARC E80) 

•  spin-parity (J-PARC P89)

Λ(1405) πΣ

K̄NN

K̄NNN

K̄NNN
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Summary
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Kaonic nuclear state is getting more solid

Physics Letters B 837 (2023) 137637 


