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allowed to grow linearly with the quark mass (or pion mass
squared), m0 þ α0m2

π . The two parameters of the
Hamiltonian model, the bare mass, m0, and the rate of
growth, α0, are constrained [43] by the lattice QCD results.
The interaction entries describe the coupling of the

single-particle state to the two-particle meson-baryon states
[44–46]. The strength of the interaction is selected to
reproduce the physical decay width (to πΣ) of 50" 2 MeV
[47] for the Λð1405Þ in the infinite-volume limit. The
couplings for other channels are related by SUð3Þ-flavor
symmetry [12–14].
In solving the Hamiltonian model, one naturally obtains

important nonperturbative avoided level crossings in the
quark mass and volume dependence of the eigenstates, vital
to describing the lattice QCD results. The solid curves of
Fig. 1 illustrate the best fit of the Hamiltonian model to the
lattice QCD results.
The three heaviest quark masses considered on the lattice

correspond to a stable odd-parity Λð1405Þ, as the πΣ
threshold energy exceeds that of the Λð1405Þ. However,
as the physical pion mass is approached, the πΣ threshold
energy decreases and a nontrivial mixing of states asso-
ciated with an avoided level crossing of the transitioning πΣ
threshold occurs. At the lightest two quark masses con-
sidered, the Λð1405Þ corresponds to the second state of
the Hamiltonian model with a πΣ-dominated eigenstate
occupying the lowest energy position.
The eigenvectors of the Hamiltonian system provide the

overlap of the basis states with the eigenstates and thus
describe the underlying composition of the eigenstates. As
the first and second eigenstates are dominated by the
single-particle state and the two-particle channels πΣ and
K̄N, we illustrate these in Fig. 4 for each value of pion mass
considered in the lattice QCD simulations. A sum over all
two-particle momentum states is done in reporting the
probability of the two-particle channels.
At the lightest pion mass, mπ ¼ 156 MeV, the

Hamiltonian model eigenstate for the Λð1405Þ is domi-
nated by the K̄N channel in complete agreement with the
explanation of the observed, vanishing strange quark
contribution to the magnetic form factor. A small but
nontrivial role for the single-particle three-quark state
enables the excitation of this state in the lattice correlation
matrix analysis of three-quark operators. In contrast, the
lowest-lying eigenstate of the Hamiltonian model at
mπ ¼ 156 MeV is dominated by πΣ, with very small
single-particle content, which explains why it is missing
from the lattice QCD spectrum.
Having confirmed that the Λð1405Þ state observed on the

lattice is best described as a molecular K̄N bound state, it
remains to demonstrate the connection between the finite-
volume lattice eigenstates and the infinite-volume reso-
nance found in nature. The quark-mass behavior of the
Λð1405Þ energy in the infinite-volume limit can be recon-
structed from the finite-volume Hamiltonian model by

considering the principal-value continuum versions of
the loop integral contributions from all channels. A boot-
strap error analysis provides a resonance energy of
1.48þ0.17

−0.07 GeV. The distribution of the bootstrap analysis
is sharply peaked around the most probable value of
1.41 GeV in good agreement with experiment. Further
details may be found in Ref. [48].
In summary, the Λð1405Þ has been identified in first-

principles lattice QCD calculations through a study of its
quark mass dependence and its relation to avoided level
crossings in finite-volume effective field theory. The struc-
ture of the Λð1405Þ is dominated by a molecular bound state
of an antikaon and a nucleon. This structure is signified
both by the vanishing of the strange quark contribution to the
magnetic moment of the Λð1405Þ and by the dominance of
the K̄N component found in the finite-volume effective field
theory Hamiltonian treatment.
At the same time, the presence of a nontrivial single-

particle three-quark component explains why the state is
readily accessible in lattice correlation matrix analyses
constructed with three-quark operators. In the infinite-
volume limit, the Hamiltonian model describes a quark
mass dependence that is consistent with nature.

We thank PACS-CS Collaboration for making their
gauge configurations available and acknowledge the
important ongoing support of the ILDG. This research
was undertaken with the assistance of resources awarded
at the NCI National Facility in Canberra, Australia,
and the iVEC facilities at Murdoch University
(iVEC@Murdoch) and the University of Western
Australia (iVEC@UWA). These resources are provided

FIG. 4 (color online). The overlap of the basis state, jstatei,
with the energy eigenstate jEi for the Λð1405Þ, illustrating the
composition of the Λð1405Þ as a function of pion mass. Basis
states include the single particle state, denoted by m0, and the
two-particle states πΣ and K̄N. A sum over all two-particle
momentum states is done in reporting the probability for the two-
particle channels. Pion masses are indicated on the x axis with the
vertical dashed line separating the first state for the heaviest three
masses from the second state for the lightest two masses.
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K-pp
❖ KN : attraction in Isospin=0

❖ Kaonic hydrogen X-ray ; SIDDHARTA  
     M. Bazzi et al., NPA 881 (2012) 88-97.

❖ Low-energy scattering measurements + Branching ratios at threshold

❖ Λ(1405) below the K-p threshold

❖ Jπ=1/2- ; Moriya et al., Phys. Rev. Lett. 112 (2014) 082004.

❖ Antikaon-Nucleon Molecule from Lattice QCD  
     ; J.M.M. Hall et al., Phys. Rev. Lett.  114 (2015) 132002.

❖ Possible existence of “K-pp” : Y=1, I=1/2, Jπ=0-



Past Experiments on K-pp
❖ First evidence of K-pp with 6Li+7Li+12C 

by FINUDA

❖ DISTO data: p+p→K-pp (pΛ)+ K+ at 2.85 GeV
❖ M=2267±3±5 MeV/c2

❖ Γ= 118±8±10 MeV

B=115+6/-5+3/-4 MeV 
   Γ= 67+14/-11+2/-3 MeV

M. Agnello et al., PRL94, (2005) 212303

T. Yamazaki et al., PRL 104 (2010) 132502. 
P. Kienle et al., Eur. Phys. J. A 48 (2012) 183.

Mðp!Þ # 2255 MeV=c2 of the K$pp candidate reported
by FINUDA [16].

The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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FIG. 4 (color online). (a) Observed DEV spectra of %MðKþÞ
of events with LAP emission [j cos"cmðpÞj< 0:6] and (b) with
SAP emission [j cos"cmðpÞj> 0:6]. Both selected with large-
angle Kþ emission [$ 0:2< cos"cmðKþÞ< 0:4].
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When a K! interacts with two protons, one expects that
a hyperon-nucleon pair (!" p, "0 " p, or "" " n) is
emitted in the opposite direction, ignoring a final state
interaction inside the nucleus. The angular correlation
between a ! and a proton from the same point in the target
[Fig. 2(b)] clearly indicates the existence of this kind of
reaction. Even for heavy nuclei such as 27Al and 51V the
similar correlations were observed, which might suggest
the absorption would take place at the surface of a nucleus.

In the following analysis, we use the !-p pairs emitted
in the opposite direction ( cos!Lab <!0:8) only from the
light nuclear targets (6Li, 7Li, and 12C).

Since the back-to-back angular correlation between a !
and a proton is so clear, it is naturally expected that the two
particles are emitted from a ‘‘K!pp’’ intermediate system.
The angular correlation is smeared out due to the Fermi
motions of the two protons at the surface of a nucleus by
which the K! is absorbed after cascading down the atomic
orbits by emitting x rays. If the reaction process were
simply a two-nucleon absorption process, the mass of the
system should be close to the sum of a kaon and two proton
mass, namely, 2:370 GeV=c2. The initial motion of the two
protons does not affect the invariant-mass distribution.

The invariant-mass distribution of the !-p pairs is
shown in Fig. 3. A significant mass decrease of the
K!pp system with respect to its expected mass is ob-
served. It can be interpreted as a bound state composed
of a kaon and two protons, hereafter abbreviated as K!pp.

In the inset of Fig. 3, the acceptance corrected invariant-
mass distribution for events with two well-defined long-
track protons is shown. Since the trigger and detection
acceptance are monotonically increasing functions of
the invariant mass in this mass region, the peak fur-
ther shifts to a lower mass side. The binding energy
BK!pp # 115"6

!5$stat%"3
!4$syst% MeV and the width # #

67"14
!11$stat%"2

!3$syst% MeV are obtained from the fitting
with a Lorentzian function (folded with a Gaussian with

" # 4 MeV=c2, corresponding to the detector resolution,
estimated with a Monte Carlo simulation) in the region of
2:22–2:33 GeV=c2. Here, the systematic errors were esti-
mated by changing the event selections in the ! invariant
mass and the !-p opening angle cut as well as by taking
account of the detector acceptance change due to possible
systematic deviations in absolute momentum scale, reac-
tion vertex distributions, etc. Although we still have ambi-
guities on absolute normalization, a rough estimate on the
yield of K!pp ! !" p is of the order of 0.1% per
stopped K!. Consistency of the Monte Carlo simulation
used for estimations of the acceptance and the resolutions
was examined by producing the K!pp events according to
the obtained mass and width. The same simulation con-
ditions were applied to these events; the momentum dis-
tributions of !’s and protons, the !-p opening angle
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FIG. 3. Invariant mass of a ! and a proton in back-to-back
correlation ( cos!Lab <!0:8) from light targets before the ac-
ceptance correction. The inset shows the result after the accep-
tance correction for the events which have two protons with
well-defined good tracks. Only the bins between 2.22 and
2:33 GeV=c2 are used for the fitting.
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FIG. 2. (a) Invariant-mass distribution of a proton and a #! for all the events in which these two particles are observed, fitted by a
single Gaussian together with a linear background in the invariant-mass range of 1100–1130 MeV=c2. (b) Opening angle distribution
between a ! and a proton: solid line, 6Li, 7Li, and 12C; dashed line, 27Al and 51V. The shaded area ( cos!Lab <!0:8) is selected as the
back-to-back event.
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Theoretical calculations on K-pp
❖ Methods : Variational vs. Faddeev  

   → Almost same results by using the same interaction model

❖ KN Interaction Models :   
Chiral SU(3)-based (Energy dependent) → Shallow~20 MeV  
Phenomenological (Energy independent) → Deep~40-70 MeV

Dote,Hyodo,
Weise

Akaishi, 
Yamazaki

Barnea, Gal, 
Liverts Ikeda, Sato Ikeda, 

Kamano,Sato
Schevchenko
,Gal, Mares

Revai, 
Schevchenko

Maeda, 
Akaishi, 

Yamazaki

B (MeV) 17-23 48 16 60-95 9-16 50-70 32 51.5

Γ(MeV) 40-70 61 41 45-80 34-46 90-110 49 61

Method Variational Variational Variational
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

Yakubovsky

Interaction
s

Chiral Phenom. Chiral Chiral Chiral Phenom. Chiral Phenom.

FSI effects ? (V.K. Magas et al.), Λ*N bound state (T. Uchino et al.)



Comparison between Theory and Exps.

❖ Binding energy

❖ Shallow case: B~20 MeV

❖ Deep case: B~40-70 MeV

❖ Observations: B>100 MeV

❖ Width

❖ agreement: Γ~30-100 MeV
By Y. Ichikawa



Recent measurements
❖ LEPS/SPring-8

❖ d(γ, K+π-) reaction (Eγ=1.5-2.4 GeV)

❖ Inclusive missing-mass  
        σm~10 MeV

❖ Background 
    K+Λ(1520), K+π-πY

❖ Upper limits:2.22-2.36 GeV/c2 
< 1.1-2.9 μb for Γ=100 MeV, 
9.9-26% of KπY productions

A.O. Tokiyasu et al., Phys. Lett. B 728 (2014) 616-621.



❖ HADES

❖ p+p→K+pΛ　@3.5 GeV

❖ Bonn-Gatchina Partial Wave Analysis  
well reproduces the data

❖ K-pp production upper  
limit ~4 μb for Γ=70 MeV  
(2.22-2.37 GeV/c2)  
　⇅ 
Λ(1405) production ~10μb

G. Agakishiev et al., Phys. Lett. B 742 (2015) 242-248.

246 G. Agakishiev et al. / Physics Letters B 742 (2015) 242–248

Fig. 2. Two-particle mass distributions for the pK +Λ final state, within the detector acceptance, shown for the HADES (upper panels) and WALL data-sets (lower panels), 
respectively. Black dots are the experimental data with their statistical uncertainty while the gray band shows the four best solutions of the PWA and displays their systematic 
differences.

(right part) which were used as intermediate states. Their combi-
nation yields 120 different ansatzes that were fitted to the data. 
The goodness of a fit is characterized by the negative of the log-
likelihood value that has been minimized in the fitting procedure. 
To account for the systematic uncertainty on the choice of the 
included waves in the fit result, the four best solutions of this 
systematic variation were taken as the result of the fit. These so-
lutions are: Nos. 8/1, 8/3, 9/6, and 8/8 (Non-resonant/Resonant 
combination), of which solution 9/6 had the best log-likelihood 
value. The fact that these combinations describe the data equally 
well, although the resonances used in the ansatz of the PWA were 
different, shows that the two data-sets are not sufficient for the 
PWA to determine the unique resonance contributions to the con-
sidered final state. To exhibit the quality of the four PWA solutions, 
the theoretical differential cross sections, calculated within the 
HADES acceptance, are scaled to the experimental data in Figs. 1
and 2, which show several angle and mass distributions. The gray 
band includes the four best solutions and displays their system-
atic differences which are small despite their content differs quite 
strongly from one another. The agreement between data and the 
PWA solutions is excellent. To test effects that might bias the re-
sult of the PWA fit, several checks have been performed. These 
are discussed in Refs. [53,54]. One check shows that the fraction 
of background events in the data does not decrease the predictive 
power of the fit [53] and the other check was performed to test 
whether an unknown signal that is in the data might bias the re-
sult of the PWA [54].

4. The hypothesis tests and the upper limit

The four best PWA solutions were used as a null hypothesis 
H0 for the existence of the kaonic nuclear bound state with its 
decay into pΛ. A significant deviation of the data from the PWA 
results might indicate the presence of an additional signal, like the 
K N N . The discrepancy between the measured data and the null 
hypothesis as a function of the pΛ invariant mass was determined 
based on a local p0-value [54]. The combined result of this hypoth-

Fig. 3. The local p0 value and the equivalent significance for different masses of pΛ. 
It is calculated based on the mass spectra from the HADES and WALL data. The gray 
hatched range is due to the systematic uncertainty between the four best solutions 
of the PWA.

esis test including both mass spectra (HADES and WALL data) is 
shown in Fig. 3. The different p0-values of the four PWA solutions 
were combined to a gray band. The local p0-value and its accord-
ing equivalent significance, shown in units of nσ , reveals a good 
agreement between H0 and the data.2 In the possible mass range 
of the kaonic nuclear bound state 2054–2370 MeV/c2 the agree-
ment is always within 2σ . Hence, the data are consistent with 
H0 and we do not observe any significant contribution of a yet 
unknown signal, like the K N N , to the data. This conclusion does 
also hold for the separate local p0-values for the HADES and WALL 
data, as shown in Ref. [54].

In a next step the data were tested against several signal hy-
potheses to determine an upper limit of the K N N contribution 
to the data. For that purpose, the K N N signal has been included 
as a wave to the PWA solution. The K N N was parametrized as 

2 A correct hypothesis will produce p-values uniformly distributed between 0 
and 1. If the H0 hypothesis is false the p-values should be distributed more likely 
at very small values. This is a necessary condition for the presence of a new signal 
in the data.

ΛppK+



❖ J-PARC E15

❖ 3He(K-,n) reaction @ 1 GeV/c

❖ Semi-inclusive missing-mass 
  σm:5-15 MeV

❖ K-pp production upper limit  
100-270 μb/sr for Γ=100 MeV  
(~5% of QF K-n elastic)

PTEP 2015, 061D01 T. Hashimoto et al.
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"p mass threshold (2.06 GeV/c2) to 2.29 GeV/c2, by assuming the decay branch to be K − pp → "p
in S-wave (uniform angular distribution), as suggested by FINUDA and DISTO.

The intrinsic shape of the K − pp bound state is assumed to be a Breit–Wigner function, f (x). In
the semi-inclusive spectrum, this intrinsic spectral shape is deformed by the CDS tagging acceptance,
ACDS, and smeared by the missing-mass resolution, σMM. The folded Breit–Wigner function, F(x),
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Fig. 6. Upper limits on the K − pp formation cross section obtained at θ lab = 0◦ and 95% confidence level for
the natural widths (") of 20, 60, and 100 MeV.

is evaluated as follows:

F(x; MX , ") =
∫ (

f (x ′) · ACDS(x ′)
)
· g

(
x − x ′; σMM(x ′)

)
dx ′,

f (x; MX , ") = C ·
(

1
2π

"

(x − MX )2 + "2/4

)
,

g(x; σ ) = 1√
2πσ

exp
(

− x2

2σ 2

)
,

dσ

d%
(θlab = 0) =

∫ M(K −+p+p)

M(&+p)
f (x)dx,

where C is a normalization factor, and dσ/d% (θlab = 0), MX and " are the formation cross section,
mass, and the natural width of the K − pp state, respectively. To evaluate ACDS, we assumed the
branching ratio of K − pp → &p (S-wave) to be 100%. This assumption does not affect the result
substantially, because of the large CDS acceptance. In fact, ACDS is ∼0.7 for K − pp → &p decay,
and ∼0.4 for K − pp → (π')0 p decay at just above the ' + p + π mass threshold (∼2.27 GeV/c2).
To evaluate an upper limit on the formation cross section, a likelihood function was calculated using
the function F(x) with the backgrounds shown in Fig. 5. The systematic error, coming from the
normalization factor of the cross section (17%), was taken into account by smearing the likelihood
function. Note that, in this evaluation, we used the efficiency-uncorrected BG'-decay, namely '±-
reconstructed events only, hence the upper limits obtained are conservative ones.

In Fig. 6, the upper limits are plotted as a function of the 3He(K −, n)X missing mass for the natural
widths of 20, 60, and 100 MeV. The upper limits obtained are one order of magnitude smaller than
the theoretical calculation by Koike and Harada for the deeply bound K − pp case. The ratios of the
upper limits on the K − pp formation to the cross sections of the quasi-elastic channels are (0.5–5)%
(quasi-elastic K −“n” → K −n) and (0.3–3)% (charge exchange K −“p” → K 0n), depending on the
energy and natural width. These ratios are rather small compared to the sticking probability of usual
hypernucleus formation.
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each other, where BG!-decay indicates !±-reconstructed events only. In the simulation spectrum, contributions
from each reaction are sorted by reaction products.
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Fig. 5. Close-up view of 3He(K −, n)X semi-inclusive missing-mass spectrum (Fig. 4) focusing on the K − pp
bound region.

"p mass threshold (2.06 GeV/c2) to 2.29 GeV/c2, by assuming the decay branch to be K − pp → "p
in S-wave (uniform angular distribution), as suggested by FINUDA and DISTO.

The intrinsic shape of the K − pp bound state is assumed to be a Breit–Wigner function, f (x). In
the semi-inclusive spectrum, this intrinsic spectral shape is deformed by the CDS tagging acceptance,
ACDS, and smeared by the missing-mass resolution, σMM. The folded Breit–Wigner function, F(x),
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2.06-2.29 GeV/c2



Lessons
❖ It looks hard to observe the K-pp signal in inclusive 

measurements. (LEPS, J-PARC E15 fwd “n”)

❖ Small and Broad signature ;   ~1  
   two-step reaction (two nucleons be involved)

❖ Large and Widely distributed QF background ;  >10~100  
   single-step reaction



J-PARC E27
❖ d(π+, K+) reaction @1.69 GeV/c

Yamazaki & Akaishi, Phys. Rev. C 76 (2007) 045201. 

Missing mass

Y. Ichikawa et al., PTEP (2014) 101D03.
Y. Ichikawa et al., PTEP (2015) 021D01.



Experimental Setup
❖ K1.8 beam line spectrometer

❖ 1.69 GeV/c π+

❖ ∆p/p~2x10-3

❖ SKS spectrometer

❖ 0.8-1.3 GeV/c K+

❖ ∆p/p~2x10-3

❖ ∆Ω~100 msr

❖ Target : liquid deuterium(1.99 g/cm2)
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Expected Inclusive Spectrum
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p(π+,K+)Σ+/Σ* @1.69 GeV/c
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Measured d(π+,K+)X spectrum

PTEP 2014, 101D03 Y. Ichikawa et al.

(a) (b)

p++pÆK++S(1385)+
p++pÆK++L+p
p++pÆK++S+p

Fig. 2. (a) The missing-mass spectrum of the p(π+, K+) reaction in the "+(1385) mass region. The experi-
mental data are shown by black points with statistical errors. The spectrum was fitted with "(1385)+ (dashed
line), #π (dotted line), and "π (dot-dashed line) productions. (b) The differential cross sections of "+ pro-
duction at pπ+ = 1.69GeV/c. The present data and the referenced old data are shown by crosses with statistical
errors and open circles, respectively.

(a) (b)

Fig. 3. (a) The missing-mass spectrum (MMd ) of the d(π+, K+) reaction for the scattering angle from 2◦ to
16◦ (Lab) per 2 MeV/c2. The crosses and solid line show the experimental data and the simulated spectrum,
respectively. The result of the Y ∗ peak fitting is also shown with a dashed red line for the experimental data. (b)
The missing-mass spectrum (MMd ) in the 2.09 to 2.17 GeV/c2 region for the forward scattering angle from 2◦

to 8◦ (Lab) per 0.5 MeV/c2, which is shown by crosses. The fitting results are shown by solid and dashed lines
(χ2/ndf = 1.11). See details in the text.

we can find three major structures in the spectrum: quasi-free # component from the reaction (1),
quasi-free " component from the reaction (2), and quasi-free Y ∗ component from the reactions (3),
(4). The non-resonant phase space component from the reaction (5) constitutes a broad structure
under the quasi-free Y ∗ bump.

We made an attempt to reproduce the double differential cross section d2σ̄/d&/dM with a sim-
ulation by using the cross sections dσ/d& of each reaction obtained in the past experiments with
a smearing by the nucleon Fermi motion in a deuteron. Here, we used a deuteron wave-function
derived from the Bonn potential [20]. For the π+ + “n” reactions, we used the cross sections and
angular distributions of π− + p reactions in Ref. [9], assuming isospin symmetry. For the π+ + “p”
reactions, we used the values in Ref. [11,12].
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ΣN-ΛN Cusp 
@2.13 GeV

Mass shift for Y* 
by ~30 MeV

K-pp



Range counter for Proton tagging
❖ Range Counter Arrays (RCA)

❖ 5 layers(1+2+2+5+2 cm) of 
Plastic scinti.

❖ 39-122 deg. (L+R)

❖ 50 cm TOF → βp
PTEP 2015, 021D01 Y. Ichikawa et al.
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Fig. 1. (a) Schematic view of the range counter system. It was composed of six range counter arrays; three on
the left (Seg1 to Seg3) and three on the right (Seg4 to Seg6) of the beam axis. SDC1 and 2 were the tracking
drift chambers at the entrance of the SKS. (b) A scatter plot between the P I D parameter and 1/β. Protons are
clearly separated from pions.

system was installed surrounding the liquid deuterium target at laboratory angles between 39◦ and
122◦, on both the left and right sides from the beam axis, as shown in Fig. 1(a). The typical momentum
of the produced system around the missing mass M Md ∼ 2.27 GeV/c2 is about 0.6 GeV/c at the
scattering angle θπ K ∼ 0◦ and we have a large acceptance to detect charged decay particles. We had
three range counter arrays (RCAs) on each side and the assignment of the segment number is also
shown in Fig. 1(a).

Each range counter array had five layers of plastic scintillation counters; the thickness of each
scintillator was 1 cm, 2 cm, 2 cm, 5 cm, and 2 cm, respectively, with a height of 100 cm. The width of
each layer was 20 cm. The first two layers were segmented into two slabs; each slab had 10 cm width.
Therefore, we had seven (2 + 2 + 1 + 1 + 1) scintillation counters in one range counter array. Every
scintillation counter was read out from both sides (up and down) by photo-multiplier tubes (PMTs).

From each PMT, both hit timing and pulse height information were obtained. The discriminator
threshold for the timing information was set at less than the one-tenth level of the minimum ionizing
particles. The timing information from the first layer was used for the on-line trigger and the time-of-
flight analysis off-line. The distance from the liquid target center to the first layer was about 50 cm.
In the on-line trigger, the (π, K ) trigger in coincidence with range counter hits was generated by
requiring at least one hit among the 12 first-layer scintillators.

From a hit pattern of five layers, we can define the stopping layer, istop, for each range counter
array. Then, we set up a particle identification parameter, PID, as,

PID = (dEistop + dE(istop−1))
α − (dEistop)

α, (1)

where d Ei shows the energy deposit in the i th layer of the plastic scintillators. The PID is a function
of particle mass when the parameter α(∼1.75) is properly adjusted.

The time-of-flight (TOF) of each particle was obtained with the hit timing in the first layer. The
flight path length was measured from the vertex position of the (π+, K +) reaction to the hit position
on the first layer. In this analysis, the horizontal hit position was assumed to be the center of the
scintillators and the vertical hit position was obtained from the time difference between the up and
down PMTs. Then, the velocity of the particle (β) was obtained as β = (path length)/(TOF · c),
which was adjusted by using the π+ produced from the %+ → π+n decay in the π+d → K +%+X
reaction.
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Proton Tagging
❖ Background: QF Y/Y* productions → Forward protons

❖              Signal: K-pp decays → protons in RCA

Simulation



Coincidence Study
❖ Proton mom. >250 MeV/c

❖ QFΛ, QFΣ, QFY*s are  
suppressed as expected !!

❖ What’s left ?

Inclusive

Proton Coincidence



One-proton coincidence
❖ Coincidence Probability(MM)  

= One-proton coincidence(MM)/Inclusive(MM)

❖ Enhancement near  
the ΣN threshold 
(2.13 GeV/c2)

❖ Broad bump at  
~2.28 GeV/c2



Two-proton coin. & Decay mode
❖ Two-protons in the final state : 

K-pp→  Λp,    Σ0p,    Yπp  
            ppπ, ppπγ,  ppππ(γ)

❖ d(π+,K+pp)X

20

＋	  Data	  	  

ー	  X	  =	  π	  	  (FS:	  Λp)	  

ー	  X	  =	  πγ	  (FS:	  Σ0p)	  

ー	  X	  =	  2π(γ)	  (FS:	  Yπp)	  

ー	  Sum

① ② ③

Λp

Σ0p

Λp
Σ0p

Yπp
Λp

Σ0p

Yπp

① ② ③

Kinematically almost-complete measurement !



Mass-acceptance for each decay mode

Λp�

Σ0p�

Yπp�



K-pp-like Structure
❖ Mass :

❖ Width :

❖ Binding EnergyPTEP 2015, 021D01 Y. Ichikawa et al.

Fig. 4. (a) Missing-mass spectrum of the d(π+, K +) reaction for two-proton coincidence and the "0 p decay
branch events. The mass acceptances of the RCAs are corrected. The spectrum was fitted with a relativistic
Breit–Wigner function (see text for details). We found a mass 2275 +17

−18 (stat.) +21
−30 (syst.) MeV/c2 and a width

162 +87
−45 (stat.) +66

−78 (syst.) MeV. (b) The coincidence probability of one proton for the middle segment of the
RCA, as in Fig. 2(c), together with the interpretation spectra shown as a colored line. See text for details.

histogram, shown in Fig. 4(b) as a plot colored in pink, which is calculated as

Rp(M Md) =
C × f (M Md) × η1p(M Md)

( d2σ
d%d M Md

(M Md))inclusive
, (3)

where C is the normalization constant, and η1p(M Md) is the detection efficiency of a proton in the
middle segments of the RCA (Seg2, 5). The blue line in Fig. 4(b) is an assumed flat component rep-
resenting the conversion processes and the contamination from the misidentification of π± in the
RCA. Red points with error bars in Fig. 4(b) are the sum of the pink points and blue line. The nor-
malization constant C and the amplitude of the flat component (blue line) were adjusted to minimize
the differences between the black and red points. Thus, the obtained one-proton coincidence prob-
ability spectrum of the broad enhanced region could be reproduced by the “K − pp” signal and flat
background.

What is the nature of the “K − pp”-like structure? It should have strangeness −1 and baryon number
B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the spin of the
K − pp system, a K − is theoretically assumed to couple with a spin-singlet (S = 0) p–p pair in
an S-wave (L = 0), so that the J P = 0−, presumably. An alternative view of the system as a &∗ p
bound state [28] also predicts the bound-state spin to be 0. There is also a theoretical prediction of a
(Y, I, J P) = (1, 3/2, 2+) dibaryon as a π&N–π"N bound state [29].

4. Summary We have observed a “K − pp”-like structure in the d(π+, K +) reaction at
1.69 GeV/c with coincidence of high-momentum (>250 MeV/c) proton(s) at large emission angles
(39◦ < θlab. < 122◦). A broad enhancement in the proton coincidence spectra is observed around
the missing mass of 2.27 GeV/c2, which corresponds to a binding energy of the K − pp system of
95 +18

−17 (stat.) +30
−21 (syst.) MeV and a width of 162 +87

−45 (stat.) +66
−78 (syst.) MeV. The branching fraction

between the &p and "0 p decay modes of the “K − pp”-like structure was measured for the first time
as (&p/("0 p = 0.92 +0.16

−0.14 (stat.) +0.60
−0.42 (syst.).
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(a) (b) (c)

Fig. 3. Missing-mass square spectra of X obtained in two-proton coincidence events in the
d(π+, K + pp)X reaction. Each spectrum shows the mass square of X for a different MMd region: the
left (a) shows the QF" region (MMd < 2.22 GeV/c2), the center (b) shows the “K − pp”-like structure
region (2.22 < MMd < 2.35 GeV/c2), and the right (c) shows the QFY ∗ region (MMd > 2.35 GeV/c2). The
spectra were fitted with three components of #p (dashed line), "0 p (dot-dashed line), and Yπp (dotted line)
decay modes.

two-proton coincidence events of the "0 p final state (ii) with the acceptance correction. According to
the simulation, the contribution of the "0 p → "0 p rescattering background is negligible because of
the two high-momentum proton coincidence. The spectrum was fitted with a relativistic Breit–Wigner
function:

f (MMd) = (2/π)MMdm0$(q)

(m2
0 − MM2

d)2 + (m0$(q))2
. (2)

The mass-dependent width was $(q) = $0(q/q0), in which q (q0) is the momentum of the
"0 and proton in the "0 p rest frame at mass MMd (m0). The obtained mass and width are
2275 +17

−18 (stat.) +21
−30 (syst.) MeV/c2 and 162 +87

−45 (stat.) +66
−78 (syst.) MeV, respectively. This cor-

responds to the binding energy of the K − pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the
production cross section of the “K − pp”-like structure decaying to "0 p of dσ/d&K − pp→"0 p =
3.0 ± 0.3 (stat.) +0.7

−1.1 (syst.) µb/sr. The systematic errors of these values were estimated taking into
account uncertainties in the fitting ranges, the binning of the missing-mass spectrum, the detec-
tion efficiency of two protons in the RCA, and the Breit–Wigner shape by changing the Lorentzian
function folded with the missing-mass resolution. The differential cross section of the “K − pp”-
like structure of the #p decay mode (i) was also estimated from the fitting assuming the same
distribution of MMd . Thus, a branching fraction of the “K − pp”-like structure was obtained as
$#p/$"0 p = 0.92 +0.16

−0.14 (stat.) +0.60
−0.42 (syst.). This ratio was discussed from a theoretical point of

view and predicted to be 1.2 using the chiral unitary model in Ref. [27].
Next, we try to understand the ratio histogram (Fig. 2(c)) with the obtained K − pp mass distribution

of f (M Md). By using the mass distribution for the “K − pp”-like structure and the double-differential
cross section of the inclusive (π+, K +) process d2σ

d&d M Md
(M Md)inclusive, we can obtain the ratio
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Σ0p mode

Relativistic Breit-Wigner
162+87

�45(stat.)
+66
�78(syst.) MeV

2275+17
�18(stat.)

+21
�30(syst.) MeV/c2



Λp/Σ0p Branching Fraction
ΣN cusp +  

ΣN→ΛN conversion

d�

d⌦K�pp!⌃0p
= 3.0± 0.3(stat)+0.7

�1.1(syst)µb/sr

d�

d⌦⇤(1405)
= 36.9 µb/sr

d�

d⌦K�pp!⇤p/⌃0p
/
d�

d⌦⇤(1405)
⇡ (7/8)%

�⇤p

�⌃0p
= 0.92+0.16

�0.14(stat)
+0.60
�0.42(syst)

Preliminary



Remarks
❖ Λ(1405) production seems to be necessary,

❖  (OK for DISTO, HADES, J-PARC E27; △ for FINUDA, 

　? for E15)

❖ but, not enough !

❖ Need to understand the Λ*(E)p→K-pp dynamics

❖ →sensitivity of the measurements  
     7% of Λ(1405) in E27 ⇔ < 40% in HADES



Discussion on “K-pp”
❖ Binding Energy is large (~100 MeV), and the width is 

broad.

❖ Not inconsistent with  
FINUDA, DISTO

❖ Theoretical calcs. are  
difficult to reproduce  
the large binding.

148 CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION

What is the nature of the “K−pp”-like structure? Since we used the
π+ d → K+ “K−pp”, “K−pp” → Σ0(Λ) p reaction, the “K−pp”-like structure should
be strangeness −1 and baryon number B = 2, so that the hyper charge Y = 1. The
K−pp is theoretically considered as the JP = 0−, where a K− couple with a spin-singlet
(S = 0) p-p pair in S-wave (L = 0). The possible theoretical interpretation as a Λ∗p
bound state also predicted to be JP = 0− for the bound state [3]. There is also a the-
oretical prediction of a dibaryon as πΛN–πΣN bound state, whose quantum number is
(Y, I, JP ) = (1, 3/2, 2+) [2]. However, from the isospin point of view, the isospin of the
system should be 1/2 not 3/2, because we have observed the Λp mode.

 [MeV]pp-KB
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Figure 5.29: Comparison of the binding energy and width of the K−pp. The calculated
binding energy and width using the chiral SU(3)-based energy dependent potentials are
shown with circles and the ones calculated with the energy independent potentials are
indicated with triangles (same as Figure 1.15). The experimental values evaluated from
the FINUDA [43], DISTO [46] and OBELIX [49] experiments are indicated with red
squares. The values obtained from this data are shown with a magenta square. For the
experimental values, the statistical and systematic errors are shown with the blue and
green lines, respectively.

Our obtained mass corresponding to the K−pp binding energy of about 100 MeV
and broad width are not inconsistent with the values evaluated from the FINUDA and
DISTO experiment within the error as shown in Figure 5.29. However, theoretical calcu-
lation for the K−pp is difficult to reproduce such a deep binding energy about 100 MeV.
In this view, recently Maeda, Akaishi and Yamazaki reported an interesting study [114].
They studied some kaonic nuclei such as the K−pp with the phenomenological K̄N po-
tential [1, 40] using the Faddeev and Faddeev-Yakubovsky method. They conducted
an analysis on the effect of the partial restoration of chiral symmetry on the K̄N in-
teraction on the basis of the “clearing QCD vacuum” model of Brown, Kubodera and
Rho [115]. Finally, they pointed out that the renormalized interaction strength of K̄N
system due to the partial restoration of the chiral symmetry can reproduce such a large
K−pp binding energy about 100 MeV. There is also an interesting theoretical study,



Other possibilities
❖ Dibaryon as πΛＮ-πΣN bound states 

Y=1, I=3/2, Jπ=2+ ;  
       Λp (I=1/2) decay is prohibited.

❖ Λ(1405)N bound state  
I=1/2, Jπ=0- ;     not so large binding

❖ A lower πΣN pole of “K-pp” 
a broad resonance near the πΣN threshold

❖ Enhanced KN interaction due to  
 Partial restoration of Chiral symmetry;  
 

H. Garcilazo, A. Gal, PLB 897 (2013) 167-178.

T. Uchino et al., NPA868 (2011) 53.

A. Dote, T. Inoue, T. Myo, PTEP (2015) 043D02.

S. Maeda, Y. Akaishi, T. Yamazaki, Proc. Jpn. Acad., B 89 (2013) 418-437.



On-going activities

❖ AMADEUS : 12C(+27Al)(K-stop,Σ0p)X

❖ HADES : Global Partial Wave Analysis with HADES
+DISTO+FOPI+COSY datasets …

❖ J-PARC E15 : 3He(K-,npΛ)  
  coming data taking in Nov. for 10-times better statistics



Summary
❖ “K-pp”-like structure is observed in the d(π+,K+pp)X reaction at 

1.69 GeV/c in the Σ0p invariant mass, for the first time.

❖ Binding Energy 

❖ Width 

❖ Branching Fraction

❖ First evidence of Y=1, B=2, S=-1 bound system

❖ No B=2, S=-1 hypernuclei;   Λ: B=3, 3ΛH,  Σ: B=4, 4ΣHe

❖ How about B=2, S=-2 ?? ,   ΛΛ-H dibaryon, ΞN 

�⇤p

�⌃0p
= 0.92+0.16

�0.14(stat)
+0.60
�0.42(syst)

95+18
�17(stat.)

+30
�21(syst.) MeV

162+87
�45(stat.)

+66
�78(syst.) MeV


