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We have measured an inclusive missing-mass spectrum of the d(π+,K+) reaction at the
pion incident momentum of 1.69 GeV/c in the laboratory scattering angles between 2◦

and 16◦ with the missing-mass resolution of 2.7 MeV/c2(FWHM). In this letter, we first
try to understand the spectrum as a simple quasi-free picture based on several known
elementary cross sections considering the neutron/proton Fermi motion in deuteron.
While major spectrum structures are well understood in this picture, we have observed
two distinct deviations; one peculiar enhancement at 2.13 GeV/c2 is due to a thresh-
old cusp of the ΛN → ΣN conversion process, and the other notable thing is a shift
of a broad bump structure by about 22 ± 0.4 MeV/c2 toward low mass side mainly
contributed from hyperon resonance productions of Λ(1405) and Σ(1385)+/0.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Subject Index Kaonic nuclei, Λ(1405), Strangeness physics

1. Introduction

The measurement was carried out at the K1.8 beam line [1] of the J-PARC hadron exper-

imental hall by using a π+ beam at 1.69 GeV/c with a typical beam intensity of 3× 106

per 6-seconds spill cycle with a spill length of about 2 seconds. A liquid deuterium target
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New type of Strange matter
Strange Mesons (K, K-) in nuclei
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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 

Λ(1405) below the K-p threshold 

K-pp : Y=1, I=1/2, Jπ=0- 



Experiments on K-pp
First evidence of K-pp with 6Li+7Li+12C  
by FINUDA 

!

!

!

!
DISTO data: p+p→K-pp + 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].
We are indebted to the stimulating discussion of

Professors Y. Akaishi and R. S. Hayano. This research
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‘‘Origin and Structure of the Universe’’ of Technische
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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].

PRL 104, 132502 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
2 APRIL 2010

132502-4

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.

]2c invariant mass [MeV/- p-
1080 1100 1120 1140 1160 1180 1200

-π
1080 1100 1120 1140 1160 1180 1200

)2 c
co

un
ts

/(
M

eV
/

0

200

400

600

800

1000 (a)

)Λ(pLabθ cos 
-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1

co
un

ts

0

20

40

60

80

100 (b)

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
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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
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Theoretical work on K-pp
K-pp does exist !!  
      ...but maybe broad (consistent with EXPs)
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K-pp Searches at J-PARC
E15 : 3He(K-,n/p)”K-pp”, “K-pp”→Λp, Σ0p  at 1 GeV/c 

K-“n”→n+”K-“, ”K-“+”pp”→K-pp 

Exclusive measurement 

K-pp→Λp, Σ0p 

Isospin dependence 

E27 : d(π+,K+) with proton(s) coin. at 1.69 GeV/c 

Λ(1405) as a doorway; π+”n”→K+Λ*(1405), Λ*p→K-pp 

Semi-exclusive 

K-pp→p+Y, p+p+π+(γ, π)



E15 Experiment
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Neutron TOF
15-m TOF, 22 msr 

σt~150 ps 

8 MeVee THR. 

Detection efficiency 
0.23±0.4 @1.1GeV/c

segmented into 16-column (horizontal) × 7-layer (depth)
units with a total volume of 3.2 m (horizontal) × 1.5 m
(height) × 0.35 m (depth), had a coverage of ∼22.1 msr
solid angle. Most of the charged particles, including beam
particles, were swept out from the NC acceptance with a
beam sweeping magnet. Furthermore, two types of scintil-
lation counter arrays were installed to veto charged parti-
cles downstream of the target system and upstream of the
NC.

To determine the flight length of a forward-going parti-
cle, the reaction vertex was reconstructed by a cylindrical
detector system (CDS) surrounding the target. Charged
particles emitted in the reaction were tracked with a 15-
layer cylindrical drift chamber (CDC) in a 0.7 T solenoidal
field. A beam-line drift chamber just upstream of the tar-
get was utilized, together with the CDC tracks, to recon-
struct the reaction vertex. The vertex resolutions were
evaluated to be ∼1 and ∼7 mm in the perpendicular and
parallel directions to the beam, respectively. The helium-3
fiducial volume was defined as 60 mm in diameter and 100
mm in length to cut the events where beam kaons inter-
act with the target cell. A cylindrical detector hodoscope
(CDH) was used as a trigger counter with a polar-angle ac-
ceptance from 54 to 126 degrees. The timing of the CDH
provided particle identification together with the track mo-
mentum analyzed by the CDC. The CDS momentum ac-
ceptance is limited by the material budget from the target
to the CDH: typically 80, 180, and 260 MeV/c for pions,
kaons, and protons, respectively.

Figure 2 shows a 1/β spectrum of forward neutral par-
ticles detected by the NC, and the measured energy de-
posited versus 1/β. The γ-ray peak position provided a
reference to adjust timing offsets and time-walk effects of
each NC segment. The time-of-flight resolution for the
forward neutral particles was obtained from the width
of the γ-ray peak to be 150 ps (σ). Another peak at
around 1/β = 1.3 is a quasi-free peak attributed to the
quasi-elastic scattering (K−“n” → K−n: double quota-
tion marks indicate a quasi-free nucleon in 3He) and the
charge-exchange reaction (K−“p” → K0

sn). Here the neu-
tron timing was determined by the time-wise first-hit seg-
ment with an energy deposited larger than a threshold
determined off-line. The threshold was optimized to be
8 MeVee (MeV electron equivalent) in terms of a signal-
to-background ratio at the quasi-free peak. The accidental
background can be evaluated from the yield in the unphys-
ical region, the 1/β range from 0.6 to 0.9, as the dotted line
in Fig. 2 indicates. The signal-to-background ratio at the
quasi-free peak was ∼100. The detection efficiency for a
neutron was evaluated to be 0.23 ± 0.04 using ∼1.1 GeV/c
neutrons by an exclusive analysis of the 3He(K−, nK0

s )d
reaction. We assumed the neutron detection efficiency has
no momentum dependence around 1 GeV/c since np and
nC reaction cross sections are known to be flat in this re-
gion [27].

 β1 / 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 E
ne

rg
y 

de
po

si
t (

M
eV

ee
)

0

20

40

60

80

1

10

210

310
 C

ou
nt

s 
/ 0

.0
1

10

210

310

410

1.5 1.0 0.5 0.2
Neutron momentum (GeV/c)

-rayγ

NK→N-K

Figure 2: (top) 1/β distribution with the off-line threshold. The
dotted line indicates the accidental background level evaluated in
the region from 0.6 to 0.9. (bottom) Distribution of the energy de-
posited on the NC versus 1/β. The horizontal solid line indicates
the 8 MeVee off-line threshold applied to reduce the accidental back-
ground.

3. Results and Discussions

3.1. Semi-inclusive neutron spectrum

Figure 3 shows the 3He(K−, n)X missing-mass distri-
bution obtained based on a semi-inclusive condition by
requiring at least one charged track in the CDS. The most
prominent structure in the spectrum is a peak at around
2.4 GeV/c2. It corresponds to the quasi-free peak also seen
in the 1/β spectrum. The inset of Fig. 3 demonstrates one
of the source processes contributing to the quasi-free peak,
K−“p” → K0

sn, by reconstructing the K0
s → π+π− de-

cay with the CDS. The K0
s -tagged spectrum also indicates

that the peak broadening due to Fermi motion has little
influence on the tail structure in the bound region. A con-
tinuum above the quasi-free peak is mainly attributed to
hyperon production and subsequent decay into neutrons.

The missing-mass resolution, also shown in Fig. 3, is
mainly due to the neutron time-of-flight resolution. A res-
olution of 10 MeV/c2 (σ) was achieved around the region of
interest. The precision of the absolute missing-mass scale
was evaluated to be 3 MeV/c2 from the peak positions
of the missing-deuteron in the 3He(K−, nK0

s )d reaction
and the Σ± reconstructed by a neutron in the NC and a
charged pion in the CDS. The widths of these peaks, in-
cluding the quasi-free peak, were well reproduced by the
resolution and Fermi motion in 3He [28].
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Figure 3: 3He(K−, n)X semi-inclusive missing-mass distribution
along with the missing-mass resolution shown above. The error bars
denote statistical uncertainties. Additionally, for the left axis, there
is 17% uncertainty associated with normalization. The K−pp bind-
ing threshold is indicated by a dotted line and other related mass
thresholds are indicated by solid lines. The inset shows the K0

s -
tagged spectrum. See text for the details.

The spectrum was normalized as,

d2σ

dΩdM
ACDS =

1

L

Nn

ΩNC∆Mϵ

where Nn is the number of observed neutrons in the
missing-mass interval ∆M , and ΩNC is the acceptance of
the NC. The effective integrated luminosity, L, was eval-
uated to be 547 µb−1 by considering the beam analysis
efficiency and the fiducial volume selection. The overall
efficiency, ϵ, was evaluated using the experimental data
to be 0.16, including the neutron detection efficiency, re-
action losses between the target and the NC, the vertex
reconstruction efficiency, the neutron over-killing ratio by
the two veto counter arrays, the DAQ live rate, and the
trigger efficiency. ACDS is the CDS tagging acceptance
— namely the probability of having at least one charged
particle within the CDS acceptance when a neutron is de-
tected by the NC. There is a rather large uncertainty about
ACDS since it depends on the angular distribution and the
cross section of each reaction, which are not well-known
for the K−+3He reaction. Therefore, we presented the
spectrum without correcting ACDS . The systematic er-
ror of the normalization was evaluated as ± 17%, which
was dominated by the uncertainty of the neutron detection
efficiency.

3.2. Background evaluation in the K−pp bound-region

For further discussion on the structure in the K−pp
bound region, background contributions were investigated.
Here, four kinds of background sources are considered as
follows.

Accidental background (BGaccidental). The purely acci-
dental background, which is uncorrelated with the trig-
gered beam, and is random in time, can be evaluated using
the 1/β spectrum as shown in Fig. 2. This background
component accounts for about half the observed yield in
the unphysical region which is below the ΛN mass thresh-
old in the neutron missing-mass.

Neutral particles other than neutrons (BGneutral). The
other source of the background in the unphysical region
is the tail component of the γ-ray peak. It mainly comes
from π0 produced via hyperon- and K̄-decays. In addi-
tion, long-lived K0

L also makes a NC signal through the
K0N reaction and decay at the NC, which appears in the
missing-mass below the K−pp threshold. Those contribu-
tions were evaluated by a Monte Carlo simulation based
on the GEANT4 toolkit [29] with known elementary pro-
cesses [30]. They can explain the remaining yield in the
unphysical region when the absolute yield is normalized
to the γ-ray peak. The overall uncertainty of those yields
was estimated to be 20% from the relative uncertainty of
the elementary cross sections.

Fast neutrons from Σ± decays (BGΣ-decay). Among the
elementary reactions, only forward-going hyperons pro-
duced via the K−“N” → Y π reactions are kinematically
allowed to produce fast neutrons which contribute to the
K−pp bound region in the 3He(K−, n)X missing-mass
spectrum. For the K−“N” → Σ±π reactions, most of
these events have a CDS track of the charged pion com-
ing from the Σ± decay. Hence, their contribution was
evaluated by reconstructing Σ± from their decay parti-
cles n and π± detected with the NC and the CDS, re-
spectively. However, when only the pion associated with
the primary reaction is detected with the CDS, the Σ±

cannot be reconstructed. Such a contribution was esti-
mated by the Monte-Carlo simulation to be ∼10% of the
K−“N” → Σ±π reactions around the K−pp threshold,
and to increase up to 50% at around 2.25 GeV/c2. This
estimation involves a rather large uncertainty below 2.3
GeV/c2 since the Fermi-motion effects have major influ-
ences near the reaction threshold. The contributions from
the K−“N” → Λπ and K−“N” → Σ0π reactions were
found to be negligible by the Monte-Carlo simulation.

Contamination from the target cell (BGcell). In addition
to the finite spatial resolution of the CDS, displaced
decay vertices of hyperons and K̄s could worsen the
vertex reconstruction. Therefore, reactions which occur
on the target cell and other materials around the target
can survive even after the fiducial volume selection in the
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Figure 4: 3He(K−, n)X semi-inclusive missing-mass and estimated
background contributions. The data points are the same as Fig. 3.
The background yields are stacked on top of each other. BGΣ-decay

includes Σ±-reconstructed events only. See text for the detailed de-
scription of the backgrounds.

analysis. Those contaminations were evaluated by using
the empty-target data.

3.3. Upper limits for the production cross section of a
deeply bound state

Figure 4 summarizes the backgrounds in the K−pp
bound region. In the figure, only Σ± reconstructed events
are plotted as the BGΣ-decay , namely, the minimum but
definite background contribution from the Σ± decays. In
the missing-mass region below 2.29 GeV/c2, the observed
events are explained by the background within their un-
certainties discussed above. On the other hand, the yield
of the tail-like component above 2.29 GeV/c2 cannot be
totally reproduced. Such sub-threshold structure would
be attributed to the imaginary part of the attractive K̄N
interaction, in general. Especially in the (K−, n) reac-
tion at 1 GeV/c, primary neutrons from the hyperon res-
onance production via the non-mesonic two-nucleon ab-
sorption processes (K−NN → Y ∗n) could make localized
structures just below the K−pp binding threshold, kine-
matically. However, further information from the exclu-
sive analysis is needed to discuss the origin of the sub-
threshold tail structures since the reconstruction of all the
final-state particles is essential to identify these contribu-
tions. Hereafter, we focus on the deep-binding region only,
where experimental observation were reported of a bump
structure by different reactions. The upper limits of the
formation cross section for a K−pp state were determined
in the mass region from just above the Λp mass threshold
(2.06 GeV/c2) to 2.29 GeV/c2.
The intrinsic shape of the K−pp bound state is assumed

to be a Breit-Wigner function. In the semi-inclusive spec-
trum, it would be distorted by the CDS tagging acceptance
ACDS and then folded with the detector resolution σMM
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Figure 5: Upper limits of the K−pp formation cross section obtained
at θlab = 0◦ and 95% confidence level for the natural widths (Γ) of
20, 60, and 100 MeV.

as follows:

F (x;MX ,Γ) =

∫

(f(x′) ·ACDS(x
′))

·g(x− x′;σMM (x′))dx′,

f(x;MX ,Γ) = C ·
(

1

2π

Γ

(x−MX)2 + Γ2/4

)

,

g(x;σ) =
1√
2πσ

exp

(

−
x2

2σ2

)

,

dσ

dΩ
(θlab = 0) =

∫ M(K−+p+p)

M(Λ+p)
f(x)dx,

where dσ/dΩ(θlab = 0), MX and Γ are the formation cross
section, mass and the natural width of the K−pp state,
respectively, and C is a normalization factor. To evaluate
ACDS , we need to assume the decay property of K−pp.
Here we assumed the branching ratio of K−pp → Λp to
be 100% and the decay distribution to be uniform. It
should be noted that ACDS for K−pp → (πΣ)0p decay
is about half of that for K−pp → Λp at just above the
π + Σ+ p mass threshold (∼2.27 GeV/c2). To evaluate a
probability distribution as a function of the cross section
dσ/dΩ, a likelihood function was calculated for each MX

and Γ combination. In the calculation, the backgrounds
shown in Fig. 4 were taken into account and a Poisson
distribution for the contents of each bin was used. In this
way, an upper limit at 95% confidence level was obtained
by integrating the probability distribution convoluted with
the systematic error coming from the normalization factor.
The upper limits of the K−pp bound state, evaluated

assuming the natural widths of 20, 60, and 100 MeV,
are shown in Fig. 5 as a function of the 3He(K−, n)X
missing-mass. For a comparison, the cross sections of
K−“n” → K−n and K−“p” → K0n reactions at pK− = 1
GeV/c and θlabn = 0◦ were evaluated with the present data
set to be ∼6 and ∼11 mb/sr, respectively. Here, we used
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includes Σ±-reconstructed events only. See text for the detailed de-
scription of the backgrounds.

analysis. Those contaminations were evaluated by using
the empty-target data.

3.3. Upper limits for the production cross section of a
deeply bound state

Figure 4 summarizes the backgrounds in the K−pp
bound region. In the figure, only Σ± reconstructed events
are plotted as the BGΣ-decay , namely, the minimum but
definite background contribution from the Σ± decays. In
the missing-mass region below 2.29 GeV/c2, the observed
events are explained by the background within their un-
certainties discussed above. On the other hand, the yield
of the tail-like component above 2.29 GeV/c2 cannot be
totally reproduced. Such sub-threshold structure would
be attributed to the imaginary part of the attractive K̄N
interaction, in general. Especially in the (K−, n) reac-
tion at 1 GeV/c, primary neutrons from the hyperon res-
onance production via the non-mesonic two-nucleon ab-
sorption processes (K−NN → Y ∗n) could make localized
structures just below the K−pp binding threshold, kine-
matically. However, further information from the exclu-
sive analysis is needed to discuss the origin of the sub-
threshold tail structures since the reconstruction of all the
final-state particles is essential to identify these contribu-
tions. Hereafter, we focus on the deep-binding region only,
where experimental observation were reported of a bump
structure by different reactions. The upper limits of the
formation cross section for a K−pp state were determined
in the mass region from just above the Λp mass threshold
(2.06 GeV/c2) to 2.29 GeV/c2.
The intrinsic shape of the K−pp bound state is assumed

to be a Breit-Wigner function. In the semi-inclusive spec-
trum, it would be distorted by the CDS tagging acceptance
ACDS and then folded with the detector resolution σMM
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Figure 5: Upper limits of the K−pp formation cross section obtained
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as follows:

F (x;MX ,Γ) =

∫

(f(x′) ·ACDS(x
′))

·g(x− x′;σMM (x′))dx′,

f(x;MX ,Γ) = C ·
(

1

2π

Γ

(x−MX)2 + Γ2/4

)

,

g(x;σ) =
1√
2πσ

exp

(

−
x2

2σ2

)

,

dσ

dΩ
(θlab = 0) =

∫ M(K−+p+p)

M(Λ+p)
f(x)dx,

where dσ/dΩ(θlab = 0), MX and Γ are the formation cross
section, mass and the natural width of the K−pp state,
respectively, and C is a normalization factor. To evaluate
ACDS , we need to assume the decay property of K−pp.
Here we assumed the branching ratio of K−pp → Λp to
be 100% and the decay distribution to be uniform. It
should be noted that ACDS for K−pp → (πΣ)0p decay
is about half of that for K−pp → Λp at just above the
π + Σ+ p mass threshold (∼2.27 GeV/c2). To evaluate a
probability distribution as a function of the cross section
dσ/dΩ, a likelihood function was calculated for each MX

and Γ combination. In the calculation, the backgrounds
shown in Fig. 4 were taken into account and a Poisson
distribution for the contents of each bin was used. In this
way, an upper limit at 95% confidence level was obtained
by integrating the probability distribution convoluted with
the systematic error coming from the normalization factor.
The upper limits of the K−pp bound state, evaluated

assuming the natural widths of 20, 60, and 100 MeV,
are shown in Fig. 5 as a function of the 3He(K−, n)X
missing-mass. For a comparison, the cross sections of
K−“n” → K−n and K−“p” → K0n reactions at pK− = 1
GeV/c and θlabn = 0◦ were evaluated with the present data
set to be ∼6 and ∼11 mb/sr, respectively. Here, we used
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Fig. 3. A 2-dimensional correlation of !E (1st layer) and E (2nd + 3rd layer) of
charged particles at the TC counter. The upper wedge-shaped group is for protons
and the lower one for pions. The long tail of the pion band in the high energy
region is due to the π− absorption at TC.

emitted particles from the target, the trigger counter arrays (TC) af-
ter VDC, and then the vertex veto counters (VVC) which served for
reducing the neutron background from π− absorption processes
in the chamber frame of VDC. The TC consisted of 4 layers differ-
ent thickness (0.6, 3.0, 5.0, and 0.5 cm in the order from the target
side) of 5 segmented plastic scintillators covering 30% of the whole
solid angle. It was the upgraded configuration from the previous 2
layers one and it enabled substantial improvement of charged par-
ticle identification (PID). Fig. 3 shows the correlation plot of !E–E
where !E is the energy deposit on the first layer of TC and E is
the summed energy deposit on the second and third layers of TC.
The information from the last layer was used only as a gate signal
for passing through particles. The threshold momenta of pion and
proton to reach the last layer are ∼ 125 MeV/c and ∼ 475 MeV/c,
respectively. In Fig. 3, the two wedge-shaped bands are those of
protons (the upper one) and pions (the lower one). They are rea-
sonably well separated from each other except for the high energy
tail region of the passing through protons. The proton contamina-
tion in the pion cut was about 0.7% of the total pions. The long tail
of the pion band in the high energy region, which does not appear
in the proton band, is due to the π− absorption in TC.

3. Neutron spectra and its implication

Fig. 4 shows the neutron momentum spectra in coincidence
with one charged particle at TC, mostly with a pion (∼ 77%) or
a proton, whose efficiency correction has not been made yet. Their
overall spectral characteristics are quite similar to each other as
shown in Fig. 4. In the analysis, we used the neutron spectrum
coincident with a pion, since it is more convenient to handle for
the efficiency and normalization study. The dominant structure in
the momentum range from 200 MeV/c to 400 MeV/c consists of
quasi-free hyperon production processes, K −N → Yπ , followed by
ΣN → ΛN conversion, hyperon decays, or π− absorption pro-
cesses π−N N → N N [11]. In the high momentum region above
400 MeV/c the spectrum looks smooth and monotonically decreas-
ing as the momentum increases. The change of the slope observed
in the momentum around ∼ 430 MeV/c indicates the contribu-
tion of different neutron production mechanisms from those in the
region, 200–400 MeV/c. The high energy neutrons in the region
above 400 MeV/c are mainly from the K − absorption on a pair- or

Fig. 4. Measured momentum distributions of neutrons, Yn(p), are shown in the co-
incidence with charged particles (dash), pions (solid), and protons (dot). Neutrons
are mostly in coincidence with pions which account for ∼ 80% of the total neutrons
of the charged particle coincidence. The momentum region from 350 to 660 MeV/c
corresponds to the missing mass, M , region from 3200 to 3000 MeV/c2.

Fig. 5. The missing mass spectrum of the 4He(K −
stop, nπ±) reaction is shown in the

lower figure and compared with the previous one of the inset figure. The reported
position of the tribaryon state is indicated in both spectra. The decay threshold
energy is shown for each channel as a long bar on the abscissa. Possible broad
structures are indicated at the bottom (see Section 4). The upper figure shows the
peak yields, N(M), of the possible structures with width Γ = 20 MeV/c2 as de-
scribed in Section 4.

multi-nucleons. In the region of 400–700 MeV/c, the momentum
spectrum is smooth and slowly decreasing without a clearly visible
narrow structure. Those below 100 MeV/c are due to the acciden-
tal background which is constant in the 1/β spectrum as shown in
Fig. 2(a). In the present data, drastic improvements are made over
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Fig. 6. Upper limits in 95% confidence level, fUL , of the formation probability of the
tribaryonic state S+ for 3 different widths (Γ ), 0, 20, and 40 MeV/c2 are shown.
For Γ = 20 and 40 MeV/c2, there are regions of enhanced upper limits at ∼ 3050,
∼ 3130, and ∼ 3170 MeV/c2.

width of the kaonic 2p atomic state in the X-ray measurement of
KEK E570 [2,21].

For the widths of 20 and 40 MeV/c2, regions of enhanced up-
per limits of the yields at ∼ 3050, ∼ 3130, and ∼ 3170 MeV/c2 are
observed. Before we interpret the enhanced yields as indications of
the tribaryonic state, we need to investigate whether other known
processes contribute to the enhanced structures. One of such pos-
sible processes is the K − absorption process on a nucleon pair
(2N A), K −N N → Y N , in which the mass difference between K −N
and Y is released as the kinetic energy of Y and N . Including
the Fermi motion, we could obtain the neutron distributions from
2N A from the kinematics simulation, of which missing masses and
widths (M , Γ ) were (3075, 74) for K −pn → Λn and (3125, 67) for
K −nn → Σ−n. The missing masses are close to those of the en-
hanced regions of Fig. 6.

In order to investigate the possible contribution of the broad
structures like 2N A processes, we have fitted the missing mass
spectrum with a function which consists of two Gauss distribu-
tions whose strengths, missing masses and widths are varied and
a fixed smooth background which is determined so that it re-
produces the missing mass spectra just outside of the fitting re-
gion, 3000–3200 MeV/c2. From the fitting, we obtained two broad
Gauss distributions whose missing masses and widths (M , Γ ) are
(3073±9, 70 ± 9) and (3124 ± 3, 53 ± 4) MeV/c2 which are shown
at the bottom of Fig. 5. Their distributions agree quite well with
those of the above 2N A simulation. The low missing mass Gauss
distribution, (3073 ± 9, 70 ± 9), agrees with the missing mass and
width of K − pn → Λn (2N A) process very well and the miss-
ing mass of the high missing mass Gauss distribution, (3124 ± 3,
53 ± 4), does well with that of K −nn → Σ−n (2N A). In order to
see the effect of the two broad Gauss distributions on the upper
limit values, we have followed exactly the same derivation pro-
cedure explained for Eq. (11) to get the upper limit values with
them. And we were able to see the enhanced bump structures at
∼ 3060 and ∼ 3130 MeV/c2 similar to those Fig. 6. This showed
that the enhanced bump structures are at least partly due to the
broad structures such as 2N A absorption processes.

On the other hand, the width of the high missing mass Gauss
distribution shows some differences from that of the 2N A (Σ−n)
obtained by the kinematic calculation. In addition, the intensity of

the high missing mass Gauss distribution is higher than that of
the low missing mass Gauss distribution, while that of the 2N A
(Λn) process is expected to be higher than that of the 2N A (Σn)
[22,23]. The higher intensity of the high missing mass Gauss dis-
tribution may imply contributions from (an) additional process(es)
to 2N A. The recent Letter on the Λn correlation in the stopped
K − reaction on 4He proposed (a) possible such process(es) [24].
The fact that the high missing mass Gauss distribution has a dif-
ferent width from that of 2N A (Σ−n) and a higher intensity than
the low missing mass Gauss distribution is consistent with the pro-
posal in [24]. According to [24], the tribaryonic state is one of the
candidates for the additional intensity which include the multi-
nucleon kaon absorption processes.

From these analysis, we can see that the significant contribu-
tion of the enhanced structures of Fig. 6 would come from K −N N
absorption processes, but the enhanced upper limit at 3100–
3170 MeV/c2 for Γ ! 20 MeV/c2 is not completely explained by
K −N N → ΣN process alone.

5. Summary and discussion

In order to check the previous observation of the tribaryonic
state, S+(3140), in the 4He(K −

stop, n) reaction, we have remeasured
the neutron spectrum in the reaction with improved resolution
and 6 times higher statistics than those of the previous exper-
iment. In spite of such improvements, we did not observe any
significant narrow peak structure such as the one previously re-
ported around 3140 MeV/c2 in the missing mass spectrum. With
this result, one can conclude that either the width of the state is
much broader than ∼ 20 MeV/c2, the value experimentally indi-
cated in the previous experiment, or the formation probability of
the state in the reaction is much lower than indicated in the pre-
vious low statistics experiment.

We also have estimated the upper limit distributions of the for-
mation probability of the possible tribaryonic state for the width
Γ = 0,20, and 40 MeV/c2 over the range of missing mass from
3000 to 3200 MeV/c2. The upper limit value for Γ = 0 and
20 MeV/c2 are at most 1%, in contrast to the 7% probability pre-
dicted by the latest theoretical calculation that included the re-
vised lower limit of the width of the kaonic 2p atomic state by
KEK-PS E570 [2,21].

The simulation study shows that the enhanced bump struc-
tures for Γ = 20 and 40 MeV/c2, are, at least partly, due to the
K −N N absorption process. However, the enhanced upper limit val-
ues around 3140 MeV/c2 for Γ = 40 MeV/c2 are not completely
accounted for by the K −N N process, implying the possible exis-
tence of other unknown processes including the tribaryonic for-
mation.

For the further investigation of tribaryon states of either narrow
and weak, or broad structures, more advanced analysis of hyperon
motion or Y N/Y d [17,24] correlations are necessary. The result of
the study of ΛN correlations will be reported in a forthcoming
publication.
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• The fitting function was set to be a Voigtian (convolution of
Gaussian and Lorentzian) as a peak and a polynomial func-
tion as a background. The yield of the state was determined
by the area of the Lorentzian. The natural width and cen-
ter of the peak were fixed for each fitting. The standard
deviation of the Gaussian was set to be the experimen-
tal resolution taking the mass dependence into account as
shown in Fig. 5.

• Since the background shape cannot be fully reproduced by
a Monte Carlo simulation, we assume that the background
can be expressed as a smooth function within the fit region.

• We tested three fit regions–determined by the width of the
peak function to be (±n× HWHM (n = 3,4,5)). Conserv-
ative upper limits were determined using the highest value
of the results from each fit region.

We used this fit method for widths of 0, 20 and 40 MeV/c2

by changing the mass from 3000 to 3200 MeV/c2.
Systematic errors, mainly dominated by an uncertainty in

fdecay, were taken into account in the total error of the peak
intensity by summing quadratically the systematic error and fit-

ting error (σtotal =
√

σ 2
sys. + σ 2

stat.). In the fitting, the yield of the
state sometimes results in an unphysical value, namely, a neg-
ative Lorentzian area. In that case, we followed a prescription
of “Unified Approach” assuming Gaussian statistics [13]. The
upper limit on the formation branching ratio at 95% confidence
level was obtained using Table X in Ref. [13] with the resultant
peak yield and the total error.

Fig. 6 shows a plot of the upper limits versus the missing
mass for widths of the assumed states of 0, 20 and 40 MeV/c2.
It shows a tendency that upper limits become looser as the as-
sumed width become larger, as naively expected. Thus, it must
be emphasized that the present procedure using the inclusive
proton spectrum only is insensitive for a broad peak structure,
which will be investigated with exclusive measurements.

The present upper limit of the formation branching ratio
at the mass of 3115 MeV/c2, where the E471 group ob-
served S0(3115), is ∼ 0.2%/(stopped K−) with a width of
Γ = 20 MeV/c2. Although the trigger condition was different,
the E471 group reported a formation branching ratio of about
1%/(stopped K−) in Ref. [2], which can be excluded by more
than a 95% confidence level. We studied the reason for this dis-
crepancy and found, as the most likely cause for a fake peak
formation, an erroneous slewing correction of the proton time
of flight spectrum for the large proton signals compared to those
of well calibrated minimum ionizing particles [10].

It is worth mentioning that the inclusive proton momentum
spectrum from 4He(K−

stopped,p) has no structure whereas the
FINUDA group found a peak in the proton momentum spec-
trum for 6Li(K−

stopped,p) [7]. There is a controversial discussion
concerning the production of monochromatic protons by K−

absorption on deuteron clusters in nuclei [6,8]. In the case of
6Li, the peak observed in the FINUDA spectrum may be at-
tributed to such a process. However, it is obvious that the mono-
chromatic process does not occur in the K− + 4He absorption
case at the level of 1 × 10−3/(stopped K−).

Fig. 5. The missing mass spectrum from the 4He(K−
stopped,p) reaction by the

inclusive measurement. The systematic error of the ordinate contains a 14 per-
cent relative error. The upper figure shows the overall missing mass resolution
in the present experiment.

Fig. 6. Upper limits of the formation branching ratio for a strange tribaryon state
at the 95% C.L. as a function of the missing mass. Solid, dotted and dashed
curves correspond to the assumed width of Γ = 0, 20 and 40 MeV/c2 states,
respectively.
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• The fitting function was set to be a Voigtian (convolution of
Gaussian and Lorentzian) as a peak and a polynomial func-
tion as a background. The yield of the state was determined
by the area of the Lorentzian. The natural width and cen-
ter of the peak were fixed for each fitting. The standard
deviation of the Gaussian was set to be the experimen-
tal resolution taking the mass dependence into account as
shown in Fig. 5.

• Since the background shape cannot be fully reproduced by
a Monte Carlo simulation, we assume that the background
can be expressed as a smooth function within the fit region.

• We tested three fit regions–determined by the width of the
peak function to be (±n× HWHM (n = 3,4,5)). Conserv-
ative upper limits were determined using the highest value
of the results from each fit region.

We used this fit method for widths of 0, 20 and 40 MeV/c2

by changing the mass from 3000 to 3200 MeV/c2.
Systematic errors, mainly dominated by an uncertainty in

fdecay, were taken into account in the total error of the peak
intensity by summing quadratically the systematic error and fit-

ting error (σtotal =
√

σ 2
sys. + σ 2

stat.). In the fitting, the yield of the
state sometimes results in an unphysical value, namely, a neg-
ative Lorentzian area. In that case, we followed a prescription
of “Unified Approach” assuming Gaussian statistics [13]. The
upper limit on the formation branching ratio at 95% confidence
level was obtained using Table X in Ref. [13] with the resultant
peak yield and the total error.

Fig. 6 shows a plot of the upper limits versus the missing
mass for widths of the assumed states of 0, 20 and 40 MeV/c2.
It shows a tendency that upper limits become looser as the as-
sumed width become larger, as naively expected. Thus, it must
be emphasized that the present procedure using the inclusive
proton spectrum only is insensitive for a broad peak structure,
which will be investigated with exclusive measurements.

The present upper limit of the formation branching ratio
at the mass of 3115 MeV/c2, where the E471 group ob-
served S0(3115), is ∼ 0.2%/(stopped K−) with a width of
Γ = 20 MeV/c2. Although the trigger condition was different,
the E471 group reported a formation branching ratio of about
1%/(stopped K−) in Ref. [2], which can be excluded by more
than a 95% confidence level. We studied the reason for this dis-
crepancy and found, as the most likely cause for a fake peak
formation, an erroneous slewing correction of the proton time
of flight spectrum for the large proton signals compared to those
of well calibrated minimum ionizing particles [10].

It is worth mentioning that the inclusive proton momentum
spectrum from 4He(K−

stopped,p) has no structure whereas the
FINUDA group found a peak in the proton momentum spec-
trum for 6Li(K−

stopped,p) [7]. There is a controversial discussion
concerning the production of monochromatic protons by K−

absorption on deuteron clusters in nuclei [6,8]. In the case of
6Li, the peak observed in the FINUDA spectrum may be at-
tributed to such a process. However, it is obvious that the mono-
chromatic process does not occur in the K− + 4He absorption
case at the level of 1 × 10−3/(stopped K−).

Fig. 5. The missing mass spectrum from the 4He(K−
stopped,p) reaction by the

inclusive measurement. The systematic error of the ordinate contains a 14 per-
cent relative error. The upper figure shows the overall missing mass resolution
in the present experiment.

Fig. 6. Upper limits of the formation branching ratio for a strange tribaryon state
at the 95% C.L. as a function of the missing mass. Solid, dotted and dashed
curves correspond to the assumed width of Γ = 0, 20 and 40 MeV/c2 states,
respectively.
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Fig. 2. (Color online.) (a) The fit result of MMd(K +π−) spectrum with the Monte
Carlo generated processes. The color and style of line for each corresponding process
are shown. (b) The residue from the fitting function.

events. The Monte Carlo generated spectra were estimated to have
the systematic uncertainty ∼ 1%. By using the raw spectrum and
the Monte Carlo generated spectra for the fitting, we can avoid the
ambiguity arising from the acceptance correction for each track. In
addition, by using Monte Carlo generated spectra, we can take into
account of the mass resolution effectively.

The fitting was performed in the range from 2.05 to 2.6 GeV/c2.
Six processes were used for the background: γ n → ΛK +π− ,
γ p → Σ+K +π− , γ p → Λ(1520)K + , γ n → Λπ0 K +π− , γ n →
Σ0π0 K +π− and γ p → Σ0(1385)+ K +π− . The shapes of the spec-
tra were generated with the GEANT-based Monte Carlo simulation,
where the Paris-potential model was used to describe the mo-
mentum distribution of the nucleons inside the deuteron [20]. The
yield of each background process was taken into account as a free
parameter. The yield of the signal was increased from 0 to a cer-
tain value, and the Log-likelihood values was calculated at each
point.

Fig. 2 shows the fit result with only background processes and
the residue from the fitting function. χ2/ndf of the fit result is 1.4
in the range from 2.05 GeV/c2 to 2.6 GeV/c2, and approximately
1 in the range from 2.22 GeV/c2 to 2.36 GeV/c2. The tests were
performed for signals with Γ = 20,60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The signal shape was assumed
to be the Breit–Wigner distribution with the fixed B.E. and Γ and
was generated with the GEANT-based Monte Carlo simulation. As
a result of tests, significant decrease of −2' ln L (twice the Log-
likelihood difference of the hypotheses) were not observed under
any assumption of B.E. and Γ values.

To quantify the search results, the upper limits of the differen-
tial cross section of the K − pp bound state production were deter-
mined. The signal yield which gave −2' ln L = 3.84 was used for
the upper limit of the yield at the 95% confidence level. In Fig. 3,
−2' ln L values are shown as a function of the signal yield for
B.E. = 100 MeV and Γ = 60 MeV as a typical example.

The obtained yields were converted to the differential cross sec-
tion by dividing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance of the signal was de-
termined by using the GEANT-based Monte Carlo simulation under
the assumption that the d(γ , K +π−)K − pp reaction occurs isotrop-
ically in the center-of-mass system. The systematic error from this

Fig. 3. (Color online.) Typical −2' ln L values as a function of the signal yield. The
B.E. and Γ values were assumed to be 100 MeV and 60 MeV, respectively. The
crossing point at −2' ln L = 3.84 is indicated by an arrow.

Fig. 4. The upper limit of the differential cross section of the K − pp bound
state production in the d(γ , K +π−)X reaction as a function of assumed sig-
nal peak mass. The solid, broken and dotted lines are the results of Γ =
20 MeV,60 MeV and 100 MeV, respectively.

acceptance was estimated to be ∼ 1%. Fig. 4 shows the upper limits
of the differential cross section of the K − pp bound state produc-
tion for various Γ values as a function of the assumed mass. It
is noted that the obtained upper limit of the differential cross
section has ∼ 12% uncertainty mainly coming from the discrep-
ancy between two datasets. In addition, we performed the same
analyses by using some different combinations for the background
processes. Among them, the combination which gave the most
conservative results of the upper limits was adopted.

The upper limits of the differential cross section of the K − pp
bound state production were determined to be (0.17–0.55),
(0.55–1.7) and (1.1–2.9) µb for Γ = 20,60 and 100 MeV, respec-
tively at the 95% confidence level. These values correspond to
(1.5–5.0), (5.0–15) and (9.9–26)% of the differential cross sec-
tion of the typical hadron production processes such as the
γ n → K +π−Λ or the γ p/n → K +π−Σ+/0 processes within the
kinematical region given in Eq. (1). As for the upper limits for
Γ = 20 MeV, we can compare the obtained results with those
given by the KEK-PS E471/E549 group. The differences between the
present and the KEK-PS E471/E549 experiment are summarized as
follows:

• The search object of the present study is the K − pp bound
state, while the KEK-PS E471/E549 experiment aimed at the
K − ppn or K − pnn bound states.

• The production mechanisms of kaonic nuclei are expected to
be different between the photon induced and stopped K − re-
actions.
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acceptance was estimated to be ∼ 1%. Fig. 4 shows the upper limits
of the differential cross section of the K − pp bound state produc-
tion for various Γ values as a function of the assumed mass. It
is noted that the obtained upper limit of the differential cross
section has ∼ 12% uncertainty mainly coming from the discrep-
ancy between two datasets. In addition, we performed the same
analyses by using some different combinations for the background
processes. Among them, the combination which gave the most
conservative results of the upper limits was adopted.

The upper limits of the differential cross section of the K − pp
bound state production were determined to be (0.17–0.55),
(0.55–1.7) and (1.1–2.9) µb for Γ = 20,60 and 100 MeV, respec-
tively at the 95% confidence level. These values correspond to
(1.5–5.0), (5.0–15) and (9.9–26)% of the differential cross sec-
tion of the typical hadron production processes such as the
γ n → K +π−Λ or the γ p/n → K +π−Σ+/0 processes within the
kinematical region given in Eq. (1). As for the upper limits for
Γ = 20 MeV, we can compare the obtained results with those
given by the KEK-PS E471/E549 group. The differences between the
present and the KEK-PS E471/E549 experiment are summarized as
follows:

• The search object of the present study is the K − pp bound
state, while the KEK-PS E471/E549 experiment aimed at the
K − ppn or K − pnn bound states.

• The production mechanisms of kaonic nuclei are expected to
be different between the photon induced and stopped K − re-
actions.
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Exclusive 3He(K-,Λp)n events

K-3He→Λ(Σ0)pn events are exclusively identified ~ 190 events 

Σ0pn contamination ~ 20%

n

1GeV/c	
  
K-­‐	
  beam

p

π−
p

missing	
  
n

Λ

CDS



3He(K-,Λp)n ; Dalitz plot

Events are widely scattered in phase-space(Λ-p-n)

          K-­‐pp	
  form.:	
  	
  
K-3Heà(K-pp)n, 
	 K-ppàΛp

 2NA:	
  	
  
e.g. K-3HeàΛpns

          2NA+2step:  
e.g. K-3HeàΣ0pns, 
	

    Σ0nsàΛn

          2NA+2step:	
  	
  
e.g. K-3HeàΣ0nps, 
	

    Σ0psàΛp



3He(K-,Λp)n ; Invariant mass

Total CS :~200μb (assuming phase-space distrib.)

~190	
  eventsIM(Λp)

(~ 0.1% of total cross section of K-3He) 

IM(Λn)



E15 Summary
K-3He reaction at 1 GeV/c : 4-days data taking was 
successful. 

Excess below the K-pp threshold in (K-,n) spectrum. 

3He(K-,Λp)n exclusive process (3-nucleon abs.?) was 
observed. 

!

Next physics data taking in 2015 : 10 times more data !



E27: d(π+,K+) reaction

Yamazaki & Akaishi, Phys. Rev. 
C76 (2007) 045201.
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     in simulation
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Range Counter System for E27
5 layers (1+2+2+5+2cm) of plastic scinti. 

39 - 122 deg. (L+R) 

50 cm TOF



One-proton tagging
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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 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.

frame. A peak at ΣN thresholds (2.1289 GeV/c2 for Σ+n and 2.1309 GeV/c2 for Σ0p) is

prominent in the figure. When we chose the scattering angle larger than 8◦, the cusp is

less prominent due to the large quasi-free backgrounds. Although this ΣN cusp may not

necessarily distribute according to a Lorentzian function, here we fit the cusp structure with

this function in order to compare with the previous results summarized in Ref. [6]. Through a

fit of the Lorentzian function folded with the resolution of 1.4 MeV/c2 in σ for the cusp (solid

line) and a third-order polynomial function for a continuum background (dashed line), we

obtained the peak position at 2130.5 ± 0.4 (stat.) ± 0.9 (syst.) MeV/c2, the width of

Γ = 5.3 +1.4
−1.2 (stat.) +0.6

−0.3 (syst.) MeV and the differential cross section of dσ̄/dΩ = 10.7 ±

1.7 µb/sr. The χ2/ndf of this fitting was 1.11. The systematic errors of these values were

estimated in σ taking into account uncertainties in the missing-mass scale, fitting ranges,

the missing-mass resolution (± 0.08 MeV/c2), the binning of the missing-mass spectrum and

background functional shapes by changing the third to fifth order polynomials. This result

is the first observation of the ΣN cusp structure in the inclusive spectrum of the d(π+,K+)

reaction.

Such a cusp can appear at the opening of a new threshold in order to conserve the flux

and the associated unitarity of the S-matrix. However, the cusps are not always seen in

experimental cross sections. On the other hand, a cusp structure can be pronounced when a

pole exists near the threshold [22]. Miyagawa and Yamamura [23] suggested that the poles

exist near the ΣN threshold in a second or third quadrant of the complex plane of the ΣN

relative momentum by using several Y N potential models. Therefore, the cusp structure at

the ΣN threshold would not be a simple threshold effect but could be caused by a nearby

pole.

The obtained peak position is consistent with the previous measurements in Ref. [6]. In

several reactions existence of a shoulder at about 10 MeV higher mass was reported [6]. We

can conclude nothing on the existence of the shoulder structure because of the large quasi-

free Σ backgrounds. In addition, the width seems to be smaller than the averaged value of
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ΣN→ΛN cusp
Peak at 2130.5±0.4±0.9 MeV 

Width = 5.3+1.4/-1.2+0.6/-0.3 MeV
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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 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.

frame. A peak at ΣN thresholds (2.1289 GeV/c2 for Σ+n and 2.1309 GeV/c2 for Σ0p) is

prominent in the figure. When we chose the scattering angle larger than 8◦, the cusp is

less prominent due to the large quasi-free backgrounds. Although this ΣN cusp may not

necessarily distribute according to a Lorentzian function, here we fit the cusp structure with

this function in order to compare with the previous results summarized in Ref. [6]. Through a

fit of the Lorentzian function folded with the resolution of 1.4 MeV/c2 in σ for the cusp (solid

line) and a third-order polynomial function for a continuum background (dashed line), we

obtained the peak position at 2130.5 ± 0.4 (stat.) ± 0.9 (syst.) MeV/c2, the width of

Γ = 5.3 +1.4
−1.2 (stat.) +0.6

−0.3 (syst.) MeV and the differential cross section of dσ̄/dΩ = 10.7 ±

1.7 µb/sr. The χ2/ndf of this fitting was 1.11. The systematic errors of these values were

estimated in σ taking into account uncertainties in the missing-mass scale, fitting ranges,

the missing-mass resolution (± 0.08 MeV/c2), the binning of the missing-mass spectrum and

background functional shapes by changing the third to fifth order polynomials. This result

is the first observation of the ΣN cusp structure in the inclusive spectrum of the d(π+,K+)

reaction.

Such a cusp can appear at the opening of a new threshold in order to conserve the flux

and the associated unitarity of the S-matrix. However, the cusps are not always seen in

experimental cross sections. On the other hand, a cusp structure can be pronounced when a

pole exists near the threshold [22]. Miyagawa and Yamamura [23] suggested that the poles

exist near the ΣN threshold in a second or third quadrant of the complex plane of the ΣN

relative momentum by using several Y N potential models. Therefore, the cusp structure at

the ΣN threshold would not be a simple threshold effect but could be caused by a nearby

pole.

The obtained peak position is consistent with the previous measurements in Ref. [6]. In

several reactions existence of a shoulder at about 10 MeV higher mass was reported [6]. We

can conclude nothing on the existence of the shoulder structure because of the large quasi-

free Σ backgrounds. In addition, the width seems to be smaller than the averaged value of
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Rπ = (Pion coincidence spectrum)/(Inclusive spectrum) 
Rπ ∝ (π emission BR)x(π detection efficiency)
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Hyperon mass with two protons
d(π+,K+)K-pp;   K-pp→Y+p,   Y→π+p(+γ+π) 
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Summary
E15 : 4-days data taking 

3He(K-,n) missing mass spectrum 
Excess below the K+p+p threshold 

3He(K-, Λp)n exclusive measurement 
3-nucleon absorption ? 

10 times more data in 2015

E27 : A pilot run of ~10 days 
d(π+,K+) missing mass spectrum at 1.69 GeV/c 

threshold cusp at 2.13 GeV/c2 
mass shift of ~30 MeV in Y* region 

proton coincidence 
an enhancement of “K-pp”-like structure 
BR : Λp, Σ0p, πYN ~ 1 : 1 : < 0.5


