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K-nuclear bound states have been widely discussed as a consequence of the strongly attractive KN
interaction in / = 0 channels. Especially, the simplest K-nuclear bound state of KNN (denoted as
“K~pp”) has attracted the strong interest both of theoretical and experimental studies. We observed
a bound state below the K~ + p + p mass threshold with in-flight K~ induced reactions on *He target,
which can be interpreted as the “K~pp” bound state. The possible existence of the “K~ pp” state
is discussed from both aspects of production and decay: “K~pp” and A(1405)p productions, and
non-mesonic Ap and mesonic (72)°p decays, respectively.
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1. Introduction

The KN interaction is one of the most important probes to understand meson-baryon interac-
tions in low energy quantum chromodynamics (QCD). From extensive measurements of anti-kaonic
hydrogen atom [1-3] and low-energy KN scattering [4], the strongly attractive KN interaction has
been revealed in I = 0 channel. The strong attraction in KN system leads to the possible existence
of deeply-bound kaonic nuclear states, which has been widely discussed today [5-21]. The investiga-
tion of those exotic states will provide unique information of the KN interaction below the threshold,
which can not be accessed by the conventional methods. In addition, the great interest of those ex-
otic states is that they might form high-density nuclear matter where the chiral symmetry is expected
to be restored. Thus the investigation of the K nuclear-states will give us the new insights on not
only meson-baryon interactions in low-energy QCD but also the change of the interaction in nuclear
media.

Among the kaonic nuclear states, the KNN system (symbolically denoted as “K~pp”) is of spe-
cial interest because it is the lightest predicted S = —1 K nucleus; this state is expected to be a
[K ® NN —os=0l1=1/2 with JP = 07. Many theoretical works predicted the existence of the bound
state based on a few-body calculation using the KNN — 7ZN — nAN coupled formalism. However,
the properties of the bound state, such as the binding energy (B.E.) and the decay width (I'), strongly
depend on the KN interaction models. With the energy-independent models (phenomenological mod-
els), the binding energy has been predicted to be ~ 40 — 90 MeV [6-13], whereas, it becomes ~ 10
—30 MeV in energy-dependent cases (chiral unitary models) [13—19]. In the framework of the chiral
model, a double pole structure of the KNN is also proposed in relation to A(1405) [21]. As for the
decay width, the predicted values widely spread over ~ 30 — 110 MeV. Such divergence is attributed
mainly to difference in the KN potential below the KN mass threshold, which should be experimen-
tally determined by precise measurements of the A(1405) and of the kaonic nuclear states.

Experimentally, there are several reports on observation of a “K~ pp” candidate with the bind-
ing energy of around 100 MeV, in experiments which measured non-mesonic decay branches of
Ap andfor X%p in different reactions. The FINUDA experiment measured back-to-back Ap pairs
in the stopped K~ reactions on light nuclear targets [22], and the DISTO collaboration analyzed
pp — ApK* channel at the proton energy of 2.85 GeV [23]. The obtained spectra, however, can
be understood also without the inclusion of a bound state; the AMADEUS collaboration reported
that the spectra in the stopped K~ reactions can be well described by K~ multi-nucleon absorption
processes with no need of the “K~ pp” component [24,25], and K*Ap final state in p + p collision
can be explained with resonant and non-resonant intermediate states decaying into K* A pair by the
HADES collaboration [26]. The J-PARC E27 experiment also reported a bump structure around 100
MeV/c? in the d(zt, K Ap/ x0 p reactions at 1.69 GeV/c [27], but on the other hand the LEPS col-
laboration reported only upper limits on the cross section for the “K~ pp” bound state in y induced
reactions [28].

Thus, the experimental situation of the “K~ pp” bound state search was also controversial. To
clarify whether or not the “K~pp” bound state exists, a key of the experimental search is to employ
a simple reaction and to measure it exclusively. The simple reaction, such as in-flight K induced
reactions with light target nuclei, would make the “K~ pp” production mechanism clear. The exclusive
measurement is crucial to distinguish a small and broad signal from largely and widely distributed

*deceased
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quasi-free backgrounds.
2. J-PARC E15 Experiment

To overcome difficulties revealed in the previous experiments, we performed an experiment with
K™+ 3He reactions at 1.0 GeV/c. In the reactions, the “K~pp” would be produced via the (K~,n)
reaction because a recoiled virtual kaon (‘K’) generated by K™N — ‘K’ n processes can be directly
induced into the residual two nucleons within the strong interaction range. The momentum of the
‘K’ is described as the momentum difference of the incident kaon and the outgoing neutron, g =
Ipf,?_b - nf,“” |. When the back scattered ‘K’ is realized, the g is as small as ~ 200 MeV/c, which makes
the “K~ pp” formation probability large. In addition, the “K™ pp” signal such as an expected Ap
decay can be kinematically discriminated from considerable backgrounds attributed to multi-nucleon
absorption processes and hyperon decays with the exclusive measurement of the Apn final state.

The experiment was performed at the K1.8BR beam line of the hadron experimental hall at J-
PARC [29] (J-PARC E15). The spectrometer consists of a high-precision beam-line, liquid Hy/D,-
and 3He/*He-target systems, a cylindrical detector system (CDS), and a neutron time-of-flight counter
array (NC) located ~15 m downstream from the target position. Decay particles from the target are
detected by the CDS which consists of a solenoid magnet, a cylindrical wire drift chamber (CDC),
and a cylindrical detector hodoscope (CDH). The CDC contains 15 layers of anode wires, and the
CDH consists of 36 modules of scintillators whose thickness is 30 mm mounted on the inner wall
of the solenoid magnet. Tracking information of charged particles is obtained from the CDC which
operates in a solenoidal magnetic field of 0.7 T, and particle identification is performed using time of
flight (TOF) together with a beam-line trigger counter. A detailed description of the spectrometer can
be found in Ref. [30].

The first physics run of the E15 experiment was carried out in 2013 with 5.3 x 10° incident kaons
on the 3He target. In the semi-inclusive *He(K~, n)X spectrum at #/”> = 0°, the global spectrum in
the unbound region is well reproduced by elementary reactions, whereas a definitive excess of the
yield is observed in the bound region [31]. The excess reaching to ~ 100 MeV below the K~ +
p + p mass threshold cannot be explained by any simulation result with the elementary reactions,
thus the component will be attributed not only to the attractive KN interaction but also to the two-
nucleon absorption process such as K + NN — Y*N/“K pp”. To examine the origin of the sub-
threshold structure, we conducted the exclusive *He(K~, Ap)n analysis which can discriminate huge
backgrounds observed in the semi-inclusive 3He(K~, n)X. With the Apn final state events, we found
a peak structure below the mass threshold in the Ap invariant mass spectrum [32]. We also found
that the structure is concentrated in the the low momentum-transfer region of the (K™, n) reactions as
expected. This Ap spectrum is theoretically interpreted as the KNN bound system based on the chiral
unitary approach [33]; the experimental spectrum is well reproduced by the assumption of the KNN
bound system. To confirm the peak structure observed in the Ap spectrum, the second physics run
was carried out in 2015 with 32.5 x 10° incident kaons on the *He target. By focusing data taking of
the Apn events, we successfully accumulated ~ 30 times more data on the Apn final state.

3. Apn Final State

To reconstruct the Apn final state, two protons and one negative pion was requested in the CDS,
and a missing neutron was identified by missing mass of *He(K~, ppr~)n. The pn~ pair associated
with the A decay in the ppn~ event was selected with a log-likelihood method taking into account
distance of closest approach of measured tracks and kinematical fit with energy-momentum conserva-
tion of the reaction. The reaction of K™+ He — “K~pp” +n — A + p + n can be uniquely described
by the two parameters of the Ap invariant mass /IM(Ap) and the momentum transfer g. Figure 1
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Fig. 1. (a) Event distribution on the M (= IM(Ap)) and the momentum transfer g for the Apn final state.
The projected histograms onto (b) the M axis and (c) ¢ axis. The fitting results with the simple model are also
plotted as colored curves. The Figure is taken from Ref. [34].

shows the event distribution of g and IM(Ap). As shown in Fig. 1(a), a strong event concentration
near the mass threshold of K~ + p + p at the lower ¢ region can be seen as previously observed in
Ref. [32].

The high statistics data in the second physics run makes us possible to examine the structure near
the K™+ p+p mass threshold in detail. The structure near the threshold is found to be composed of two
structures, which cannot be represented as a single Breit-Wigner function as assumed in the previous
analysis. The centroid of a structure just below the mass threshold does not depend on g within the
statistical uncertainty, whose yield decreases to g ~ 650 MeV/c. This behavior is an strong evidence
of an existence of a bound state. On the other hand, the distribution centroid above the mass threshold
depends on g, i.e. the centroid shift to heavier mass for the larger g. The natural interpretation of the
structure above the threshold is non-resonant absorption of the backward quasi-free ‘K’ (65 = 0) by
the NN spectator, where the ‘K’ propagates as an on-shell particle. The Ap final state is generated by
the ‘K> +NN — Ap conversion due to the final state interaction. Indeed, another event concentration
can be seen around IM(Ap) ~ 2.8 GeV/c?, which is originated from the forward quasi-free ‘K’
(65M = 1) where the neutron remains as a spectator.

We performed the simplest model fit to reproduce the event distribution with the bound state,
the quasi-free process, and a broad background distributed over the Apn phase space. The data was
fitted by using the maximum likelihood method in the 2D space of ¢ — IM(Ap) shown in Fig. 1(a).
The details of the fitting can be found in Ref. [34]. The simple fitting well reproduces the event
distribution whose result is shown in Fig 1(b) and (c) as colored curves. At the lower g region below
0.35 GeV/c, however, the signal from the bound state and the quasi-free contribution are hardly
separated because the interference between the bound state formation and the quasi-free process is
expected near the kinematical boundary. To show the bound state clearly, we plot the Ap invariant
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Fig. 2. Efficiency and acceptance corrected Ap invariant mass in the region of 0.35 < g < 0.65 MeV [34].

mass spectrum corrected by the detector acceptance and the experimental efficiency in the momentum
transfer window of 350 < g < 650 MeV/c as Fig. 2. In the figure, the yields of other processes
are largely suppressed in contrast to the bound state, and the quasi-free distribution is also clearly
separated from the peak of the bound state.

The simplest fit to the observed peak structure give us a Breit-Wigner pole position at M =
2324 + 3(stat.)tg(syst.) MeV/c2 (i.e. a binding energy B = 47 + 3(stat.)fg(syst.) MeV/c?) with a
width ' = 115 7(stat.)f58(syst.) MeV/c?, and the S-wave Gaussian form factor parameter Q =
381+ 14(stat.)6r 57(syst.) MeV/c2. Thus the peak structure is well below the K~ + p+ p mass threshold,
and significantly above the A + p mass threshold. In addition, the structure cannot be reproduced
any background process such as Y*) production in two nucleon absorption processes followed by Ap
conversion: K~ 3He — Y®NNi — Apn, where Ng denotes a residual nucleon. Therefore, the natural
and simplest interpretation of the peak structure is the “K~ pp” bound state.

The obtained binding energy of ~ 50 MeV is deeper than chiral SU(3) motivated calculations [13—
19], while the almost consistent with the phenomenological based calculations [6—13]. The width of
~ 100 MeV is rather wide compared to theoretical calculations which take into account only mesonic
decay channels such as 72N decay branches. Thus the observed large width indicates that contribution
form non-mesonic decays cannot be ignored in the theoretical calculations. The observed values of
the large form factor ~ 400 MeV/c and the large binding energy ~ 50 MeV imply the formation of
a compact system. To deduce its size quantitatively, however, theoretically sophisticated analysis is
required because the form factor parameter is obtained from the simple momentum transfer analysis
based on PWIA in the current analysis.

4. A(1405)pn Final State

As described above, we found the “K™ pp” bound state in Apn final state. Then a question arises
whether or not the “K~p” bound state is also produced in the same K~ + *He reaction. The A(1405)
state, which decays into 7%, is theoretically considered as a quasi-bound state of KN in I = 0 as
supported by a lattice QCD calculation [35]. Thus we should observe not only the “K~ pp” bound state
but also the A(1405) state in the same K+ 3He reactions. Indeed, the production mechanism of the
KNN system is theoretically understood with a A(1405)+N — KNN doorway process. Furthermore,
from a theoretical point of view, the KNN is a resonant state in the KNN — 7XN — rAN coupled-
channel system, and the mesonic 7ZN decays are expected to be dominant compared to the non-
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Fig. 3. (a) Invariant mass of 7X% and (b) event distribution on the momentum transfer ¢ and the /M (7*X7)
for the X7 pn final state. (¢) IM(7*X7 p) and (d) g versus IM(n*X% p).

mesonic YN decays [36]. This is because the kaon absorption probability of the (Yx);=0 + N — XN
reactions are significant, where (Yx);=o denotes an isobar of KN states with I = 0. Measurements
of the mesonic 7XN channels originated from the KNN decay and the A(1405)p production are
therefore indispensable to obtain further information on the kaonic nuclear bound systems.

For this purpose, events from K+ 3He — n*X¥pn reactions were selected in the analysis.
7t¥¥p — ntn~np were detected with the CDS, where the neutron from the ¥* decays was obtained
using the CDH by requiring no charged track in front of a CDH hit and no hits in both neighbor-
ing side of the CDH segment. The neutron was identified with analysis cuts of 1/8 more than 1.372
(corresponding to less than 1 GeV/c neutron) and energy loss (dE) more than 2 MeV electron equiv-
alent (MeVee). The other neutron in the reaction was identified with the missing-mass method of
3He(K~, ntn~np)X with X = n.

After the 7%z~ pn reconstruction with the CDS, a kinematic fit was applied whether the event
is consistent with the 3He(K~, 7*X¥ p)n reaction kinematics. In the fit, the momenta of measured
tracks were recalculated with the assumption of physical constraints of 4-momentum conservation
and invariant mass of the X* — n*n decays. The event selection of the 7*X¥ pn final state was
performed using the chi-square test of the event hypothesis. The fit was applied twice for each event
with the two hypotheses of the 7tX™pn and n~X* pn final states. The 7tX” pn state should give a
larger y? probability (p-value) for events with the 7+~ pn hypothesis than that with the 7~X* pn, and
vice versa. We selected the final events fulfilling the hypothesis with p-value more than 0.01.

Figures 3(a) and (b) show the invariant mass of 7*X¥ and the event distributions as a function
of gkn, respectively. A A(1405) peak clearly exists below the K~ + p mass threshold, whose events
concentrate in the low momentum transfer region. Figures 3(c) and (d) show the invariant mass of
n*X%p and its event distributions, respectively. One can see that a structure above the K~ + p + p
mass threshold is also concentrated in the low momentum transfer region, which locates on the mass
position of the K™N — Kn quasi-free processes with forward neutron emission [IM(n*X% p) ~ 2.4
GeV/c?]. The results mean that the K“N — ‘K’n quasi-free processes followed by the ‘K’+NN —
A(1405)p reaction is dominant. We already found that the “K~ pp” bound state is produced via lower
momentum transfer of the K~ N — ‘K’n quasi-free processes followed by the two-nucleon absorption
of ‘/K’+NN — “K~pp”, therefore, the production mechanism of the “K~ pp” and A(1405)p states will
be quite similar except for the final state.

However, in contrast to the Apn final state, one can see that those A(1405)pn events mainly
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distribute above the K~ + p + p mass threshold in the 7*X¥ p invariant-mass spectrum as shown in
3(c). Focusing on the region below the K~ + p + p mass threshold, no clear structure was found below
the threshold where we observed the “K™ pp” peak in the Ap invariant-mass spectrum. This will be
due to small 7XN-decay branches of the “K~ pp” bound state, which are theoretically expected to
be dominant decay channels as discussed in Ref. [36]. This discrepancy can be naively interpreted
using the decay phase-space volume of the “K™ pp”. The n£N-decay phase space below the K~ + p +
p mass threshold is kinematically limited, thus the decay branches into non-mesonic YN channels
can be widely opened when the “K~ pp” bound state is formed. This interpretation is consistent
with our observation of the “K~ pp” in the Ap channel; the obtained width of ~ 100 MeV is larger
than theoretical expectations based on the mesonic 7ZN decays. In addition, this 7XN phase-space
limitation will distort the spectral shape of the “K™ pp” toward the K~ + p + p mass threshold, in
case of the “K~ pp” binding energy of ~ 50 MeV we observed. Thus, in the 7ZN channel, it will be
possible that the “K~ pp” is observed as a shoulder below the quasi-free tail, not a peak below the
K™ + p + p mass threshold.

To compare the cross section between the Apn final state and 7*X¥ pn(A(1405) pn), the efficiency
correction was performed event-by-event by considering the event kinematics of the 7Xpn final state.
The efficiency, including the detector acceptance and event-reconstruction efficiency, was evaluated
with a full Monte-Carlo simulation using the 7*X¥ pn phase space. After subtraction of 77~ pnY
contaminations in the 75X7 pn final state, where Y cannot be detected by the CDS and those widely
spreaded event distribution gets in the region of interest of 7*X¥ pn, we evaluated the cross section of
the A(1405)pn final state to be ~ 100 ub. The evaluation was performed by fitting the spectrum with
>(1385) whose yield was estimated from X(1385)* channel, A(1405), A(1520), and a non-resonant
7*E* background. For the A(1405), we simply adopted a Flatté parametrization [37]. Details of the
analysis will be given in a forthcoming publication.

The obtained A(1405)p cross section is ~ 10 times larger than that of the “K~ pp” bound state
evaluated to be O';?fpp “Bra, =11.8 J_rO.3(syst.)J_"(1):8(syst.) (b [34]. It can be understood by considering
the scattered-kaon energy of the first-step K“N — ‘K’n process in the laboratory frame (Eﬁ?h ) as
follows. When the scattered-kaon energy is above its intrinsic mass mg (Eﬁ?b > mg), the ‘K’+NN —
A(1405)p reaction is dominant. The energy-momentum mismatch has to be transferred to the proton,
i.e., the “K~ p” bound state as the A(1405) state is formed above the K~ + p + p mass threshold. On
the other hand, when the kaon energy is below the intrinsic mass (Eﬁ?b < mg), the “K™ pp” bound
state is formed via the ‘K’+NN — “K~ pp” reaction. The “K™ pp” is produced via ‘K’ capture by
two residual nucleons under the energy-momentum match condition below the mass threshold.

5. Conclusion and Prospect

An experimental search for the KNN bound state was performed at J-PARC by using the in-flight
K~ + 3He reactions at 1 GeV/c. We observed a significant peak structure well below the K~ + p + p
mass threshold in the Ap invariant-mass spectrum of the Apn final state, whose natural and simple
interpretation is the “K~ pp” bound state. We also successfully measured A(1405)pn final state in the
K~ + 3He reactions by reconstructing 77 * pn events, which distributes above the mass threshold in
the 7*X¥ p invariant-mass spectrum. The production cross section of the A(1405)p was ~10 times
larger than that of the “K~ pp” bound state observed in the Ap invariant mass, which will provide
quite important information on the production mechanism of the “K~ pp” bound state.

To obtain further understanding of the kaonic nuclei, we are planing to perform the systematic
study of the kaonic nuclear bound states in light nuclei, from the “KN” to “KNNNN”, via the in-flight
(K™, N) reactions with a new 4r spectrometer. In the new experiment, we measure nuclear mass num-
ber dependence of the kaonic-nuclei properties and determine decay branches. Such systematic study
provides quite unique information about the KN interaction in the region below the mass threshold,
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which is of importance to gain a further understanding of the low-energy QCD.
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