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An event excess observed in the deeply bound
region of the 1>C(K—, p) missing-mass spectrum
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We have measured, for the first time, the inclusive missing-mass spectrum of the *C(K~, p)
reaction at an incident kaon momentum of 1.8 GeV/c at the J-PARC K 1.8 beamline. We observed
a prominent quasi-elastic peak (K~ p — K~ p) in this spectrum. In the quasi-elastic peak region,
the effect of secondary interaction is apparently observed as a peak shift, and the peak exhibits
a tail in the bound region. We compared the spectrum with a theoretical calculation based on
the Green’s function method by assuming different values of the parameters for the K—nucleus
optical potential. We found that the spectrum shape in the binding-energy region —300 MeV <
Bx < 40MeV is best reproduced with the potential depths ¥, = —80MeV (real part) and
Wy = —40 MeV (imaginary part). On the other hand, we observed a significant event excess in
the deeply bound region around Bx ~ 100 MeV, where the major decay channel of K" NN —
XN is energetically closed, and the non-mesonic decay modes (K"NN — AN and XN)
should mainly contribute. The enhancement is fitted well by a Breit-Wigner function with
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a kaon-binding energy of 90 MeV and width 100 MeV. A possible interpretation is a
deeply bound state of a ¥*-nucleus system.

Subject Index D33

1. Introduction

One of the directions of nuclear physics research is to extend the concept of nuclei as nucleon
many-body systems into that of hadron many-body systems. The study of hypernuclei is a well-
known example of this extension; hyperons in nuclei provide us with new means to deepen our
understanding of nuclear force and structure. Here we discuss a new type of extension, meson—baryon
many-body systems called mesonic nuclei, where mesons exist in a nucleus as real particles. Some
types of mesonic nuclei are predicted theoretically; however, the experimental results are limited.
Specifically, physicists have shown much interest in kaonic nuclei, quasi-bound states between a K
and nuclei. This is due to the fact that the KN interaction has a strong attraction in the isospin / = 0
channel, and thus should form a bound state. However, the depth of the K—nucleus potential is a
long-standing puzzle and is key to studying the kaonic nuclei.

Kishimoto suggested the existence of kaonic nuclei with a medium atomic number based on the
strong attraction in the KN system in 1999 [1]. Then, Akaishi and Yamazaki discussed the possibility
of kaonic nuclei in few-body systems in 2002 [2], in which the large binding energy could make the
decay width narrow. Since then, kaonic nuclei has been actively investigated, both theoretically and
experimentally.

Specifically, the simplest kaonic nucleus, called K ~pp, a quasi-bound state of a K and two nucleons
with isospin / = 1/2 and spin parity J© = 07, has attracted much attention. K~ pp has also
been studied theoretically using different approaches to KN interaction and few-body calculation
methods [3].

Recently, some exotic hadrons have been reported, such as pentaquark particles [4,5]. Their struc-
tures, however, are not yet well established. In this discussion about kaonic nuclei, the structure of
A (1405) is critical [6,7]. Whether it is an excited state of a A hyperon with three (uds) constituent
quarks or a KN molecular state has been a long-standing puzzle in hadron spectroscopy. A lattice
QCD calculation favors the molecular picture of K and N [8].

The first experimental result on K~ pp was reported by the FINUDA Collaboration [9]. They
used the stopped K~ absorption reaction on ®’Li and !'°C targets and found a bump struc-
ture in the Ap invariant-mass spectrum. The obtained binding energy and decay width were
115 J_rg’ (stat.) fi (syst.) MeV and 67 J_rﬁ‘ (stat.) Jj% (syst.) MeV, respectively. The DISTO Collabo-
ration also reported a possible signal of K~ pp by using the pp — KT Ap reaction at 7, =
2.85 GeV [10]. They obtained a binding energy of 103 &£ 3 (stat.) £ 5 (syst.) MeV and a decay width
of 118 & 8 (stat.) == 10 (syst.) MeV. Furthermore, the DISTO Collaboration also reported that there
was no signal at 7,, = 2.5 GeV. The HADES Collaboration measured the same pp — K Ap reaction
at 3.5 GeV and found no signal [11]. Finally, no peak was observed in the inclusive spectrum of the
d(y,KTm ™)X reaction at E, =1.5-2.4GeV at LEPS [12].

J-PARC has also contributed to the search for the kaonic nuclei. The E15 and E27 experiments
were conducted to search for the K~ pp at K1.8 BR and K1.8 beamline, respectively. The E27
Collaboration used the d(w+, K*) = reaction at p,+ = 1.69 GeV/c and observed a broad bump
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structure [13]. The deduced binding energy and decay width were 95 f%? (stat.) f;g (syst.) MeV
and 162 fﬁg (stat.) fgg (syst.) MeV, respectively. The E15 Collaboration found a distinct peak struc-
ture in the Ap invariant mass of the *He(K~, Ap)n reaction at 1.0 GeV/c [14]. The binding
energy and the decay width of the Breit—-Wigner form were 47 + 3 (stat.) J_rz (syst.)MeV and
115 + 7 (stat.) “_Lég (syst.) MeV, respectively. Moreover, the parameter of the s-wave Gaussian reac-
tion form factor was also evaluated as Oy = 381 & 14 (stat.) :5)7 (syst.) MeV. The production cross
section was estimated as ogp, X Brp, = 11.8 £ 0.4 (stat.) f?:% (syst.) ub, which is approximately
103 when related to the cross section of K ~p quasi-elastic scattering.

Let us suppose there exists a K~ pp bound state with a binding energy = 50 MeV. Then, it is
reasonable to expect the existence of heavier kaonic nuclei. The K—nucleus potentials for heavier
systems were developed with systematic data samples of kaonic atom X-rays. Even though the
SIDDHARTA data on the kaonic hydrogen X-rays strongly constrained the potential strength [15],
two sets of parameters, “shallow” and “deep,” are proposed; both sets reproduce the data reasonably
well.

A “shallow” potential, where the real part of the potential depth is in the range —80 MeV < Vy <
—40 MeV, is obtained with a simple #p approach [16] and the SU(3) chiral unitary model [17-20].
The shallowest potential is derived by further requiring self-consistency [19,20].

In contrast, a “deep” potential (—200 MeV < ¥y < —150MeV) usually gives a better x? in the
fit. The main difference between the “deep” and “shallow” potentials is the nonlinear density terms
(p). For example, bp + Bp?/po terms, where b and B are fitting parameters, are introduced con-
sidering the multi-nucleon absorptive and dispersive contributions [16]. Also, a #p approach with a
multiplicative function [21] and the Fourier—Bessel method [22] predicts such “deep” potentials. Sim-
ilarly, Ref. [23] gives a “deep” potential. This study introduces a single-nucleon density-dependent
potential V;(l)(p), generated by the Ikeda—Hyodo—Weise amplitude [24], and a phenomenologi-

cal density-dependent potential V;(z) (p) to represent the multi-nucleon absorptive and dispersive
processes.

Notably, the origin of the nonlinear terms in density is multi-nucleon absorptions. In the stopped K~
reactions, the fraction of non-mesonic absorption by multi-nucleons amounts to approximately 20%
in a wide mass number range [25]. However, no microscopic studies existed until recent years, and
no quantitative analyses of the KN potentials have considered multi-nucleon absorptions. Therefore,
the widths resulting from multi-nucleon absorption processes are not well understood. Note that
most of the experimental observations suggesting the existence of K~ pp bound states claim a large
width, > 100 MeV, greater than the decay width of A (1405). There should be sizable non-mesonic
decay-widths of the order of 100 MeV.

In the experimental investigations of heavier kaonic nuclei, the KEK E548 experiment was con-
ducted to measure both 2C(K—, n) and 2C(K p) spectra [26]. They found that the potential depths
Vo + iWo ~ —190 — 40i MeV and Vo + iWy ~ —160 — 50i MeV reproduced well the 12C(K ~, n)
and '2C(K~, p) spectra, respectively. However, their spectra cannot be compared with theoretical
inclusive spectra [27]. Their measurement required the coincidence of one charged particle near the
target system and the spectra would be deformed because of this bias.

This measurement is similar to that of KEK E548. We have measured the inclusive missing mass
spectrum of the '2C(K~, p) reaction at px- = 1.8 GeV/c at the J-PARC K1.8 beamline. In these
conditions, the momentum of the outgoing protons from kaonic nucleus production is considered to
be approximately 2.2 GeV/c at a very forward angle of 6, < 5°. The most important advantage to
measuring the outgoing proton at a very forward angle is that momentum transferinthe K —p — K™ p
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Fig.1. Momentum transfer of the K~p — K™ p elastic scattering as a function of the scattering angle 6, in
the laboratory system. The red and black lines show the situations at px- = 1.8 GeV/c for J-PARC EO0S5 and
1.0 GeV/c for KEK E548, respectively.

elastic scattering is low (< 300 MeV/c; Fig. 1), comparable with the Fermi motion in '2C. A critical
difference from KEK E548 is that we require an outgoing proton in the forward direction to measure
an inclusive spectrum. Another difference is the momentum of the incident kaon. For KEK E548, it
was 1.0 GeV/c, whereas it is 1.8 GeV/c in this measurement. The kaon elastic-scattering cross section
has a maximum at 1.0 GeV/c, and it decreases monotonically to 1.8 GeV/c. The maximum is because
of an s-channel resonance. While the incident beam momenta are different, the momentum transfer
inthe K~ p — K~ p elastic scattering at very forward angles for each incident momentum is similar.
Therefore, the difference in the missing-mass spectrum for each incident beam momentum should
be small. A further difference is the missing-mass resolution of the detector system. It is 4.2 MeV in
o, which is a significant improvement regarding the 10 MeV in KEK E548. By considering the large
widths generally observed for the K~ pp, this missing-mass resolution would be enough to observe
the peak structure.

2. Experimental setup

This measurement was conducted as part of the J-PARC E05 pilot run, searching for a E-hypernucleus
by using the '>C(K—, K*) reaction. The pilot run was conducted at the K1.8 beamline of the J-PARC
hadron experimental facility from 26 October to 19 November, 2015.

A carbon graphite target of 9.364 g cm ™~ thickness was irradiated with 84.9 x 10° K~ of 1.8 GeV/c
momentum.! Furthermore, we collected data on the 9.538 gcm™2-thick polyethylene [(C2Hy),]
targetat1.5,1.6,1.7,1.8,and 1.9 GeV/c K~ beam momenta to evaluate the elementary cross sections.
In this paper we focus on the data at 1.8 GeV/c. The results obtained using the other momenta will
be reported elsewhere. For calibration, beam pass-through data were also taken with and without the
targetsat 1.1, 1.2, 1.35, 1.5, and 1.8 GeV/c using the K™ beam and 1.2, 1.35, 1.5, 1.8, and 2.0 GeV/c
using the K~ beam, respectively. The typical K~ beam intensity was approximately 6 x 10° per
accelerator cycle of 5.5s with a typical K~ /7~ ratio of approximately 0.8 and a beam spill length
of approximately 2 s.

' This beam momentum was chosen by considering the maximum elementary cross section of the
p(K~,K*)E™ reaction to search for the E-hypernucleus.
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Fig. 2. Schematic view of the experimental setup.

Figure 2 shows a schematic view of the experimental setup. The incident K~ beam was analyzed
using a magnetic spectrometer, the K1.8 beamline spectrometer [28]. The outgoing particles, such
as K, and protons were measured by the Superconducting Kaon Spectrometer (SKS) [28] in the
spectrometer configuration called SksMinus [29]. We set the SKS magnetic field at 2.49 T to analyze
outgoing Kt from the E-hypernucleus production with a momentum of approximately 1.4 GeV/c and
scattering angle of g+ < 14°. SKS has a large angular (~100 msr) and momentum (1.1-2.4 GeV/c
for this measurement) acceptance. Therefore, we could also measure the outgoing protons from the
kaonic nucleus production with a momentum of approximately 2.2 GeV/c and scattering angle of
0p < 5° at the same time. This section describes details of the experimental setup.

2.1. KI.8 beamline spectrometer

The secondary K~ beam was produced on the primary target (Au, 66 mm thick) by a 30 GeV primary
proton beam and delivered to the experimental area via the K1.8 beamline. The K 1.8 beamline was
designed to provide separated secondary particles with momenta up to 2 GeV/c by using double
electrostatic separators (ESS1 and ESS2). The beam was analyzed in the beam analysis section
called the K1.8 beamline spectrometer. It consists of two timing plastic scintillation hodoscopes
(BH1 and BH2), a tracking detector made of scintillating fibers (BFT), a series of QODQQ magnets
(Q10, Q11, D4, Q12, and Q13), two sets of multi-wire drift chambers (BC3 and BC4), and two sets
of aerogel Cerenkov counters (BAC1 and BAC2).
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BH1 and BH2 are plastic scintillation counters segmented into 11 and 5 modules, respectively.
Phototubes (HAMAMATSU H6524MOD) equipped with a three-stage booster were connected to
both ends of the BH1 scintillators. For BH2, the same types of phototubes were coupled to the bottom
end only. These hodoscopes were used to generate trigger signals and as time-of-flight counters for
beam particles, with a typical time resolution of approximately 0.2 ns. BH2 provided reference timing
for all the other detectors.

BFT is a tracking detector made of 1 mm-diameter scintillating fibers installed at the upstream part
of the QODQQ system [30]. A multi-pixel photon counter device (MPPC) detected the scintillation
light from each BFT fiber, and BFT measured the horizontal position of the beam trajectories with
a sensitive area of 160t x 80V mm?. It consisted of two layers staggered by 0.5 mm and attained a
root-mean-square (rms) spatial resolution of approximately 0.2 mm.

BC3 and BC4 are multi-wire drift chambers with 1.5 mm drift length installed at the exit of the
last Q magnet (Q13); they have a six-layer (xx'uu’vv’) configuration, where the x-plane measures
the horizontal hit position. The wires in the u- and v-planes are tilted by £15° relative to those in
the x-plane. The typical rms spatial resolution of both BC3 and BC4 is approximately 0.2 mm. The
momenta of beam particles are reconstructed from the track information of BFT, BC3, and BC4 using
the third-order transfer matrix through the QODQQ system. The design full width at half maximum
(FWHM) value of the momentum resolution is 3.3 x 10~4 [28].

BAC1 and BAC2 are threshold-type silica acrogel Cerenkov counters with a refractive index of
n = 1.03, corresponding to a threshold momentum of 0.6 GeV/c for pions and 2.0 GeV/c for kaons.
These detectors were installed downstream of BH2. Three fine-mesh-type photomultiplier tubes
(PMTs; H6614-70UV) were connected to the radiator for each BAC. The analog signals from the
PMTs were summed before the discriminators to improve the K /7 separation power. The K~ beam
detection efficiency is estimated to be approximately 95%, including the inefficiency due to the
in-flight decay between BH1 and the BACs. The pion detection efficiency for each BAC is evaluated
to be more than 99%. The trigger logic to select the K~ beam was defined as

BEAM = BH2 x BACI || BAC2. (1)

2.2.  Superconducting kaon spectrometer (SKS)

The SKS consists of four sets of multi-wire drift chambers (SDC1, SDC2, SDC3, and SDC4), a
superconducting dipole magnet (SKS magnet), a timing plastic scintillator hodoscope (TOF), and
two threshold-type Cerenkov counters (AC and LC). It achieves both a good momentum resolution
of 3.5 x 1073 (FWHM) at p = 2.0 GeV/c and a large momentum acceptance (1.1-2.4 GeV/c). In
this measurement at 1.8 GeV/c, we set the SKS magnetic field to 2.49 T.

SDC1 and SDC2 were installed at the entrance of the SK'S magnet with (xx'vv'uu’) and (uu/xx") layer
configurations, respectively, and a drift length of 2.5 mm. The wires in the # and v planes are tilted
by £15° as in BC3 and BC4. The typical rms spatial resolutions are approximately 0.2 mm (SDC1)
and 0.15mm (SDC2). SDC3 and SDC4, which cover a large total area of 2140 x 1140Y mm?,
were placed at the exit of the SKS magnet. SDC3 and SDC4 have identical structures and the same
layer configuration (xuvxuv), where the u and v wires are tilted by £30° relative to the x wires.
The drift length is 10 mm and the typical rms spatial resolution is approximately 0.25 mm. The
outgoing proton’s momentum is reconstructed from the hit information on these drift chambers and
a calculated field map by using the Runge—Kutta method.
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Fig. 3. Schematic view of KIC. The four segments of the KIC counters are indicated by gray boxes.

TOF is a set of plastic counters horizontally segmented into 32 slabs and installed downstream of
SDCA4. Phototubes (H1949) detect the signal of each segment on both the top and bottom sides. The
outgoing proton is identified by the time of flight between BH2 and TOF, along with the flight path
length for each track.

AC is a threshold-type silica acrogel (n = 1.05) Cerenkov counter for pion veto at the trigger level.
Outgoing pions were rejected with a threshold of 0.45 GeV/c. AC was placed just behind TOF, and
5 in phototubes (H-R1584 and Burle-8854) were used for signal detection.

LC is a Lucite Cerenkov counter installed immediately downstream of AC to separate low-
momentum protons from pions and kaons at the trigger level. It was segmented into 28 elements of
a Lucite (acrylic) radiator with a refractive index of n = 1.49, corresponding to a threshold momen-
tum of approximately 0.9 GeV/c for protons. The momentum dependence of the proton detection
efficiency is evaluated by using BH2 x TOF trigger data and is corrected for on a per-event basis.
We find that the proton detection efficiency reaches a plateau (eLc ~ 98%) at pproton = 1.6 GeV/e.

The main trigger of the E05 experiment, called the (K, K™) trigger, was defined as

KK = BEAM x TOF x AC x LC x MT. (2)

Here, MT is a matrix coincidence trigger considering a hit-segment combination of TOF with LC.
It distinguished reaction events at the target from fake triggers originating from the beam hitting
the magnet yoke. Since an LC hit was required in the (K, K™) trigger, outgoing protons with low
momenta were suppressed at the trigger level. However, outgoing protons in the region of interest
have a high momentum of approximately 2.0 GeV/c and LC cannot suppress them. Therefore, the
(K, p) reaction data were also collected using the (K —, K ™) trigger. A detection efficiency correction
for LC is applied for each event according to the momentum of the outgoing protons in the offline
analysis.

2.3.  Decay counter KIC

We additionally installed four segments (up, down, left, and right) of plastic scintillation counters,
called KIC, surrounding the target to detect decay particles from kaonic nuclei (Fig. 3). Here, the
carbon graphite target is shown by a black box, with the z-coordinate corresponding to the beam
direction. The gray boxes show the four segments of KIC counters.

KIC was installed to examine the possible distortion effect because of the requirement for at least
one charged particle hit in KEK E548. The size of the up and down segments was 400 x 400 mm?,
and the distance from the target center was 100 mm. This up and down configuration is the same
as the decay counter (called CV) of KEK E548. The size and distance from the target center of
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the left and right segments were 220 x 400 mm? and 200 mm, respectively. The thickness of these
counters was 10 mm, and the signal was detected by fine-mesh-type PMTs (H6614-01MOD) on the
downstream side.

3. Analysis

The missing mass, My, of the L2ck-, p)X reaction is reconstructed as
My = ((Ex + M("Z) — E»)* — (0 + P — 2pkpp cos Op)} /2, 3)

where Ex and pg are the energy and momentum of the beam K™ in the laboratory frame, E, and
pp are those of the outgoing proton, Z denotes the proton number of the target material, M (‘12) is
the mass of the target, and 6, is the scattering angle of the (K, p) reaction. Therefore, we must
measure three kinematic variables, pk, pp, and 6k, through the momentum reconstruction after the
event selection. Once the missing mass is calculated, the K ~-binding energy, Bg, can be obtained
as

Bx = M(M(Z — 1)) + Mg — My. @)

Here, M (“~D(Z — 1)) and My are the masses of the core nucleus and K ~.
The double differential cross section (d2& /dS2/dM)g,—g, for the >C(K~, p)X reaction averaged
over the scattering angle from 0; to 6, can be evaluated, as a function of the missing mass, as

( d25 ) _ A Ngp 5)
dQdM )4 5, NA(pX) Nocam AQu6,—0, AM€’

where 4 is the mass number of the target, Na is Avogadro’s number, px is the target thickness, Nk,
is the number of good (K, p) events in the missing-mass interval AM, Npeam 1S the number of beam
kaons on the target, AQ2g,—, is the effective solid angle of the SKS between 0 and 6,, and € is the
total experimental efficiency.

The details of the analysis strategy of SKS at the J-PARC K1.8 beamline are also summarized in
Refs. [31,32]. In this section, we describe the details of the analysis procedure.

3.1. Event selection and momentum reconstruction

Event selection and momentum reconstruction are performed step by step to calculate the missing
mass, as described below. First, (K, p) events should be distinguished from background events. All
counters must give signals, and the beam K~ and outgoing protons are selected. Next, momentum
reconstruction for the beam and outgoing particles is performed. After the momentum reconstruction,
we identify the outgoing protons by the time of flight along with the reconstructed flight path and
momentum. Moreover, we reconstruct the vertex point and scattering angle of the (K, p) reaction
to eliminate background events not originating from the target. Then, the final candidate events are
chosen to calculate the missing mass.

The beam K ~ was selected by requiring anti-coincidence of the BACs as BH2 x (BAC1 || BAC2)
at the trigger level. In the offline analysis, the K~ is identified by requiring no TDC hit of the BACs
within a time window as narrow as 10 ns, regarding the beam timing measured by BH2, to reduce
the number of K~ beam events vetoed by accidental pions. Moreover, the time of flight, tofyeam,
between BH1 and BH2 with a flight path of 10.4 m is also used for K~ selection.
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Fig.4. (a) Typical time of flight, f0f,cam, Spectra of the incident beam particles. The black spectrum shows the
raw time of flight obtained by requiring only the hits of BH1 and BH2. The red and blue spectra show the time
of flight with the BAC selection at the trigger and offline levels, respectively. (b) Typical squared mass, M2,
distribution of the outgoing particles.

Figure 4(a) shows the typical time-of-flight spectra. The black spectrum shows the raw time of
flight obtained by requiring only hits of BH1 and BH2. The time offset is adjusted to tofpeam = 0
for the pion beam. The red and blue spectra are obtained with the BAC selection at the trigger and
offline levels, respectively. The time window for the K~ selection, —3 < f0fpeam < —0.621s, is also
shown by the green lines. The lower limit is loosely set because there is no background contribution.
On the other hand, a stricter upper limit, corresponding to +3 o, is set to avoid the background due
to the remaining pions in the beam, even though most of the pion components are suppressed by the
BAC selection. The pion contamination after the K~ beam selection is suppressed, as shown by the
blue distribution.

The beam momentum is reconstructed using information from particle trajectories detected by
BFT and the BCs. We call this procedure K1.8 tracking, whose details are described in Ref. [32].
The horizontal hit position upstream of the QODQQ magnets was measured by the BFT. We select
BFT hits with a time window of &4 ns relative to the beam timing measured by BH2. Moreover, the
hit position matching the BHI hit segment is also required to suppress accidental hits. The particle
trajectories downstream of the magnets are reconstructed from a local track of the BCs, determined by
linear least-squares fitting. We also require consistency between the reconstructed trajectory and the
BH2 track segment. After selecting the track candidates, the beam momentum is evaluated using the
third-order transfer matrix calculated using the ORBIT code (S. Morinobu, private communication).
In this analysis, multi-track events are discarded after evaluating the consistency with the BH1 and
BH2 hit segments.

The momentum of an outgoing particle is reconstructed with the hit information of SDC1-SDC4.
The local straight tracks at the upstream (SDC1 and SDC2) and downstream (SDC3 and SDC4)
drift chambers select the proper hit candidates for the momentum analysis. We also evaluate the
consistency between the reconstructed trajectories of the downstream local track and TOF hits.
After these selections, the hit position at each layer of SDC is connected using the Runge—Kutta
method [33]. In this procedure, called SKS tracking, the momentum vector of the outgoing particle
is reconstructed. Figure 5 shows a typical reduced y? distribution of the SKS tracking. A reduced
x? value of less than 30 is accepted for the analysis.
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Fig.5. A typical reduced x? distribution of the SKS tracking.

The outgoing proton is identified by selecting a region of the squared mass spectrum, Mszcat,

calculated as

2
My = (%) (1 B2, 6)

where p is the reconstructed momentum as described above, and g is the velocity of the outgoing
particle calculated using the flight path length and time of flight between BH2 and TOF. Figure 4(b)
shows a typical squared mass spectrum. The outgoing proton is chosen with the selection gate
0.5 < M2, < 1.4(GeV/c?)?, as shown by the black lines. The M2, cut efficiency is estimated to
be 99.8%. The background contamination in the selection gate is negligibly small because the 7
produced from the target and in-flight decay of K~ was strongly suppressed by AC at the trigger
level.

The reaction vertex point and the scattering angle of the (K —, p) reaction are reconstructed from both
the incident beam and outgoing particle trajectories obtained from the straight-line tracking of the
BCs and SKS tracking, respectively. The vertex information suppresses background not originating
from the target. Figure 6(a) shows the distribution of the z-coordinate (beam direction) of the vertex
point. In this z-vertex spectrum, events with a scattering angle of 3.5° < 6k, < 4.5° and binding
energy of Bx > —100MeV are selected.

We set a window of —100 < z < 200mm for the z-vertex, as shown by the black lines. This
window is set wider than the actual target lengths of 54.2 mm ('2C graphite) and 100.0 mm (CH>),
to keep a sufficient vertex-cut efficiency. Figure 6(b) shows the scattering angle dependence of the
vertex-cut efficiency for the graphite target. The efficiency reaches a plateau (€yertex ~ 99.6%)
at 0k, ~ 8°. This efficiency curve corrects the cross section value event by event once the 6k,
angle is calculated. The efficiencies are evaluated and applied separately for the CH, target data.
The background contamination in this z-vertex window around 6k, ~ 4° is negligible because the
distance between the downstream edge of BAC (z ~ —400 mm) and the lower bound of the z-vertex
gate (z = —100 mm) is approximately 300 mm, corresponding to more than 10 o with the z-vertex
resolution of o ~ 28 mm at 6, ~ 4°.

We do not introduce the vertex cut of the x (horizontal) and y (vertical) coordinates because the
target (150% x 50" mm?) is sufficiently larger than the K~ beam profile, whose typical size is 21.7 mm
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Fig. 6. (a) Distribution of the z-coordinate of the reaction vertex point, z-vertex, in the scattering angle interval
3.5° < 0k, < 4.5° and for By > —100 MeV. The dashed line shows the detector positions around the target.
The black lines show the window for the z-vertex selection. (b) The obtained vertex selection efficiency for
the ?C graphite target data as a function of the scattering angle.

(x) and 3.5mm (y) in o. Then, the final (K, p) events are selected to calculate the missing mass
following Eq. (3).

3.2.  Momentum correction

We apply three types of momentum correction. First, the momentum correction of the outgoing
particle is performed to cure the correlation with the scattering angle and evaluate the missing-mass
resolution. Next, the energy loss in materials such as the experimental target is corrected. Finally,
we correct the momenta of both the beam and the outgoing particles to obtain accurate absolute
momenta by using the beam pass-through and CH, target data.

In the present analysis, the outgoing particles are reconstructed by using the calculated field map
for the SKS magnet. However, this calculated field map may not completely reproduce the real one,
and this effect may cause some correlations. Therefore, we introduce phenomenological correction
terms (we call it uv correction) as a momentum calibration as

Psks = Psks +/ () + g(v), (7
f@) = Asi® + Aqu® + A31° + Ao® + Ayu, )
g(u) = Bgv* + B3v? + Bov? + By, ©)

where pgy ¢ and psks are momenta of the outgoing particle after and before the correction, respec-
tively. Here, u and v are the horizontal (dx/dz) and vertical (dy/dz) direction cosines of the outgoing
particle at the target position, respectively. The polynomial functions f («) and g(v) remove the cor-
relation. 41—s and B1—4 are the parameters calculated by using the K~ elastic scattering peak in the
missing mass spectrum of the p(K~, p)K ~ reaction for the CH, target data. In the uv correction, we
do not introduce zeroth-order terms, Ay and By, in the polynomials corresponding to the absolute
momentum scale because the absolute momentum is corrected with the final momentum calibration,
as described below.

After this step, the energy loss corrections for the experimental target, BH2, and BAC are applied.
Energy loss correction is performed for each track by using the obtained momenta and reaction vertex.
Correction values are calculated based on the Bethe—Bloch formula multiplied by a factor of 0.956,
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which is evaluated from the beam pass-through data with and without the target. The same scale
factor is applied for the BAC energy loss correction. The momentum difference, dp, is obtained by
comparing the measured momenta of the K1.8 tracking and the SKS tracking as dp = psxs — px1.3-
Moreover, since each BH2 segment had overlaps by 5 mm at the edge, we can easily observe double
peak structures in the dp spectrum. From these peaks, we can also estimate the energy loss in the
BH2.

The absolute momentum scales of the beam and outgoing particles are adjusted using the beam pass-
through data and the K~ and E~ peaks of the p(K—, p)K ~ and p(K —, K ) E™ reactions, respectively,
collected using the CHj target at pg- = 1.8 GeV/c. Regarding the absolute momentum correction,
second- and third-order polynomial functions are introduced for the beam and outgoing particles,
reducing dp of the beam pass-through data and the differences in the K~ and E~ masses between
the Particle Data Group value and the measured value. A similar momentum correction was applied
in the J-PARC E10 analysis, and the detailed correction procedure was described in Ref. [32].
After the absolute momentum adjustment, the differences between the ideal and corrected momenta
are reduced within 0.3 MeV/c. The remaining differences are a systematic uncertainty on the
momentum reconstruction. Finally, the systematic uncertainty in the binding energy of the '>C(K~, p)
reaction around the threshold, Bx ~ 0, is estimated as 0.3 MeV.

3.3. Efficiency evaluation

After we select the (K, p) events and correct the momenta, the double differential cross section
defined in Eq. (5) is estimated; € in Eq. (5) shows the overall experimental efficiency resulting from
DAQ, detectors, and analysis cuts. It is the result of several terms, some of which depend on the
experimental conditions and are applied event by event (ecyt), while the others are common to all
events and are applied in the final phase of the analysis (€com ).

First, we describe the contributions to common efficiency (€com ). The data acquisition efficiency,
€DAQ, is evaluated as the probability of accepting the trigger determined by the dead time of the
data acquisition system. Its value is estimated as epaqg = 66.4 &= 0.8%, where the error comes
from the stability of the data acquisition system. The beam K~ selection efficiency is defined as
€beam = NV (K~ selection) /N (K~ beam trigger), where N (K~ beam trigger) is the number of K~
beam particles at the trigger level defined as BH2 x (BAC1 || BAC2). N (K~ selection) shows the
number of beam K~ selected during the offline analysis, as described in Sect. 3.1. Thus, €peam
includes the hit efficiency of BH1. The efficiency is evaluated as €peam = 92.1 & 0.1%. The error is
estimated from the fluctuations during the data recording period. Moreover, we discard events with
double BH2 hits, although we lose a small fraction of good events where the beam particle passes
through the two adjacent modules of BH2 overlapping by 5 mm. This way, we avoid the event-by-
event double energy-loss correction for BH2. The ratio of double-to-single BH2 hit events in the '>C
target data is 7.94 & 0.13%, where the error is estimated by changing the other cut conditions, such
as those with and without the (K, p) selection.

The local tracking efficiency for each set of chambers is evaluated to be egrr = 94.8 £ 0.5%,
€BC3—4 = 93.84+0.5%, espci—2 = 96.3+£0.6%, and espc3—4 = 99.440.1%. The efficiencies of BFT
(eprT) and BC3-BC4 (epc3—4) are estimated using the events collected with the BH2 self-trigger that
was mixed during the physics data collected to obtain the unbiased data from the K~ beam. We select
the single-track candidates for the analysis of BFT and BC3 and 4 after requiring hit consistency with
BH1 and BH2, respectively. The efficiency of SDC1-SDC2 (espci1—2) is obtained using the events
collected with the BH2 self-trigger. Here, we select the events in which KIC had no hit to select the
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Table 1. The efficiency of SKS tracking for each scattering angle.

0, [degree] 1-3 3-5 5-7 7-9 9-11
€sksmack [%] 91.5+£0.1 91.540.0 912402 909403 9031
6, [degree] 11-13 13-15 15-17 17-19 19-21

€sksmack [%0] 892404  88.0703 86.3 703 81.7122 72038

beam pass-through events and discard the scattering events on the target material. The consistency of
the efficiency evaluation is checked by using the events corrected with the (K, w ™) trigger defined
as Km = BEAM x TOF x AC x LC x MT. The efficiency of SDC3-SDC4 is estimated by using
the (K, p) events because the protons are free from decay in flight. In this efficiency evaluation, the
outgoing proton is selected using the information from the horizontal direction cosine (dx/dz) of the
SDC1-SDC2 local track and time of flight (BH2—TOF). The errors of these local track efficiencies
are estimated from the fluctuation during the data-collection period.

Other common efficiencies are the TOF efficiency, proton identification efficiency of AC, proton
selection efficiency, proton absorption, and K~ beam survival factor. The TOF efficiency is assumed
to be eror = 100%. The proton identification efficiency of AC, which is decreased because of
accidental veto by pions and §-ray emission by protons, is evaluated to be eac = 94.9 & 0.4% using
the events collected from the BH2 x TOF trigger. The proton selection efficiency with the selection
gate of 0.5 < MSZCat < 1.4(GeV/c?)?, as shown in Fig. 4(b), is epip = 99.8%. The proton absorption
factor is estimated as e3,s = 87.4 &= 1.0% by considering the total pN cross sections and material
budget of the SKS system. The K~ beam survival factor, corresponding to the in-flight decay between
BAC and the target, is evaluated as €g,rv = 96.8 £ 1.0%. Then, the common efficiency is estimated
as €com = 35.2 £ 1.2%.

Next, we describe the efficiencies estimated for each event (€cyt), namely those for SKS tracking
(esks), LC (eLc), and vertex cut (€yertex )- €sKs 1S the efficiency of the SKS tracking for the momentum
evaluation of the outgoing particles using the Runge—Kutta method. It is estimated using the (K —, p)
events as in the case of espcs—s, and depends on the scattering angle (Table 1).

The efficiency of the LC trigger counter (erc) is estimated using the (K, p) events collected
using the BH2 x TOF trigger. It shows a momentum dependence for the outgoing protons for the
SKS accepted momenta psks > 1.0 GeV/c. The efficiency around the acceptance edge of 1.0 GeV/c
is ~75%, and improves to ~95% at 1.2 GeV/c. €1 ¢ reaches a plateau, e;c ~ 98%, at 1.6 GeV/c.
The region of interest around the threshold energy (Bx ~ 0MeV) in the '>C(K ~, p) missing mass
spectrum corresponds to an outgoing proton momentum of ~2.0 GeV/c, which is significantly higher
than the plateauregion (> 1.6 GeV/c). We apply the LC efficiency correction for each event according
to the momenta of the outgoing particles. Furthermore, the vertex-cut efficiency correction is applied
for each event according to the scattering angles (Sect. 3.1 and Fig. 6).

The effective solid angle of the SKS system, A2, —,, is evaluated using a Monte Carlo simulation.
The solid angle as a function of the momentum and scattering angle of the outgoing particles is defined
as

02

AQg—p,(p) =27 dcosf X epcc(p,0), (10)
01

N (accepted events)
€acc(p,0) =

(11)

N (generated events)

13/34

020z J1aqwad9Q |z uo isenb Aq 1.8zZ106S/10AEZ L/Z1/020Z/2101e/de)d/woo dnoolwapede//:sdjy woly papeojumoq



PTEP 2020, 123D01 Y. Ichikawa et al.

Proton momentum [GeV/c]

L L L L L L L L L L L L | L L L ] L
0 5 10 15 20
[degree]

eLab

Fig.7. SKS acceptance as functions of the momentum and scattering angle of the outgoing particle.

We set a fixed interval of A6 as 6; — 8, = Af. N(accepted events) and N (generated events) are
the number of protons accepted and generated in the Monte Carlo simulation, respectively. Figure 7
shows the obtained acceptance as a function of the momentum and the scattering angle of the outgoing
particles. The SKS has a large momentum acceptance in the range 1.1-2.5 GeV/c. The momenta of
the outgoing protons at 0° are 2.05 GeV/c for the p(K~,p)K~ elastic scattering, 2.11 GeV/c for
the 2C(K p)“B + K~ threshold (Bx = 0MeV), and 2.32 GeV/c for the deeply bound (Bx ~
200 MeV) region of the kaonic nucleus. Thus, the SKS has sufficient acceptance to study the K—
nucleus potential when we select forward-scattering angles.

4. Experimental results

First, we show the proton target data at px- = 1.8 GeV/c. Figure 8 shows the double differential
cross section as a function of the missing mass M- ) for the CH, and 12C targets plotted with
green and red points, respectively. The missing mass (M k- ,,)) is calculated in the kinematics for a
proton at rest as the target, as M(x- ,) = {(Ex + M, — Ep)2 — (p%{ +p1% — 2pkpp cOs GKp)}1/2. The
black distribution corresponds to the hydrogen target spectrum and was obtained by subtracting the
12C contribution from the CH, target spectrum. In the subtraction, we set the target mass number
(4) in Eq. (5) equal to 14 for the CH, and 12 for the '2C targets in this analysis. The reported errors
are statistical. The systematic uncertainty for the absolute cross section due to the uncertainty in the
efficiency, described in Sect. 3.3, is evaluated as 3.5%.

In these spectra, we choose the forward-scattering angle range 3.5° < Og,ap) < 4.5°, as in
the 2C(K~, p) analysis. This scattering angle is selected to use low momentum-transfer events.’
We discard the very forward region where the background contamination dominates because of the
worsened z-vertex resolution. Moreover, the selection 3.5° < fg;,Lap) < 4.5° is suitable to directly
compare the obtained spectrum and the theoretical one at O, ap) = 4°. We ensure that the spectrum
shape does not change when we choose a tighter angle cut 3.9° < g, Lap) < 4.1°.

Figure 9 shows the p(K ™, p) reaction cross section as a function of the missing mass (M- ).
The black points with error bars show the experimental values. This spectrum was obtained from the
hydrogen target contribution (the black points in Fig. 8) by scaling it by a factor of two to consider
the difference in the number of proton targets. The contribution of each reaction process is obtained

% In the case of KEK E548, the scattering angle range 0° < 6, < 4.1° was chosen.
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Fig. 8. Double differential cross section as a function of the missing mass, M- ,,. The green and red spectra
show the CH, and '2C target data, respectively. In this analysis, we adopt the target mass number (4) in Eq. (5)
as 14 for the CH, and 12 for the '?C targets. The hydrogen target data, shown by the black spectrum, are
obtained by subtracting the '2C spectrum from the CH, target spectrum.

160 5 s

— ok s 3.5 < Oy o < 4.5 ~+- Data
S - f — Sim Total
= 120 # Kp —Kp
= - H] LK 0
o) - - Kp -2
= 80 { Pz
= C | a Kp — Knp
g 60— [ i Kp —» A’
S 40F E% --Kp — Znn
<\_g 205_ [ i " ; K:p — Knnp

C Y 2kt T NP PP Kp — Yann

» ” . 3 i A A Letooy IS SRR [ ST S

1900 400 500 600 700 800 900 1000

My ) [MeV/c?]

Fig.9. The p(K~, p) cross section as a function of M- ,, at 1.8 GeV/c is shown by black points with statistical
errors. This spectrum is obtained from the hydrogen target data (the black points in Fig. 8) by scaling it by a
factor of two to consider the difference in the number of proton targets. The spectrum is fitted with the template
distributions, as shown by the dashed lines with different colors in the figure. The red line displays the total fit
result.

by fitting the data with the calculated spectral shape (called “templates” hereafter) of all processes,
where the following reaction processes are considered: K ~p — pK~ (elastic), An*, tn~, Knp,
Antrn~, Znm, Knnp, Anwr,and o, In this fit, the cross section of each reaction process is
considered as a free parameter. The template distributions are derived from a Monte Carlo simulation.
The fit results are shown in the figure by dashed lines of different colors.

In these templates, outgoing protons originating from hyperon decays suchas K p — A7% A —
pr~ are also considered. Moreover, resonance production processes, suchas K ~p — K*(890) p —
Knp, K p — Y*n — (Knp) or (Yrn(r)), and K~ p — KA(1232) — Kmp, are also included.
Here, Y* (Y) stands for excited states of hyperons such as A(1520) and X(1385) (ground state
hyperon, A or ). We combine the non-resonant and resonant production processes for the same final
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Fig. 10. Compilation of differential cross sections of the K~ p elastic scattering at px- = 1.8 GeV/c. Our

results are shown by the magenta points with statistical errors. The previous data [44—47] are also displayed
in different colors.

states based on the differential cross section for each process measured by the previous experiments
[34—43]. This helps to reduce the number of fit parameters. Finally, we find a reasonable fit to the
p(K~, p) spectrum, as shown by the red line.

We observe a clear peak around M- ) ~ 494 MeV/c? in Fig. 9, corresponding to the K~ mass
coming from the p(K—,p)K~ elastic process. The green dashed line in Fig. 9 shows the elastic
component. This peak has a width of 7.1 MeV/c? (o), from which the missing mass resolution of
the 12C(K~, p) reaction is estimated to be 4.2 MeV (o) around the threshold (Bx ~ 0 MeV). The
differential cross section of the elastic scattering is derived by integrating the green dotted line and
obtained values for various scattering angles, and is shown by the magenta points with statistical error
bars in Fig. 10. In this figure, the differential cross sections measured by previous experiments [44—
47] are also shown in other colors. The evaluated differential cross section is also listed in Appendix A.
We observe reasonable agreement with the past results, even though the statistical precision of the
previous data is not so high.

Next, we show the '2C(K~,p) spectrum at px- = 1.8 GeV/c as a function of the K~ -binding
energy, Bx (Fig. 11). The black points with statistical error bars show the measured spectrum. The
systematic uncertainty of the binding energy around the threshold (Bx ~ 0MeV) is estimated to
be 0.3 MeV (Sect. 3.2). We selected the forward-scattering angle range 3.5° < Ogprap) < 4.5° in
this analysis. We compare the spectrum with the template for the quasi-free elastic K~ p scattering
without secondary interactions inside the target nucleus. Here, the secondary interaction means the
interaction between the recoiling K~ at the first step K~ “p” — K~ p reaction and the residual
1B nucleus. The template for the quasi-free elastic K~ p scattering without secondary interactions
is derived by using the Green’s function method with the set of parameters V) (real part) = W)
(imaginary part) = 0 MeV. Details of the calculation method are described in Sect. 5.1.

The green dotted line (K~ “p” (QF-Elastic)) in Fig. 11 displays the quasi-elastic component. We
also consider inelastic processes in quasi-free K~ +“p” reactions that can be estimated from our
K~ +p data shown in Fig. 9.3 The mixed inelastic K ~+“p” component is displayed by a blue dotted

3 The cross sections of the inelastic processes are fixed by normalizing to the elastic process. For example,
€C_9 —e__9

the contributions of K~ “p” — An°, A — pm~ and K~“p” — Knp, are fixed by our proton target data. The
resonance, such as Y* and K*, production processes are also included as in the proton target analysis.
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Fig. 11. Double differential '>)C(K~, p) cross section as a function of K~ binding energy, Bx. The forward
scattering angle range of 3.5° < Ok, < 4.5° is selected. The black points with statistical error bars show
the measured double differential cross section, and different colors show the template-fit results. The green
dotted line shows the K~“p” — K~ p quasi-elastic component, calculated by the Green’s function method. In
this fit, we do not include secondary interactions inside the target nucleus. See the details in the text.

line (K~ “p” (QF-Inelastic)). Furthermore, we must consider the quasi-free K ~+“n” reactions, such
as K~“n” - An~,A — pr—,and K~“n” — K~ 7~ p, whose cross sections are considered
free parameters. In Fig. 11, the dotted lines with different colors show the quasi-free K~ +“n”
contributions and a red line displays the total fit result. The templates of the quasi-free reactions are
smeared out by considering the missing-mass resolution of 4.2 MeV (o).

We find that the template can reasonably reproduce the highly unbound region (Bx < —150 MeV),
where the inelastic processes (background) dominate. However, there exists a disagreement in the
region of Bx > —150 MeV, where the quasi-elastic process is the main component. The x?/ndf of
this fit in the region of —300 < Bx < 40MeV is 300.9, where the number of degrees of freedom
is ndf = 61. Note that we do not introduce any secondary interactions between the recoiling K~
and the residual !'B nucleus in this fit. The effect of secondary interaction manifests itself in the
2C(K~, p) spectrum.

5. Theoretical investigation

It is essential to introduce the secondary interaction between the recoiling K and residual nucleus
to reproduce the measured '>?C(K~, p) spectrum. We calculate the '>C(K~, p) spectrum using the
Green’s function method [48] with various values of the K—nucleus potential. We follow the procedure
of our previous theoretical framework [48] with a little modification to add a kinematical correction
factor K. We can search for the optimum parameters by comparing the measured and calculated
spectra.

5.1. Theoretical calculation

We theoretically evaluate the double differential cross section of the (K, p) reaction on a nuclear
target using the Green’s function method. In this method, we factorize the reaction cross section into
the nuclear response function S(E) and elementary cross section of the p(K—,p)K~ reaction with

17/34

020z J1aqwad9Q |z uo isenb Aq 1.8zZ106S/10AEZ L/Z1/020Z/2101e/de)d/woo dnoolwapede//:sdjy woly papeojumoq



PTEP 2020, 123D01 Y. Ichikawa et al.

the impulse approximation,

d2 lab d lab
(dQZE> - (d—;> x S(E). (12)
A

ele

In this framework, the elementary cross section determines the absolute size of the reaction cross
section. In this analysis, the absolute size is one of the fitting parameters to reproduce the data at a
satisfactory level. The nuclear response function S(E) is written as

__l r T . N ol
S(E) = ﬂIm;derdr rf(r)G(E,r,r)rf(r ), (13)

where the summation is taken over all possible final states. K is the kinematical correction factor,
which is included to modify our theoretical framework in Ref. [48] and is defined as

A lab

K — Ip,p | EpE;( 1 n E_1/7 IP,Kl - |pp| CcoS QKp

- ! A 1A ! ! 4
Ipp| EPEK EK |Pp|

(14)

where the superscript A shows that the momenta and energies are evaluated in the kinematics of the
nuclear target [49]. E and E’ are the energies of incident and emitted particles, respectively. The
same holds for the momenta p and p’. The superscript “lab” shows that the kinematical variables are
evaluated in the laboratory frame.

The amplitude 77 denotes the transition of the incident particle (K ™) to the proton hole and outgoing
particle (p), involving the proton-hole wave function v;, and distorted waves, x; and xs, of the
projectile and ejectile taking the appropriate spin sum

5 (1) = X} (52 m LYE B ® v, () g i) (15)

with the meson angular wave function Y, (#) and spin wave function él*/zms of the ejectile. The
momentum distributions of the nucleons inside the target nucleus are determined by their harmonic
oscillator wave functions in the coordinate space. The distorted waves are written with the distortion
factor F'(r) as

X7 (N xi(r) = exp(iq - r)F (r), (16)

with the momentum transfer ¢. The distortion factor F'(r) is defined as

1 oo
F(r) = exp [——5/ dz/,a(z/,b)], (17)
2 Jw
where & is the averaged distortion cross section defined as
5= TN, (18)

with the total cross sections of the incident kaon and emitted proton with the nucleons in the nucleus.
The averaged nuclear density p(z’, b) in Eq. (17) is given in the beam direction coordinate z’, with
impact parameter b, by a modified harmonic oscillator distribution as

() = po [1 +a (%ﬂ exp [— (%ﬂ (19)
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in polar coordinates, with the averaged parameters R and @ defined as

- R +R
R=1T (20)
2
and
_ aitar
= — 21
a="3 )
with the density parameters of the nuclei in the initial and final states. We use R; = 1.672 fm,

Ry =1.690 fm, a; = 1.150, and a; = 0.811 [50].
The Green’s function G(E) contains the kaon—nucleus optical potential in the Hamiltonian Hy,

1
G(E,r¥) = <P1 ¢K(")m¢T(") P1>a (22)

where ¢[T< is the kaon creation operator, and [p~!) the proton-hole state [48,51,52]. The kaon energy
E is defined as E = Tx — T, — Sp, where Tx is the incident kaon kinetic energy, 7, the emitted
proton kinetic energy, and S, the proton separation energy from each proton single-particle level
(see Table III of Ref. [53]).

Obtaining the Green’s function with optical potential is essentially equivalent to solving the asso-
ciated equation of motion, as explained in detail in Refs. [48,51,52,54]. We can calculate the nuclear
response function S(£) from 1:; (nG(E; r, 1)t (r') by performing appropriate numerical integration
for the variables r and #’. In the Green’s function formalism, we can calculate the response function
S(E) for both bound and quasi-free kaon production energy regions, and we perform the summation
of the kaon final states without assuming the existence of discrete kaon-bound states, which could
disappear in the case of the strongly absorptive optical potential.

As for the kaon—nucleus interaction, we parametrize the optical potential as

UG, E) = Vo + Wafpnase EN 2, 23)
p(0)

and we introduce Vy and W), showing the strength of the optical potential at the nuclear center,
to analyze the experimental data and obtain new information on kaon—nucleus interaction. We use
the same functional form as in Eq. (19) for the density distribution p(r) in Eq. (23), and keep the
same distributions for protons and neutrons. The point nucleon density distributions are deduced
from p(7) in Eq. (19) by using the prescription described in Ref. [55] to evaluate the kaon—nucleus
optical potential. Notably, the imaginary part of the optical potential has an energy dependence via
Jphase (£) in this calculation [21,48]. Since the imaginary part of the potential describes the absorption
of mesons followed by decay processes, suchas K + N — 7 +YandK +N +N — Y + N,
its energy dependence can be evaluated as a first approximation by the phase space volume of the
decay processes. We consider two types of decay processes, mesonic decay K + N — 7 + Y and
non-mesonic decay K + N + N — Y + N, and introduce the energy dependence in the imaginary
part by assuming the same dependence as the phase space volume of each process. We also assume
that the branching ratios of mesonic (1N absorption) and non-mesonic (2N absorption) decays are
80% and 20%, respectively, by referring to the data of the stopped K~ reaction [25].
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Fig.12. Comparison between the measured spectrum and template fit with different optical potentials. The
black points with error bars display the measured spectrum. The dashed lines in different colors show the fit
results using different potential depths of the real part (7). The imaginary part is fixed at the optimum value
of Wy, = —40MeV. The comparisons with the real part potentials of Vy = (0, —40, —80, —120, —150) MeV
and Vy = (—80,—200, —250, —300) MeV are shown in (a, b) and (c, d), respectively. The spectra with linear
and semi-log scale are shown in (a, ¢) and (b, d), respectively.

5.2. Comparison with the theoretical spectra

We compare the measured and theoretical spectra to search for the optimum parameters of the
optical potential between K and the residual nucleus. Figure 12 shows a comparison between the
present data and templates obtained by changing the optical potential parameters. Black points with
error bars display the measured spectrum. In Fig. 12(a) and (b), each colored line corresponds to a
different value of the real part of the optical potential, Vy = 0, —40, —80, —120, and —150 MeV.
The imaginary part is fixed at the optimum value of Wy = —40 MeV.

The peak position of the quasi-elastic component, Bx ~ —50 MeV, and the yield ratio between the
unbound (Bx < 0) and bound (Bx > 0) regions, strongly depend on V. Figure 12(a) shows that the
measured spectrum is best reproduced with the potential depth Vy = —80 MeV, where the x2/ndf
of this fit in the region of —300 < Bx < 40MeV is 17.2. The x?/ndf is 300.9 when we choose
the parameter sets of (Vp, Wp) = (0,0) MeV as described in Sect. 4. The x2 /ndf value is improved
by introducing the secondary interaction between recoiling K~ and residual nucleus. Appendix B
shows a detailed comparison between the measured spectrum and template fit with various K—nucleus
potentials. Since the optimum potential (Vo = —80 MeV) is attractive, there exists a bound state in the
calculated spectrum. The binding energy and decay width with the optimum potential parameters,
Vo, Wo) = (—80,—40)MeV, are Bx = 31 MeV and ' = 53 MeV, respectively. Appendix C
describes the details of the calculated spectrum with the optimum potential parameters.
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Fig. 13. (a) Two-dimensional plot between Bx and tofieam Of the incident beam particles. The time offset is
adjusted to be f0fpeam = 0 for the pion beam. (b) The tofyeam Spectrum when we choose the bound region,
Bx > 0MeV.

However, when we evaluate the deeply bound region Bx ~ 100 MeV, we find a significant enhance-
ment in the measured spectrum from the fit result, as seen in Fig. 12(b) and the middle and right figures
in Figs. B.1 and B.2. We need to adopt a much deeper real potential so as to reproduce the strength
around the deeply bound region with this framework. Figure 12(c) and (d) show the template-fit
results with very deep real potentials, Vy = —200, —250, and —300 MeV. When we adopt such deep
potentials, the yield around the deeply bound region becomes larger than the measured spectrum.
However, such deep potentials can hardly reproduce the shallow bound region Bx ~ 0MeV and
quasi-elastic region Bx ~ —50 MeV. Consequently, it is challenging to reproduce the deeply bound,
shallow bound, and unbound regions simultaneously with this framework. In the calculation with
very deep real potential, structures resulting from the quasi-bound states of the kaonic nucleus appear
because of the energy dependence of the imaginary potential via fphase (£) in Eq. (23).

We evaluated the background of particle misidentification of the (K —, p) reaction in order to confirm
the enhancement in the deeply bound region. Figure 13(a) shows the two-dimensional plot between
the K~ binding energy, By, and the time of flight, 0fpeam, of the incident beam particle. Figure 13(b)
shows the fofheam Spectrum when we choose the bound region, By > 0 MeV. The black lines also
display the time window for the K~ beam selection, —3 < fofpeam < —0.62 ns. The background 77~
beam contamination inside this time window is estimated to be 0.1% by selecting the bound region
Bk > 0MeV. Since the K1.8 beamline had two electrostatic separators (ESS1 and ESS2) and the
pion detection efficiency of the BAC detector was high, the background 7~ beam contamination is
well suppressed. The background contamination for the outgoing proton selection is also negligibly
small because the momentum of outgoing protons in the region of interest is = 2 GeV/c and the
momentum of outgoing K+ and 7 should be smaller than 1.7 GeV/c kinematically.

Moreover, we consider additional background because of the in-flight decay of beam K. The
possible background reaction is K~ — 7~ 7%, 7“p”— mp. When the beam K~ decays between
BAC and the experimental target, it could be misidentified as the beam K ~. However, the momentum
of the scattered proton from this background reaction should be < 2 GeV/c because the momentum
of r from the K~ decay is < 1.7 GeV/c. Therefore, this background does not affect the bound region
B K > 0MeV.
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Fig. 14. (a) Calculated spectra by the Green’s function method. The different colored lines correspond to the
different values of the ratio between the 1N and 2N absorption. The parameters of the potential depth are fixed
to the optimum values of (V, W;) = (—80, —40) MeV. (b) Magnified view of (a) to see the small cross section
region. (c) Comparison between the measured spectrum and template fit result with different branching ratio
values. The black points with error bars display the measured spectrum. The dashed lines in different colors
show the fit results using different branching ratio values. Also in this fit, we fix the parameter of the potential
depth as (Vy, Wy) = (—80, —40) MeV.

Note that J-PARC E15 observed a significant event excess in the bound region as a long tail in
the semi-inclusive *He(K ~, n) spectrum [56]. The background level in that region was rather high
because of the background process K~ “N” — n ¥+, T — 7tn, which has a long tail up to
Bk > 100 MeV. Based on the kinematics of the different beam momenta, this background process
does not contribute to our spectrum in the region Bx > 100 MeV. Note that we also consider these
background processes of hyperon decays suchas K~“N” — w Y, Y — mpinthe template-fit analysis
described above. Finally, we confirm that the contamination of the background in the deeply bound
region is negligibly small and the enhancement originates from the 2C(K ~, p) reaction.

6. Discussion

6.1. Interpretation by changing the branching ratio of IN and 2N absorptions

We change the branching ratio of the mesonic (1N absorption) and non-mesonic (2N absorption)
decays to reproduce the event excess in the deeply bound region. As described in Sect. 5.1, this
branching ratio affects the imaginary part of the K—nucleus potential. In the analysis performed so
far, we assumed the branching ratio as 80% (1N absorption) and 20% (2N absorption) based on the
previous data of the stopped K ~ reaction [25]. Figure 14(a) shows the spectra calculated by changing
the ratio between the 1N and 2N absorption processes. The parameters of the potential depth are
fixed to the optimum values of (Vy, Wy) = (—80, —40) MeV. Figure 14(b) shows a magnified view
for the By > 0MeV region. We find that the branching ratio does not significantly change the
spectrum in the By < 50 MeV region. However, the spectrum in the deeply bound region is affected
as shown (Fig. 14(b)). The yield around the deeply bound region becomes larger when we assume
a larger branching ratio of the 2N absorption. Then, we perform a template fit by changing the
branching ratio while fixing the parameters of the potential depth as (Vy, Wy) = (—80, —40) MeV
(Fig. 14(c)). The event around the deeply bound region can be partly explained when the branching
ratio of the 2N absorption is large. However, even if we assume the extreme absorption ratio of
(IN : 2N) = (0% : 100%), we cannot reproduce the deeply bound region well, as shown by the red
dashed line.

22/34

020z J1aqwad9Q |z uo isenb Aq 1.8zZ106S/10AEZ L/Z1/020Z/2101e/de)d/woo dnoolwapede//:sdjy woly papeojumoq



PTEP 2020, 123D01 Y. Ichikawa et al.

(a)
220 [ | —+— Data o o "
—200F-| — Fit total —_— 3.5 < By <45 H
© 180F | cacaen o :
E === K"p" (QF-inelastic) S M
o 160F|- - = K" > A 0 o
=140k Kn~>20n o = R LT LTy
3 F K» n" - Knp v o) S
:3_1 20 Fl---K'n"— A’ "‘ 3. : :
'_'1 00F K™'" - ' Q _— . e
% E K"n" - Annn "' % 1
2 80 E BreitWigner R4 = )
G 60F, g g G 0’
RS F3.5 < By oy <45 R o N
© 40F o’ © v
Q‘C E ) o A"O y
20 E P ® L ebgpatag=al o"" -
E Lo L 8200 g P AR ALY L e
80 200 100 0 -100 -200 -300 0 -100 -200 -300
B, [MeV] B, [MeV]

Fig. 15. (a) Template fit result by adding a Breit—Wigner function. The orange hatched spectrum displays the
Breit—Wigner component. The green dashed line shows the calculated spectrum with the optical potential of
Vo, W) = (—80,—40) MeV. The other color assignments are the same as in Fig. 11. (b) Magnified view of (a)
for the small cross section region.

Moreover, we examine other background processes of one-step two-nucleon absorption and two-
step three-nucleon absorption. Appendix D describes the details. Similar discussions are also given
in Ref. [57]. We found that these background processes can also not explain the enhancement in the

deeply bound region.

6.2. Interpretation by introducing an additional resonant state

Since it is not possible to reproduce the event excess in the present framework, we discuss its
possible interpretation. We simply add a Breit—-Wigner function in the fitting so as to reproduce
the measured spectrum. Figure 15 shows the fitting result, where the orange hatched spectrum
displays the Breit—Wigner component. The green dotted line shows the theoretical calculation with
the optimum parameter set. The obtained 2 /ndf values with and without the Breit-Winger function
are 9.4 and 31.7, respectively.

Figure 16 shows the two-dimensional x? plots as functions of the Vo and W, parameters.
Figure 16(a) shows the result without a Breit—Wigner function in the fitting region of 40 > Bg >
—300 MeV. In this fit, the enhanced deeply bound region is excluded. Figure 16(b) shows the result
including a Breit-Wigner function. The white asterisk shows that the 2 minimum is found at
Vo, Wo) = (—80, —40) MeV. The x? distributions are essentially the same. By considering the
x? distribution, the statistical uncertainties of ¥y and W, are estimated to be +2 MeV. Moreover,
the systematic uncertainties, which are evaluated by changing the fitting range and comparing the
results with and without a Breit—Wigner function, as in Fig. 16(a) and (b), are 5 MeV for Vy and
+10MeV for Wy. The optimum real potential, Vo = —80 MeV, corresponds to the “shallow” poten-
tial predicted by the chiral models as described in Sect. 1. On the other hand, the “deep” potential,
7o < —150 MeV, cannot reproduce the measured spectrum.

The peak position and width of the Breit—Wigner function are Bx = 90 MeV and I' = 100 MeV,
respectively. The statistical uncertainties on the peak position and decay width are less than £10 MeV.
The production cross section of the Breit—-Wigner component is obtained as do/dQ2 ~ 80 ubsr~!,
where the statistical uncertainty is 3 pb/sr. The systematic uncertainties calculated by changing the
fitting range are also less than £10 MeV. By changing the branching ratio between the 1IN and 2N
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Fig. 16. Two dimensional x2 plots as functions of the ¥, and W, parameters. The white asterisk shows the
parameter set giving the minimum 2. (a) Two-dimensional x? distribution without Breit-Wigner function.
In this fit, we choose the fitting region 40 > By > —300MeV to exclude the event excess region. (b) Two-
dimensional x2 distribution with a Breit-Wigner function. In this fit, the fitting region is 300 > By >
—300 MeV.

absorptions, as in Fig. 14, the peak position and decay width are changed by ~10 MeV and ~5 MeV,
respectively. The production cross section is also affected by the assumption of the branching ratio.
When we assume the extreme absorption ratio of (1N : 2N) = (0% : 100 %), the evaluated cross
section changes to 50 ub/sr.

What is a possible interpretation of the Breit—Wigner component? As described, we have a quasi-
bound state of the kaonic nucleus in the calculation. A possible interpretation is a bound state between
a Y™ and residual nucleus, called the Y*-nucleus. Here, Y* should be A (1405) or X(1385) because
the Y* mass should be smaller than the KN threshold. A bound state of A- or X-hypernuclei is
difficult to conjecture because the energy region is quite different.

Figure 17 illustrates a schematic view of the excitation energy spectrum depending on the potentials.
The green dashed line shows a schematic spectrum without any secondary interaction, and the black
line shows an expected spectrum due to Ug. Because of the strong attraction of the real potential
Vi, the peak position of the quasi-elastic process should be shifted to the lower mass side. The
red hatched area shows the imaginary part component Wx. Because of the absorptive imaginary
potentials, the peak height of the quasi-free reaction should be suppressed.

The orange filled area shows a component of the quasi bound-state of the Y* nucleus in the deeply
bound region. As shown in Fig. 17, we suppose that the Y* production via the KN absorption,
K=“p” = K~ P(measured), K~ N — Y™ significantly influences the production of the Y* nucleus.
This means that the Y*-nucleus will be produced because of the strong attractive potential, Vy=,
between the Y* via the KN absorption and residual nucleus. Here, p(measured) 1S the proton measured
by our spectrometer. A similar discussion was also given for the production of a neutron-rich A
hypernucleus ?\H via the °Li(r —, K1) reaction (J-PARC E10 experiment) [58,59]. It was discussed
that a X-doorway reaction such as 77 “p” — 7K, Z7“p” — An, is significant for the f\H
production. The ?\H should theoretically be produced because of the attractive potential, V5 , between
A viathe XN — AN absorption and residual nucleus.

The concept of the A (1405)-nucleus was discussed in Refs. [60,61]. A clear signal of A(1405)
was observed in the 7+ =T invariant-mass spectra of the *He(K~, 7+ S Fp)n reaction by J-
PARC EI15 [62]. Therefore, A(1405) should be produced via the reaction process of K~ “p”
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Fig. 17. Schematic view of the excitation energy spectrum depending on the potential for the 2C(K~, p)
reaction. A green dashed line shows the schematic spectrum without any secondary interaction. The black line
shows the expected spectrum due to Ug. The component caused by the imaginary part W is shown by a red
hatched area. The red hatched area shows the component of the quasi-bound state of a Y* nucleus in the deeply
bound region because of the attractive real potentials of Vy«, shown by a orange filled area.

— K™ P(measured), K~ N — A(1405). There might also exist a X (1385)-nucleus because there
should be an attraction in the interaction between a decuplet baryon and nucleon [63]. Moreover,
the “Y* shift” observed in the inclusive d(m ™+, K™) spectrum by J-PARC E27 could be a hint of a
Y*-nucleus state [64].

Next, we discuss the relationship between the interpretation of the Y*-nucleus and the study of
kaonic-atom X-rays (see Sect. 1). In Ref. [23], Friedman and Gal produced the single K—nucleon
potential Vlgl) based on the chiral unitary model. In addition, they considered a phenomenological

potential VQ), which corresponds to the potential for the two- (multi-)nucleon absorption process,

to explain the kaonic-atom X-ray data. The evaluated potential depths of VIE(I) and V;{z) in this
theoretical analysis are —60 MeV and — 140 MeV, respectively. In other words, the deep real potential
(V@ = —140MeV) is obtained for the two- (multi-)nucleon absorption process in Ref. [23]. Here,
we can conjecture that the Y* doorway process, K~ “p” — Y*, Y*“N” — YN is a key process to
derive the deep real potential for the two- (multi-)nucleon absorption in the stopped K~ reaction.
This means that the strong attractive Y *-nucleus potential, Vy+, may be a basis for deriving the deep
V[g) potential. Note that the Y*-nucleus potential, V'y«, cannot contribute to the single K—nucleon
potential V[g).

Finally, we mention the coincidence spectrum obtained by using the decay counter, KIC.
Figure 18(a) shows a comparison between the inclusive and coincidence spectra, shown respec-
tively by black and green lines. We request at least one charged particle hit in the up or down
segments for the coincidence spectrum, which is the same requirement as in KEK E548 [26]. We
check the distortion effect because of the coincidence requirement by evaluating the coincidence
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Fig.18. (a) Comparison between the inclusive and coincidence spectra shown by black and green points,
respectively. (b) Coincidence probability spectrum calculated by dividing the coincidence spectrum by the
inclusive spectrum.

probability spectrum (Fig. 18(b)). The coincidence probability spectrum is calculated by dividing
the coincidence spectrum (green points) by the inclusive spectrum (black points).

If there is no distortion, the coincidence probability spectrum should be flatly distributed. However,
we notice that the coincidence probability is significantly different in the four regions identified by
I, II, III, and IV in the figure. In region IV, the coincidence probability gradually changes from
Bg = —200MeV to —150 MeV, whereas the probability is almost flat at Bx < —210 MeV. It can be
understood because the production threshold of K7 N opens at By ~ —140 MeV. In region III, the
coincidence probability is almost flat because the dominant process is the K ~p quasi-elastic reaction
in this region.

The probability drastically changes in region II and is flat in region I, with the lowest value of
Coin/Inclusive ~ 0.25. The observed trend could help to deepen our understanding of the ¥ *-nucleus
state. We have a plan to measure the exclusive spectra in the near future (Sect. 7) and it will allow
us to clarify our interpretation.

7. Summary and outlook

We have measured the inclusive spectrum without any triggered bias of the 1>C(K—, p) reaction with
high statistics and high energy resolution for the first time. We have derived the optical potential
between the K and a nucleus by comparing the measured spectrum with the theoretical calculation by
varying both the real and imaginary parts. Then, we found that the measured spectrum is reproduced
reasonably well when we choose the real part of the potential as —80 MeV, corresponding to the
“shallow” potential predicted by the chiral models.

However, there is a significant excess of the yield in the deeply bound region of Bx ~ 100 MeV.
This event excess cannot be reproduced by any K-nucleus potential parameters or background
process. The enhancement is fitted well by a Breit-Wigner function at an energy of Bx = 90 MeV
and a width of 100 MeV. In this model, the possible contribution of Y* production via the K~
absorption process is not explicitly considered in the real part of the K—nucleus potential. Then, the
Breit-Wigner component can be interpreted as a bound Y*-nucleus state.

We did not observe a clear signal of the kaonic-nucleus or Y *-nucleus state as a distinct peak in the
inclusive spectrum. To observe it as a distinct peak, we need exclusive spectra obtained by measuring
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decay particles in coincidence. At J-PARC, the E42 experiment is planned [65] to search for the H-
dibaryon. The E42 experiment will also use the same reaction as the present experiment (E05),
namely 12C(K—,K™) at 1.8 GeV/c. Here, we can measure the 2C(K p) spectrum simultaneously
under the same conditions as the EQ5 experiment. In the case of E42, a large acceptance time
projection chamber, called HypTPC, will be used to measure the decay particles. It will allow us to
measure the exclusive spectra, clarifying our interpretation. It is presumed that the kaonic-nucleus
and Y*-nucleus states will be distinguished by measuring their mesonic and non-mesonic decays,
respectively. Moreover, it will be interesting to conduct the same inclusive analysis by changing the
target mass number to study the 4 dependence of the K4 potential.
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Appendix A. Differential cross section of K ~p elastic scattering at py = 1.8 GeV/c

Table A.1 summarizes the measured differential cross section of the K~ p — K~ p elastic scattering
at px = 1.8GeV/c. We show two types of errors, namely the statistical error and the systematic
error, evaluated by considering the uncertainty of the efficiency.

Table A.1. Summary of measured differential cross section of the K ~p elastic scattering. The values are also
shown in Fig. 10.

Okp(Lavy [degree] do/d2 [ub/st]

0.5-1.5 381.3 + 19.9 (stat.) + 13.5 (syst.)
1.5-2.5 433.2 4 21.7 (stat.) £ 15.4 (syst.)
2.5-35 463.4 & 22.1 (stat.) £ 16.4 (syst.)
3.5-45 507.4 + 23.3 (stat.) + 18.0 (syst.)
45-55 531.8 + 23.8 (stat.) + 18.9 (syst.)
5.5-6.5 608.1 + 25.5 (stat.) + 21.6 (syst.)
6.5-7.5 740.5 + 28.0 (stat.) + 26.3 (syst.)
7.5-8.5 870.0 £ 30.6 (stat.) £ 30 (syst.)
8.5-9.5 947.3 + 32.1 (stat.) + 33.9 (syst.)
9.5-10.5 938.1 4 31.8 (stat.) T332 (syst.)
10.5-11.5 846.8 + 30.6 (stat.) 302 (syst.)
11.5-12.5 706.9 + 28.1 (stat.) 1232 (syst.)
12.5-13.5 555.0 & 25.1 (stat.) T307 (syst.)
13.5-14.5 483.4 4 23.6 (stat.) T173 (syst.)
14.5-15.5 383.2 +21.0 (stat.) 3] (syst.)
15.5-16.5 359.9 4 20.1 (stat.) 7137 (syst.)
16.5-17.5 331.7 £ 19.6 (stat.) |3 (syst)
17.5-18.5 320.3 + 19.2 (stat.) Tig7 (syst.)
18.5-19.5 290.9 + 18.4 (stat.) 255 (syst.)
19.5-20.5 263.8 + 18.2 (stat.) 7226 (syst.)
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Appendix B. Detailed comparison with different KA potential

A detailed comparison between the obtained >C(K ~, p) spectrum and the template fit with various
KA potentials is shown below. Figure B.1 shows the dependence on the real part depth, ¥, with
a fixed imaginary part depth, . On the other hand, the imaginary part, Wy, has a weak effect on
the 12C(K~, p) spectrum (Fig. B.2). The best fit is obtained using the optical potential (Vo, Wy) =
(—80, —40) MeV. Note that the significant excess of the yield in the deeply bound region Bg ~
100 MeV cannot be reproduced by any potential values in this theoretical work.

Appendix C. The calculated spectrum with the optimum potential parameters

Figure C.1 shows the calculated spectrum with the optimum optical potential (Vy, Wy) =
(—80, —40) MeV without introducing the experimental smearing of the energy resolution. The black
line displays the total spectrum. The solid lines in different colors show each subcomponent of the
nucleon hole state. As shown by the red line, the K~ quasi-bound state corresponding to the kaon
s-state coupled with the proton hole of the 1p3/, state exists at Bx = 31 MeV and I' = 53 MeV.

On the other hand, the kaon p-state coupled with the proton hole 1p3/, state, displayed by a green
line, is unbound and enhances near the threshold energy. However, this enhancement is smeared out
when the experimental resolution of 4.2 MeV is considered. Note that the main component of the
bound region in the calculated spectrum is not a scattering state with the absorption process caused
by the imaginary part of the potential, but a nuclear bound state (real part of the potential), while
we cannot see it as a distinct peak because of its large decay width. The contribution of the kaonic
bound state is estimated to be ~2% of the quasi-elastic component in our theoretical model.

Appendix D. Examination of the background processes to explain the event excess

We examine two types of background reactions to explain the observed event excess in the deeply
bound region Bx ~ 100 MeV:

D1: One-step two-nucleon absorption process:
K™“NN” — Yp(measured)-

D2: Two-step three-nucleon absorption process:
K™“N” — K™N,K™“NN” — Yp(measured)-

Here, the “NN” shows two nucleons inside the '2C target, Y corresponds to the A or ¥ particle, and
D(measured) Mmeans the measured proton, which is emitted to the forward angle by our spectrometer.
We discuss the possibility for each case below.

D1: One-step two-nucleon absorption: K~ “NN " — Yp(measured)

The proton emitted from the one-step two-nucleon absorption K~ “NN” — Yp can have a high
momentum. Figure D.1 shows the simulated missing-mass spectra of these one-step two-nucleon
absorption processes. In this simulation, the spectra are smeared by the nucleon Fermi motion in
the '2C target, and the forward-scattering angle range (3.5° < 0, < 4.5°) is selected. Each reaction
process is displayed by lines with different colors.

As shown by black and green spectra, these processes are broad bump structures. These peak
positions correspond to Bx ~ 210 MeV (K™ “NN” — Ap(measured)) and Bg ~ 150 MeV (K~ “NN”
—  XP(measured)). These yields, especially for K™“NN” — Apmeasured), concentrate in a much
deeper Bg region compared to the observed event excess shown in Figs. B.1 and B.2. We also
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Fig. B.1. Detailed comparison between the data and the template fit with various ¥V}, values. The imaginary
part is fixed to the optimum value W, = —40 MeV. The title of each plot shows the V, values. The green dotted
lines show the theoretical calculations for the K~ p quasi-elastic process obtained by the Green’s function
method. The other colored dotted lines show the calculated spectral shapes for the background processes (see
Fig. 11). The total fit results are displayed by red lines. The left and middle columns show the same spectra
with linear and semi-log scales, respectively, and the right column shows the magnified view for a small cross
section region.
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Fig. B.2. Detailed comparison between the data and the template fit with various ¥, values. The real part is
fixed to the optimum value V; = —80 MeV. The title of each plot shows the ¥, values. The green dotted lines
show the theoretical calculations for the K~ p quasi-elastic process obtained by the Green’s function method.
The other colored dotted lines show the calculated spectral shapes for the background processes (see Fig. 11).
The red lines display the total fit results. The left and middle columns show the same spectra with linear and
semi-log scales, respectively, and the right column shows the magnified view for a small cross section region.

consider the protons originating from the hyperon decay K™ “NN” — Yp, ¥ — pmeasured)T (¥),
as shown by red, blue, and magenta lines. These distributions are almost flat, and it is difficult to
reproduce the measured event excess.

Figure D.2 shows the template fit result by adding the one-step two-nucleon absorption processes
instead of the Breit—Wigner component of Fig. 15. The gray and green hatched spectra display the
components of K~ “NN” — Ap and K~“NN” — Zp, respectively. In this fit, each yield is a free
parameter. As shown in this figure, the measured enhancement in the region 200 2> Bgx = 80 MeV is
difficult to reproduce by these one-step two-nucleon absorption processes. We expect that the cross
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Fig. C.1. (a) Theoretical calculation with the optimum potential (Vy, W) = (—80, —40) MeV. The black line
displays the total spectrum. The solid lines in different colors show the subcomponents of the different proton
holes, 1s,,, or 1ps,,, and kaonic orbital states, s or p. (b) Magnified view of (a) to see the small cross section
region.
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Fig. D.1. Simulated missing-mass spectra of the >?C(K~,p) reaction for one-step two-nucleon absorption
processes plotted in the scale of B ; pmeasured) 1S the proton measured by our spectrometer.

section of these one-step two-nucleon absorption processes should be small because the incident K~
beam momentum of 1.8 GeV/c is much higher than the nucleon Fermi motion in '2C.

D2: Two-step three-nucleon absorption: K~ “N” — K™N, K~ “NN " — YP(neasured)

We discuss the possibility of the two-step three-nucleon absorption processes K~ “N” — K~ N,
K™“NN” — Ypmeasured)- In this reaction, the scattered K~ at the first step is absorbed by two
nucleons, and a Yp pair is produced via absorption. Figure D.3 shows the simulated correlation plots
between the binding energy (Bg) and K~ recoil momentum at the first-step reaction. The black (green)
boxes in Fig. D.3(a) show the case of K™“N” — K~ N, K™ “NN” — Apmeasured) (XD (measured)) -
Also, the magenta boxes in this figure show the correlation of the two-step two nucleon absorption
process of K™“N” — K™ N, K™“p” — K™ P(measured)- We also evaluate the case in which the
measured proton is produced from the hyperon decay K~ “N” — KN, K “NN” — Yp,Y —
D(measured) T - These spectra are displayed by red and blue boxes in Fig. D.3(b), where Y is A and X,
respectively.
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Fig. D.2. (a) The magnified view of the small cross section of the template fit result by adding the one-step
two-nucleon absorption processes. The components of K~ “NN” — Ap and K~ “NN” — Xp are displayed
by gray and green hatched spectra, respectively. The green dotted line shows the calculated spectrum with the
optical potential of (Vy, Wy) = (—80, —40) MeV. The other color assignments are the same as in Fig. 11.
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Fig. D.3. Simulated correlations between the binding energy of the Bx and K~ recoil momentum of the
two-step three-nucleon absorption processes. See details in the text.

We notice that these two-step three-nucleon absorption processes kinematically exist in the deeply
bound region (Bx = 100 ~ 200 MeV), as shown by the black, green, red, and blue spectra, while
the two-step two-nucleon absorption process does not, as indicated by the magenta distribution.
However, the K~ recoil momentum should be ~1.8 GeV/c, as high as the incident beam momentum,
to reach the deeply bound region. Moreover, the two-nucleon absorption reaction at the second step,
K™“NN” — YP(measured) 1 the same reaction as in process D1. Since we cannot isolate the signal
of the absorption reaction D1, Its cross section should be very small. Therefore, the cross section of
the two-step three-nucleon absorption processes should be much smaller. The sticking probability
is inversely proportional to the square of the recoil momentum. Consequently, we conjecture that
it is difficult to ascribe the origin of the event excess to these two-step three-nucleon absorption
processes.
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