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We performed a measurement of the inclusive missing-mass spectrum of the >C(K~, K*)
reaction at an incident beam momentum of 1.8 GeV/c. This measurement was carried
out by using the Superconducting Kaon Spectrometer (SKS) and the K 1.8 beamline spec-
trometer at the Hadron Experimental Facility in J-PARC. From the missing-mass of the
2C(K~, K*) reaction, the binding energy of a - hyperon in a core ''B nucleus, Bz,
can be calculated. Our experimental setup yielded a good energy resolution of 8.2 MeV
(full width at half maximum), which allowed us to observe significant enhancements in the
proximity of the ?Be production threshold region. In order to extract information from the
missing-mass spectrum, we employed several fitting parameters assumptions. A good agree-
ment with the spectrum shape was obtained by adding two Gaussian functions, with the
constant experimental resolution for the E-hypernuclear states, to the background distri-
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bution. The peak positions were obtained to be Bz- = 8.9 4+ 1.4 (stat.) fg? (syst.) MeV and
Bz- = —2.4 £+ 1.3 (stat.) J_’fg (syst.) MeV. Another model assumption, one Breit—Wigner
function with Bg- = —2.7 & 2.2 (stat.) 707 (syst.) MeV and ' = 4.1 + 2.1 (stat.) 77 (syst.)
MeV, also yielded a similar x2 value.

Subject Index D33

1. Introduction. The introduction of the strangeness quantum number (S) adds a novel degree
of freedom to conventional nuclear physics, opening the door to a new paradigm of hadron
many-body systems [1,2]. Specifically, the involvement of strangeness degrees of freedom is ex-
pected to have significant importance in high-density hadronic matter reaching densities several
times that of normal nuclear matter. Under such extreme density conditions, hyperons are pre-
dicted to emerge through the conversion of the large nucleon Fermi energy into hyperon mass.
Neutron stars stand as a potential cosmic environment where these high-density conditions
could manifest explicitly.

Hypernuclear spectroscopy has brought us important information on the hyperon (Y ) nu-
cleon (N) and Y-Y interactions. For instance, the mass-number (A4) dependence of energy lev-
els within A single-particle orbits provides insights into the A potential depth U, () in nuclear
matter, estimated to be approximately —30 MeV. Additionally, the fine structure of p-shell A
hypernuclei has revealed spin-dependent interactions of the AN system.

In contrast to the relatively well-studied S = —1 hypernuclei (such as single A hypernuclei)
[1], our current knowledge in S = —2 hypernuclei (such as E and double A hypernuclei) re-
mains limited. Several nuclear emulsion experiments reported results supporting the existence
of bound E-hypernuclear states. The High Energy Accelerator Research Organization (KEK)
E373 experiment observed the KISO event [3,4], which is unambiguously ascribed to a E-
nucleus bound state. The unique decay mode of this event was identified as E~+!“N—1'Be
+3 He. The binding energy of the 2~ hyperon, Bz-, in the N nucleus was estimated to be
Bg- =3.874+0.21 or 1.03 £+ 0.18 MeV, depending on whether the daughter }\OBe hypernucleus
is produced in the ground or excited state, respectively. In either case, the obtained binding
energy significantly exceeds the 0.17 MeV binding energy of the 3D atomic states, where E~
absorption is expected to take place.

Recently, in the J-PARC E07 experiment, twin hypernuclear events of the same type, IBUKI
and IRRAWADDY, were further observed in nuclear emulsions. The IBUKI event [5] was
uniquely identified to exhibit the same decay mode as the previously mentioned KISO event.
The binding energy of IBUKI was determined to be Bg- = 1.27 +0.21 MeV, suggesting a
Coulomb-assisted nuclear 1p state. The decay mode of the IRRAWADDY event was uniquely
assigned as E~+!*N—3 He +3 He+*He+n [6]. The binding energy of IRRAWADDY was
uniquely determined to be Bz- = 6.27 & 0.27 MeV because there is no excited state for the
daughter particles.

Moreover, in the KEK E373 nuclear emulsion another £~ —!4N system, known as the
KINKA event, was observed [6]. The KINKA event exhibits a different decay mode:
E-+!“N—% Be +3He +n. The evaluated binding energy was found to be relatively large,
Bz- =8.00 +0.77 MeV for the ground state or 4.96 4+ 0.77 MeV for the excited state of the
daughter ° Be hypernucleus. The IRRAWADDY and KINKA events may correspond to the 1s
state of the PC hypernucleus.
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Based on these results obtained from the emulsion experiments, the interaction between E
and a nucleus is considered as attractive. Theoretical study following the nuclear emulsion data
was reported in Ref. [7,8]. Nevertheless, it is important to note that the spectroscopic investiga-
tions are essential for assessing the binding energies of the E hypernuclear states. The limited
number of observed events in the nuclear emulsion experiments is insufficient because of a
possible strong decay width originating from the EN — A A coupling in the E hypernucleus.

Two experiments, KEK E224 [9] and BNL ES885 [10], were performed to investigate the
existence of E hypernuclear bound states by measuring the missing-mass spectrum of the
2C(K~, K*)X reaction. The former measurement suggested a E potential depth of approx-
imately ¥, ~ —20 MeV. On the other hand, the latter provided better statistics and claimed
evidence for the existence of the ’Be bound state based on a spectrum shape analysis near the
binding threshold. In the analysis, the potential depth of E was estimated to be approximately
VE ~ —14 MeV, assuming a Woods-Saxon-type potential. This potential depth resulted in a
binding energy of the *Be ground state of approximately 4.5 MeV. However, due to the lim-
ited energy resolution of 14 MeV (full width at half maximum [FWHM]), it was not possible
to observe any distinct peak corresponding to a bound state.

Moreover, a theoretical study comparing the experimental data and calculated spectra was
reported by Kohno and Hashimoto [11]. In this theoretical study, the imaginary part associated
with the absorption process EN — A A was explicitly included. The effects of the absorption
process were incorporated by convoluting the calculated spectrum with a Lorentz-type distri-
bution function with an assumption of the full width I' = 4 MeV. Here, the E~ decay width in
nuclear matter was investigated to be I' ~ 3 MeV based on the measured total cross section of
4.3fg:3 mb for the E~p — AA reaction [12] with the theoretical formula of Ref. [13]. These
width values are almost consistent. The comparison showed that the potential with V& ~ —14
MeV did not agree with the Brookhaven National Laboratory (BNL) E885 data, and an almost
zero potential was deemed preferable.

More recently, Harada and Hirabayashi investigated E-nucleus potential using the old data
of the BNL-E906 experiment [14], which measured the *Be(K~, K*) reaction at 1.8 GeV/c[15].
In this study, both the real and imaginary parts of the E-nucleus potential were varied for com-
parison. It has been found that an attractive potential with V7 = —17 + 6 MeV, accompanied
by a reasonable absorption of W,Z = —5MeV for E"p — E%zand E~p — AA transitions in
the nuclear medium, provided the most suitable description of the data.

An alternative experimental method to investigate the E-nucleus interaction is through E
atomic X-ray spectroscopy. The X-ray energy will be shifted and/or broadened due to the E—
nucleus strong interaction and the measurements of the energy shift and width give us infor-
mation on the E-nucleus potential. In this regard, the J-PARC E07 experiment pioneered mea-
surement of coincident X-rays [16]. They tried to measure the X-ray emitted from E~—Br and
E~-Ag atoms using germanium detectors by stopping &~ in the nuclear emulsion. Further-
more, the J-PARC EO03 experiment focused on the detection of X-rays from E~—Fe atoms. In
this experiment, E~ particles were produced via the (K~, K1) reaction in a thick iron target
and stopped in it. X-rays were measured by germanium detectors. The analysis of the E03 ex-
periment is currently in progress.

In a related research field, the interaction between two hadrons has been extensively studied
through the measurement of the momentum correlation function, known as femtoscopy, in
collaborations such as ALICE [17] and STAR [18]. In p—Pb collisions at \/syy = 5.02 TeV at
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the Large Hadron Collider, the ALICE collaboration observed attractive interaction between
a proton and a E~ through their correlation function [19]. Moreover, the measured correlation
function exhibited consistency with recent lattice calculations conducted by the HAL QCD
Collaboration [20]. The HAL QCD Collaboration employed (2 + 1)-flavor lattice quantum
chromodynamics (QCD) simulations near the physical point and focused on studying the S-
wave interactions of AA and EN systems. It was found that the isospin-singlet and spin-singlet
channel (''Sp), which is coupled to the H-dibaryon, has the most attractive behavior in the 2N
system. In contrast, the EN (*'Sy) interaction was found to be weakly repulsive, whereas the
EN (13S)) and EN (*3S)) interactions exhibited weak attraction. Additionally, the HAL QCD
Collaboration highlighted a weak coupling strength between AA and EN at low energies. Fur-
thermore, a detailed comparison was made between the momentum correlation functions of
S = —2 baryon pairs (pE~ and A A) measured by the ALICE Collaboration [19] and the recent
HAL QCD potential, taking into account the coupled channel effect [21]. The good agreement
between the theory based on the HAL QCD potential and the experiment indicates that the
EN interaction is moderately attractive without having a quasibound state.

2. J-PARC EO05 experiment. In 2015, we carried out the J-PARC E05 experiment to investi-
gate the existence of ZBe bound states using the ?C(K~, K*)X reaction. The experimental
data were collected at the K 1.8 beamline of the Hadron Experimental Facility in J-PARC. A
typical K~ beam intensity was about 6 x 103 particles per accelerator cycle of 5.52 seconds
with a typical K/m ratio of ~ 0.8 and a beam spill length of ~ 2 seconds. For this experiment,
a 9.364 g/cm? graphite target with natural isotope abundance was employed. A total number
of 84.9 x 10° K~ particles with a momentum of 1.8 GeV/c impinged on it. Additionally, cali-
bration data were collected using a 9.538 g/cm’-thick polyethylene [(C,H4),] target.

Figure 1 shows the schematic view of the experimental setup; the detail is described in
Ref. [22]. The incident K~ beam was analyzed using the K 1.8 beamline spectrometer [23]. The
momenta of beam particles were reconstructed using the spatial information provided by scin-
tillating fiber trackers and drift chambers, positioned upstream and downstream of quadrupole
(Q) and dipole (D) magnets (Q10, Q11, D4, Q12, and Q13), respectively. For the momentum
reconstruction, a third-order transfer matrix was employed. The design value of the momen-
tum resolution was Ap/p = 3.3 x 107% (FWHM). The beam K~ was selected requiring the
anticoincidence of the aerogel Cerenkov counters (BACI and BAC2) as BAC1 x BAC2 at the
trigger level. The refractive index of the BACs is n = 1.03, where the 7 detection efficiency at
1.8 GeV/c of BACI and BAC2 is 99.1% and 99.5%, respectively. Moreover, we identified K~
particles using the time-of-flight information of two sets of scintillator hodoscopes, BH1 and
BH2, positioned upstream and downstream of the QODQQ magnets, respectively.

The outgoing particles, namely K™ and proton, were detected and measured by the Super-
conducting Kaon Spectrometer (SKS) [23] configured in the “SksMinus setup” [24]. To ana-
lyze the outgoing K particles originating from the E-hypernucleus production, the SKS mag-
netic field was set to 2.49 T. These K™ particles had a momentum of ~1.4 GeV/c and were
detected within a scattering angle range of 0° < 6g+ < 20°. The SKS has a large acceptance
in both angular coverage (~ 120 msr) and momentum range (1.1-2.4 GeV/c). The momentum
reconstruction was performed by using hit information from the drift chambers positioned up-
stream and downstream of the SKS dipole magnet, along with a calculated magnetic field map
based on the Runge-Kutta method. The achieved momentum resolution at 1.35 GeV/c was
Ap/p=3.6 x 1073 (FWHM).

4/13

¥20Z 4890100 L0 U0 Jasn AS3Q U0J0IYouAS usuoipialg sayosineq Aq 6z82v.2.2/10A L60/6/v20Z/elone/deid/woo dnoolwspede//:sdiy wolj pepeojumo(d



PTEP 2024, 091DO01 Y. Ichikawa et al.

SKS

Fig. 1. Schematic view of the experimental setup taken from Ref. [22]. BCs and SDCs are drift cham-
ber installed in the K1.8 beamline spectrometer and SKS, respectively. BFT is plastic scintillating fiber
detector. MS is mass slit placed upstream of the K 1.8 beamline spectrometer.

The outgoing K* was roughly selected by requiring anticoincidence of an aerogel Cerenkov
counter (AC) with a refractive index n = 1.05, and coincidence of a Lucite Cerenkov counter
(LC) with refractive index n = 1.49, at the trigger level. In the offline analysis, identification of
the outgoing particles was performed by selecting a proper region of squared mass,

2
Mszcat = (%) (1 - /Sz)v (1)

where p is the reconstructed momentum, and g is the velocity of the outgoing particle. 8 was
calculated using the information of the flight path length and time-of-flight provided by the
scintillator hodoscopes, BH2 and TOF, positioned upstream and downstream of the SKS mag-
net, respectively. The detail of the J-PARC EO05 experiment is described in Ref. [22].

3. Analysis. The missing mass, My, for the ?C(K~, K*)X reaction can be evaluated as

My = M- g+ = \/(EK* + M(AZ) — Ex+)> — (p%- + prs — 2pk-pr+ €O8Ok-k+).  (2)
In this equation, Ex- and pg- represent the energy and momentum of the incident K~ beam in
the laboratory frame, while Ex+ and pg-+ correspond to the energy and momentum of the outgo-
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ing K particle, respectively. The symbols 4 and Z denote the mass number and nuclear charge,
respectively. Namely, 4 = 12 and Z = 6 for the '>C nucleus. M (“Z) represents the mass of the
target nucleus, namely '>C mass. The 0x- g+ represents the scattering angle of the (K—, K*) re-
action. Therefore, in order to calculate the missing mass, three kinematic variables need to be
measured: pg-, px+, and Ox-g+. These variables are obtained through momentum reconstruc-
tion after the event selection. Once the missing mass is determined, the binding energy of &,
Bz=-, can be calculated as:

Bz- = M(“"(Z - 1))+ Mz- — My, (3)

where M (““~1(Z — 1)) is the mass of the core nucleus, namely !' B mass. Mz- is the mass of the
E~ particle. In this calculation, we used the values of M (''B) = 10252.55 MeV/c? and Mg =
1321.71 MeV/c?.

The double differential cross section, (d?G /d2/d M ), ,, for the >C(K~, K*)X reaction av-
eraged over the scattering angle from 6; to 6, can be evaluated as a function of the missing

mass by the equation:
( d*G ) R Ni-+ @
dQdM ), ,  Nurget NocamAQ6,.0,AMe’

In this equation, Nirge: represents the number of target nuclei inside the target material,
Niarget = 4.7 % 10?* for the graphite target. Ng-x+ represents the number of valid (K—, K*)
events within the missing-mass interval AM. Npeam represents the number of incident beam
kaons on the target, Npeam = 5.2 x 10! for the graphite target data. AQy, 4, represents the ef-
fective solid angle of the SKS between 6, and 6,, where the SKS has an acceptance of about
120 msr. € represents the total experimental efficiency including the K* decay factor, with a
typical value of € ~ 24%.

The analysis for the (K—, K™) reaction searching for the E-hypernucleus and the analysis for
the (K, p) reaction studying the K—nucleus interaction, which was reported in Ref. [22], share
commonalities in terms of analysis techniques and methodologies. This includes the momen-
tum correction procedure. In fact, the analysis of the p(K—, KT)E™ reaction was also used for
the momentum correction in Ref. [22] for accurate determination of the absolute momenta and
estimation of the systematic uncertainties.

4. Experimental results. First, we present the proton-target data analysis at px- = 1.8 GeV/c.
Figure 2(a) displays the double differential cross section extracted from the CH, target data as
a function of the missing mass, Mg g+). The spectrum was obtained assuming the reaction
target to be a proton. In this plot, a scattering angle selection of 4° < 6 ,, < 6° was applied.
The spectrum was fitted using a combination of a Gaussian function and a third-order poly-
nomial as drawn by a red curve. The green dashed curve represents the Gaussian component
corresponding to the elementary E~ production. The third-order polynomial component is at-
tributed to quasi-free (QF) E production, specifically the K~ “p” — K E™ reaction, where “p”
denotes the proton within the carbon nucleus of the polyethylene CH, material. The spectrum
is expected to broaden due to nucleon Fermi-motion within the carbon nucleus.

To estimate the differential cross section of the p(K~, K™)E™ reaction, we integrated the
Gaussian component as shown in Fig. 2(b). In this plot, we compare the evaluated differen-
tial cross section with the past data reported in Ref. [25]. Note that the evaluated differential
cross section exhibits reasonable agreement with the old data, even though the statistical pre-

6/13

¥20Z 4890100 L0 U0 Jasn AS3Q U0J0IYouAS usuoipialg sayosineq Aq 6z82v.2.2/10A L60/6/v20Z/elone/deid/woo dnoolwspede//:sdiy wolj pepeojumo(d



PTEP 2024, 091DO01 Y. Ichikawa et al.

-
N
i

r . . 100F — J-PARC E05
g 10:' 4 <6,,<6 = —} Reference
B 8 2 %%
=R a |
=X Bl T -+
~ r d :
g < 4o
o | S [
o 2 -
: i t \ 20
O'o 1 AT AR MO ....‘ I T B B B S B
1300 1320 1340 1360 1380 1400 0 2 4 6 8 10 12 14
M(K', K9 [MeV/c?] 0, [degree]

Fig. 2. (a) Missing-mass spectrum of the p(K—, K™) reaction extracted from the CH, target data in the
4° < Oy, < 6° interval. The vertical axis is given as a double differential cross section. The spectrum
is fitted by using a combination (red line) of a Gaussian function and a third-order polynomial. The
Gaussian component, corresponding to the elementary E~ production, is depicted by the green dashed
line. (b) Comparison of the differential cross section for the p(K—, KT)E™ reaction at pg- = 1.8 GeV/ec.
The present result is represented by black points with statistical errors. Data from Ref. [25] are displayed
as red points for comparison.

cision of Ref. [25] is significantly worse. A detailed comparison of these data with theoretical
calculations, such as those referenced in Ref. [26], will clarify the reaction mechanism.

The missing-mass resolution could be understood through the analysis of the CH, spectrum.
It can be decomposed into contributions from the momentum (A,on) and angular (Ay) reso-
lutions, and the energy-loss straggling (Ag). Assuming the momentum resolution of the beam-
line spectrometer to be Ap/p = 3.3 x 10~* (design value) in FWHM, the momentum reso-
lution of the SKS was evaluated to be Ap/p = 3.6 x 1072 (FWHM) at 1.35 MeV/c by the
beam pass-through data analysis. The angular resolution was also estimated to be 14 mrad
(FWHM) by the beam pass-through data analysis. The energy-loss straggling term Ap was
estimated by a Monte-Carlo simulation. The subcontributions in the p(K~, K™)E~ kinemat-
ics were estimated to be Apom = 4.2 MeV/c?2, Ay = 2.6 MeV/c?, and Ag = 1.8 MeV/c?. The
overall missing-mass resolution in the p(K—, K*)E~ kinematics was estimated to be 5.8 MeV
(FWHM) by the Monte-Carlo simulation, based on these subcomponents. The simulated mass
resolution was consistent with the obtained missing-mass resolution in the p(K—, KT)E~ spec-
trum shown in Fig. 2(a). It should be noted that the overall resolution is not a simple square-
root sum of each subcomponent because the energy-loss straggling (Ag) has a non-Gaussian
form. In the >C(K—, K*) kinematics, the subcontributions were Amom = 6.3 MeV, Ay = 1.3
MeV, and Ag = 4.2 MeV. The overall energy resolution in the >C(K~, K*) reaction around
the threshold energy (Bz- ~ 0) was estimated to be 8.2 MeV (FWHM).

The absolute momentum scales measured by the K 1.8 beamline and SKS spectrometers were
adjusted using a combination of p(K—, K*)E~, p(K~, p)K~, and beam pass-through data
analyses [22]. The momenta were corrected with polynomial functions to reduce the difference
between the Particle Data Group values and the measured values of the K~ and E~ masses,
as well as to address the momentum difference (dp) between the two spectrometers using the
beam pass-through data. The momentum difference, d p, was obtained by comparing the mea-
sured momenta from the K1.8 beamline and SKS spectrometers as dp = psgs — pki.s. The
systematic uncertainty in determining the binding energy for the ?’C(K~, K*) reaction around
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Fig. 3. Double differential cross section of the '*C target data as a function of the E-binding energy,
Bz-. The title of each plot shows the scattering angle range selected in the laboratory system.

the threshold energy (Bg- ~ 0) was estimated to be +0.5 MeV by considering the difference
between the ideal and corrected momenta after the absolute momentum adjustment.

Next, we present results of the graphite-target data analysis at px- = 1.8 GeV/c. Figure 3
shows the double differential cross section of the '?C(K~, K*) reaction as a function of the
E-binding energy, Bz-. Our measurements cover a wide energy range with precise scattering
angle selection at 2-degree intervals in the laboratory frame. Note that high-precision and high-
statistics (K, K*) reaction data are presented for the first time. By performing a comprehensive
comparison between these spectra and theoretical calculations, the E-nucleus potential will be
investigated in the future, as done in previous studies [11,15].

Figure 4 shows the E binding-energy spectrum around the E binding threshold region, Bg- ~
0. In Fig. 4(a), a 2D plot of Bg- vs. M2, of the outgoing particles, as described in Eq. (1), is
displayed. The outgoing K* particles were selected using a gate defined as 0.175 < M2, <
0.300 (GeV/c?)?, which corresponds to £2 standard deviations, as indicated by the red dashed
lines. As seen in this figure, the K+ structure is clearly distinguishable in the M2, distribution,
even in the bound region where Bz- > 0. However, we found that background components are
present also within the K™ selection gate.

To address this point, we carefully examined the squared mass (M2,,) distribution for each
binding energy region as shown in Fig. 5, where the selection region of Bg- is denoted in the
title of each plot. Subsequently, a two-component fit was performed on the M2, distribution.
The total fit results are represented by the red curves, and the subcomponents corresponding
to the outgoing K particles and background are shown by the green and blue dashed curves,
respectively. In this fit, Gaussian distributions were employed to model the outgoing K com-
ponent, with the fixed mean value and the standard deviation, which were determined by fitting
the unsliced squared mass distribution.
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Fig. 4. (a) 2D plot of M2, of the outgoing particles as a function of Bz- around the binding energy

SC:

threshold. (b) Double differential cross section of >?C(K~, K*) reaction around the threshold region.
The background contamination due to the misidentification of the outgoing particles is shown by the
green points with error bars. (c) Comparison between the present spectrum and the past BNL E885
experimental spectrum reported in Ref. [10]. BG, background. See detail in the text. (d) Enlarged view
of panel (¢) to see the small cross section region.

We assumed linear or exponential functions for the background distribution in the M2, plots.
In Fig. 5, the results with the linear background function are shown. By integrating the signal
Gaussian (green curve) and the background functions (blue curve) within the M2, selection
gate (0.175 < M2, < 0.300 (GeV/c?)?), the fractions of the outgoing K* signal (Ns) and back-
ground (Ngg) were estimated. The background contribution in the Bg- spectrum was then
evaluated, as shown by the green points with error bars in Fig. 4(b), by multiplying the fraction
ratio NS]YFBAG,BG. The error bars represent the systematic uncertainty originating from the ambi-
guity in the fraction ratio Ns]:]rBlch,
stability of the fraction ratio %
or exponential) and varying the selected region of the E-binding energy.

The double differential cross section before background subtraction is shown by the black
points with statistical error bars in Fig. 4(b). The spectrum after the background subtraction
is displayed in Fig. 4(c) and an enlarged view to see the small cross section region is shown
in Fig. 4(d). The statistical errors are represented by the black bars, whereas the systematic
error stemming from the background estimation is denoted by the red bars. This final spectrum
is then compared with the BNL E885 experiment results [10], shown as a blue histogram. As
seen in this figure, we found that our spectrum is in reasonable agreement with the past BNL

E885’s spectrum. The consistency of the absolute cross section provides further support for the

estimation. This uncertainty was estimated by checking the
when changing the assumed background function (linear
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Fig. 5. Squared mass, M2, distribution of the outgoing particles analyzed by the SKS for each E
binding energy region. The title of each plot shows the selected region of E-binding energy. See detail in
the text.

Table 1. Summary of the spectrum-fitting results shown in Fig. 6.

X /ndf

Function (ndf) P-value Fitting parameters (MeV)
(a) QF(I" = 0) + 1Gaus 1.83 (23) 0.00896 Bz~ = 7.1 £ 1.5 (stat.) 724 (syst.)
(b) QF(I" = 0) + 2Gaus 0.849 (22) 0.665 BY' = 8.9+ 1.4 (stat.) 3} (syst.)

B2 = —2.4 4 1.3 (stat.) 13 + 3 (syst.)
(c) QF(T # 0) + 1BW 0.954 (23) 0.524 Bz = —2.7£2.2 (stat.) 703 (syst.)

Fr=414+21 (stat)+12(syst)

(d) QF(I" = 0) 2.49 (19) 0.000332
(e) QF(T # 0) 1.39 (25) 0.0914 I'=8.7+1.1 (stat.)

reliability and accuracy of the two datasets in the E-binding energy spectrum near the threshold
region.

5. Discussion. To understand the obtained Bg- spectrum, we performed spectrum fitting un-
der several hypotheses, as shown in Fig. 6. The error bars in this figure represent the quadratic
sum of statistical and systematic errors, shown by the black and red bars of Fig. 4(c), respec-
tively. The fit results are summarized in Table 1.

In all the trials, we assumed that the dominant part of the unbound region, Bz- < 0, can be
described by the QF E production. We adopted a phenomenological fit function for the QF E
production given as

h(By-) = C,/B, exp(aBs- + BB2.), (5)
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Fig. 6. Bz- spectrum fitting under different hypotheses. The assumed functions are shown in the title of
each plot. The total fit result is shown by the red curves. The different contributions are shown by curves
in different colors. See text for further details. BW, Breit—Wigner.

where B,_ = —Bg-, @ and g are the fitting parameters, and C represents a normalization factor.
The QF spectrum should be smeared by the experimental energy resolution and EN — AA
conversion. These effects were included by convoluting Eq. (5) with a Voigt function [27], where
the o parameter was fixed to the experimental energy resolution (¢ = 3.5 MeV).

Considering that the HAL QCD Collaboration predicts a weak coupling strength between
AA and EN [20], the EN — AA conversion effect may be negligibly small compared to the
experimental resolution. Therefore, in assumptions (a), (b), and (d) of Table 1, the " of the
convoluting Voigt function was fixed to I' = 0, meaning that in these cases the QF function
(Eq. 5) was convoluted with a Gaussian function.

In assumptions (a), (b), and (c) of Table 1, we assumed the existence of the E-hypernuclear
state, whereas the null hypothesis is tested in assumptions (d) and (e). In assumption (a), we
added a Gaussian component corresponding to the E-hypernuclear state. In this case, we as-
sumed that the EN — A A conversion width is negligibly small compared to our experimen-
tal resolution. The added Gaussian and QF components are displayed by the blue and green
dashed curves, respectively, in Fig. 6(a).

In assumption (b), we added two Gaussian components, assuming that an excited state also
exists. Several prominent peak structures are theoretically expected due to the ' B core’s excited
states [28], where the excitation energy depends on the strength of the spin-spin interaction. The
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added two Gaussian components are shown by the blue and orange dashed curves in Fig. 6(b),
whereas the QF component is shown by the green dashed curve.

In assumption (¢), we added one Breit-Wigner component, assuming the existence of a size-
able EN — AA conversion width. In this fitting, we added one Voigt function, where the pa-
rameter I' was commonly varied with the convoluting Voigt function of the QF function. The
parameter o of the added Voigt fuction was also fixed to the value of the experimental resolu-
tion. The added Voigt and QF components are displayed by the blue and green dashed curves,
respectively.

In contrast, in assumptions (d) and (e), no extra peak was assumed and the spectra were
fitted without adding any Gaussian or Breit-Wigner component. These assumptions serve as
null hypotheses, testing whether any additional peaks beyond the QF E production are required
to describe the data.

A summary of the x2/ndf, P-value, and the fitting parameters obtained for each assumption
are listed in Table 1. The systematic errors of the binding energy and the width (I") were esti-
mated by varying the fitting range, the spectrum binning, and the QF functions in the following
way:

W (By-) = CBy- exp(aBy- + BB2.). (6)

As seen in Table 1, both of assumptions (b) and (c) give reasonable x?/ndf values, whereas
the other assumptions including the null hypothesis are rejected. Thus, this result indicates the
existence of some structure around the E binding threshold. The nuclear emulsion experiments
also reported the E-hypernuclear states, as described in Section 1, supporting our indications
of the existence of the bound state. However, due to the limited statistics of the emulsion data
and the limited sensitivity of our results, it is difficult to conclude the binding energy of the
E-hypernuclear states.

To determine the binding energy of E-hypernuclear states and conclude which of assump-
tions (b) and (c¢) are correct, we need more sensitivity by improving the energy resolution. A
future experiment, J-PARC E70 [29], is planned at J-PARC for this purpose. In this experiment,
we aim to measure the '>?C(K~, K*) spectrum with 2 MeV (FWHM) resolution using the S-2S
spectrometer and Active Fiber Target (AFT) system. The 2 MeV resolution will make it possi-
ble to observe a clear and distinct peak structure if there is no large decay width. The J-PARC
E70 experiment will play a crucial role in revealing the structure of the E-hypernuclear states.

6. Conclusions. We have measured an inclusive spectrum in the '>?C(K~, K) reaction, using
the SKS at the Hadron Experimental Facility in J-PARC. With high statistics and a good energy
resolution of 8.2 MeV (FWHM), we explored a broad energy range with precise scattering angle
selection. The resulting dataset offers a unique opportunity to compare theoretical calculations
to determine the E—nucleus potential.

Our results revealed that the absolute value of the measured cross section agrees well with
the previous work of BNL E885 [10]. We employed a detailed spectrum-fitting procedure to
test several assumptions near the threshold region. Our analysis showed that a good agreement
with the spectrum was achieved by combining a QF background and two Gaussian functions
with peak positions at Bz- = 8.9 £ 1.4 (stat.) 733 (syst.) MeV and Bz- = —2.4 & 1.3 (stat.) 735
(syst.) MeV. An alternative assumption, including the QF and one Breit—Wigner function with
Bgz- = —2.7+2.2 (stat.) 107 (syst.) MeV and I' = 4.1 £ 2.1 (stat.) T}2 (syst.) MeV, also gave
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a similar x2 value. On the other hand, the null hypothesis was clearly rejected, indicating the
presence of additional dynamics beyond the QF E production contribution.

In conclusion, our experimental results provide valuable insights into the E-nucleus potential
and indicate the presence of additional dynamics beyond the QF E production contribution.
We are confident that the upcoming experiment will enable us to obtain more precise measure-
ments and further advance our understanding of EN interaction.
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