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Abstract. In the K1.8 beam-line at Hadron Experimental Facility of J-PARC,
a new magnetic spectrometer S-2S is being installed. S-2S was designed to
achieve a high momentum resolution of ∆p/p = 6 × 10−4 in FWHM. Several
strangeness-physics programs which require the high resolution will be real-
ized by S-2S. The present article introduces J-PARC E70 (missing-mass spec-
troscopy of 12

Ξ
Be) and E94 (missing-mass spectroscopy of 7

Λ
Li, 10

Λ
B, and 12

Λ
C )

experiments.

1 Introduction

Hypernuclear spectroscopy is a significant tool to study the baryon-baryon (BB) interaction
with strangeness degrees of freedom (S ). The interaction between Λ and nucleon (ΛN),
which is the S = −1 system, has been being explored by Λ hypernuclear spectroscopy [1–3]
andΛN-scattering experiments [4–6]. Despite the S = −1 hypernuclei have been investigated
for about 70 years since the first hypernuclear event was reported in 1953 [7], the number of
observed hypernuclear species and data qualities are still limited. Moreover, the BB interac-
tion for S = −2 baryons is quite unknown because experimental data of such as double-Λ or
Ξ hypernuclei are much fewer than those for the S = −1 system. Nuclear emulsion experi-
ments that found potential events of the S = −2 hypernuclei [8–13] allow us to consider the
ΛΛ and ΞN interactions are weakly attractive. In addition, recent data of femtoscopy by the
ALICE Collaboration show similar attractive behaviors for the ΞN and ΛΛ interactions [14–
17]. These successful findings lead to a prediction of the existence of bound hypernuclei
with S = −2, and they strongly motivate us to go forward to a systematic investigation of Ξ
(double-Λ) hypernuclei to study the ΞN (ΛΛ) interaction.

At the beginning of 2022, an installation of a new magnetic spectrometer, Strangeness
−2 Spectrometer (S-2S), started at the K1.8 beam-line at Hadron Experimental Facility of
J-PARC [18, 19]. S-2S was designed for a missing-mass spectroscopy of Ξ hypernuclei with
the world’s best energy resolution of 2 MeV in the full width at half maximum (FWHM). One
of the important features of S-2S is the high momentum resolution of 6 × 10−4 in FWHM,
maintaining a reasonable solid-angle acceptance of about 55 msr at the central momentum.
The installation of S-2S magnets and detectors is planned to be completed by the end of
2022. The first S-2S commissioning by using the beam is going to be carried out in the
beginning of 2023. A new era to study the S = −2 hypernuclei with the high-precision
reaction-spectroscopy is about to be begun. There are several strangeness-physics programs
with S-2S, which are labeled E70 (missing-mass spectroscopy of 12

Ξ
Be) [20], E75 [missing-

mass spectroscopy of 7
Ξ

H (phase-1 experiment); decay-pion spectroscopy of 5
ΛΛ

H (phase-2
experiment)] [21, 22], E90 (ΣN-cusp measurement) [23], E94 (missing-mass spectroscopy of
7
Λ

Li, 10
Λ

B and 12
Λ

C) [24] and E96 (X-ray measurement from 12C-Ξ− atom) [25] so far. Other
experimental ideas which we are examining can be found in Ref. [26]. In the present article,
the E70 and E94 experiments are described since some details of the others may be shown
elsewhere in the same volume of the present journal.
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2 Ξ hypernuclear study in J-PARC E70

2.1 Experimental setup

The S-2S spectrometer consists of two quadrupole (Q1 and Q2) magnets, one dipole (D)
magnet, and particle detectors. The magnetic flux density of the D magnet is 1.5 T at the
maximum coil current of 2500 A, and it bends charged particles at about 1.37 GeV/c by 70◦.
The particle detectors are composed of plastic-scintillation counters for a data-taking trigger,
five layers of drift chambers (SDC1–5) for a particle tracking, and two types of Cherenkov
counters (radiation media of aerogel and water) for a particle identification [27, 28]. Figure 1
shows a picture of S-2S as of the end of June 2022. The back face of SDC5 and a common
frame which holds SDC3–5 are seen in the downstream of the D magnet in the picture. The
other detectors are now being installed. A K−-meson beam transported by the K1.8 beam-

Figure 1. A photograph of S-2S which is installed in the K1.8 beam-line at Hadron Experimental
Facility of J-PARC as of the end of June, 2022. SDC3–5 are drift chambers for the particle tracking,
and the back face of SDC5 is seen in the photograph. Plastic scintillation counters, aerogel-Cherenkov
counters, and water-Cherenkov counters are installed in the downstream of SDC5 in this order.

line spectrometer is impinged on an experimental target to produce Ξ hypernuclei through
the reaction of (K−,K+) at pK− = 1.8 GeV/c. It is worth noting that the reaction rate for
the p(K−,K+)Ξ− reaction was found to be the maximum at pK− ≃ 1.8 GeV/c within the
range of 1.5 ≤ pK− ≤ 1.9 GeV/c [29] in the previous experiment (J-PARC E05) [28, 30].
The generated K+ is detected and momentum-analyzed by S-2S. The central momentum of
S-2S is set to 1.37 GeV/c to cover the kinematics for the p(K−,K+)Ξ− reaction, which is
used for an energy calibration, as well as the 12C(K−,K+)12

Ξ
Be reaction. The experimental

target (AFT: active fiber target) is composed of scintillation fibers with a core of polystyrene
(C : H = 1 : 1). Therefore, data of the energy calibration and Ξ hypernuclei are taken
simultaneously. AFT measures the energy loss of charged particles event by event. The
energy-loss information in AFT is used when the missing-mass is reconstructed to suppress
the mass-resolution deterioration due to the energy straggling. The goal of missing-mass
resolution is about 2 MeV/c2 in FWHM, and is expected to be realized by applying the
event-by-event correction for the energy loss.
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2.2 Expected results

In the J-PARC E70 experiment, the expected number of events in the bound region is about
100 counts for the 12C(K−,K+)12

Ξ
Be reaction. Assumptions for the yield estimation are shown

below. The beam intensity is assumed to be 8 × 105 K−’s per spill with the spill cycle of 4.2
seconds. It is noted that, in a beam test in 2021, the ratio of K− to π− was achieved to be 1.67
and 0.38 at the K−-beam intensity of 6.5× 105 and 8.6× 105 per spill, respectively. A typical
path length from the target to the end of the S-2S particle detector (water-Cherenkov counter)
is 8 m, and thus the fraction of survived K+’s is 0.46. The particle-detection efficiency which
takes into account various efficiencies of such as the detectors, data acquisition system, and
data analysis is assumed to be 0.5. The 9-g/cm2 thick AFT, which is mostly composed of
polystyrene (CH), is exposed to the beam for 480 hours. The assumed differential cross
section is 60 nb/sr for our angular acceptance of 0◦ ≤ θK+ ≤ 10◦. Here, the cross-section
assumption is based on a result from the past experiment at BNL [31] in which the mass
resolution was 14 MeV/c2 (FWHM).

Figure. 2 shows expected binding-energy (BΞ) spectra for the 12C(K−,K+)12
Ξ

Be reaction
by a simple Monte-Carlo simulation. The assumed energy resolutions for the left and right

Figure 2. Expected spectra of the Ξ binding energy taken with the negative sign (−BΞ) for the reaction
of 12C(K−,K+)12

Λ
Be. Assumed energy resolutions in the left and right panels are 14 and 2 MeV in

FWHM, respectively. J-PARC E70 aims to achieve the 2-MeV resolution in FWHM (right panel). The
peak positions and relative peak strengths for the assumed three states (Jπ = 1−1 , 1−2 and 1−3 ), which
are shown in different colors, are taken from a prediction by DWIA with the interaction model of
ESC08a [32].

panels in the figure are 14 and 2 MeV in FWHM, respectively. The left and right panels
correspond to the energy resolutions for the cases of the past BNL experiment [31] and J-
PARC E70. There are three of assumed states, Jπ = 1−1 , 1−2 and 1−3 , which are shown in
different colors. The energy levels and their relative cross sections are taken from a prediction
by DWIA calculation with the interaction model of ESC08a [32]. J-PARC E70 would be able
to observe the peak structures separately thanks to the high resolution, and provide significant
information of the ΞN interaction.

3 Λ hypernuclear study in J-PARC E94

3.1 Overview

J-PARC E94 aims to establish a high resolution spectroscopy of Λ hypernuclei with the
(π+,K+) reaction [24]. The highest energy resolution in the missing-mass spectroscopy of
Λ hypernuclei with the (π+,K+) reaction is about 1.5 MeV in FWHM, which was realized at
KEK [33]. On the other hand, the J-PARC E94 aims to achieve 1 MeV (FWHM) or a little
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better. Such a high resolution is expected to be realized thanks to the high momentum reso-
lution of the new magnetic spectrometer S-2S. A similar or better energy resolution, which
is 0.5–1 MeV in FWHM, was already realized by the missing-mass spectroscopy with the
(e, e′K+) reaction at the Thomas Jefferson Lab (JLab) [34–37]. However, the improvement
of the energy resolution for the spectroscopy with the (π+,K+) reaction gives a large impact
to the study of the ΛN interaction because hypernuclear species which can be studied by the
(π+,K+) and (e, e′K+) reactions is different. Therefore, complementary investigation of the
ΛN interaction through theΛ hypernuclear spectroscopy would be dramatically strengthened.

J-PARC E94 aims to determine the absolute binding energy with the accuracy of |∆BΛ| ≃

100 keV. Such a high accuracy could not be realized in the past (π+,K+) experiments because
a source of the energy calibration was the ground-state binding energy of 12

Λ
C [Bg.s.

Λ
(12
Λ

C)]. The
measured B

g.s.
Λ

(12
Λ

C) is known to be 10.76 ± 0.19 ± 0.04 MeV [38]. The error on B
g.s.
Λ

(12
Λ

C),
which is about 200 keV, propagates to the uncertainty of measuredΛ binding energies when it
is used for the calibration. In addition, it is pointed out that B

g.s.
Λ

(12
Λ

C) is shifted by about 500–
600 keV [39, 40], which could lead to an additional systematic error on the binding-energy
measurement. Therefore, J-PARC E94 tries to use different calibration sources, the binding
energies of 7

Λ
Li(1/2+, 5/2+). The binding energies of these states were well determined by the

emulsion experiment [38] and γ-ray spectroscopy [41, 42] with high statistics. Their energy
uncertainties are only about 50 keV. The small uncertainties of the calibration sources allow
us to reach the high accuracy of |∆BΛ| ≃ 100 keV in J-PARC E94. The binding energies of the
1/2+ and 5/2+ states of 7

Λ
Li were not be able to be used before because the energy separation

between the states is only about 2 MeV and could not be separated with the energy resolutions
in the past experiments. The use of 7

Λ
Li for the calibration purpose is expected to be realized

for the first time thanks to the high energy resolution of about 1 MeV (FWHM) in J-PARC
E94.

J-PARC E94 aims to prove that the missing-mass spectroscopy with the 1-MeV resolution
and the 100-keV accuracy is possible via the (π+,K+) reaction by measuring 7

Λ
Li, 10

Λ
B, and

12
Λ

C. The accurate measurement of 12
Λ

C would clarify the issue of the energy shift of about
500–600 keV in the existing data of B

g.s.
Λ

(12
Λ

C) [39, 40]. In addition, the accurate data of 10
Λ

B
would lead to better understanding of the charge-symmetry breaking [43, 44] by comparing
with its mirror hypernucleus 10

Λ
Be [39].

3.2 Experimental conditions and status

The experimental setup for the J-PARC E94 is the same as that for J-PARC E70 except for
the beam polarity, momentum settings of the spectrometers (both the beam-line spectrometer
and S-2S), and experimental targets. The π+ beam at pπ+ = 1.05 GeV/c is impinged on the
experimental target. Target materials of 7Li, 10B, and 12C with the areal density of 1 g/cm2

are alternately installed to measure 7
Λ

Li, 10
Λ

B, and 12
Λ

C, respectively, by the (π+,K+) reaction.
The central momentum of S-2S is set to 0.72 GeV/c.

J-PARC E94 was approved to be at the Stage 1 in 2022. We are now allowed to apply to
the Stage 2 which is the final status to perform the experiment. A systematic investigation
with the high resolution and high accuracy for the other Λ hypernuclei, which may be up to
the medium-heavy mass region (A ∼ 50), would be promising by S-2S in the future if J-PARC
E94 is successfully completed.

4 Summary

The new magnetic spectrometer S-2S is being installed in the K1.8 beam-line at Hadron Ex-
perimental Facility of J-PARC. S-2S was designed to achieve the high momentum resolution
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of ∆p/p = 6 × 10−4 (FWHM). Several strangeness-physics programs in which the high reso-
lution measurements are required will be realized by S-2S. In the present article, J-PARC E70
(missing-mass spectroscopy of 12

Ξ
Be) and E94 (missing-mass spectroscopy of 7

Λ
Li, 10

Λ
B, and

12
Λ

C ) experiments are described. The S-2S commissioning with the hadron beam is planned
to be performed in the beginning of 2023, followed by the calibration and physics runs of
J-PARC E70.
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