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Studying hyperon-nucleon interactions is important for more general understanding of nuclear force.
We can extend the NN interaction with the isospin SU(2) symmetry to the baryon-baryon interactions
under the flavor SU(3) symmetry. However, experimental data for the S=−2 sector, particularly on
the ΞN interaction, are very limited. One way to obtain such information is a measurement of X
rays from Ξ− atoms by obtaining energy shifts of the atomic levels from those precisely calculated
based purely on electromagnetic interaction. From the shifts, information on the ΞN potential can be
extracted. In 2016 and 2017, we measured X rays from Ξ− atoms with a Germanium (Ge) detector
array, Hyperball-X, at J-PARC using a hybrid emulsion method for the first time. The current analysis
status of the Hyperball-X data is reported.
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1. Introduction

Investigation on double-Λ hypernuclei and Ξ− atoms with Strangeness =−2 is important to un-
derstand baryon-baryon interactions. X-ray spectroscopy of Ξ− atom is one way to get information
on ΞN interaction. Since a Ξ− particle has a negative charge, it can form a Ξ− atom after stopping
in material. The produced Ξ−atoms are highly excited states and deexcite to lower states with X-ray
emission before absorbed by nuclei via the strong interaction processes. The atomic energy levels may
shift and broaden because of the strong interaction between Ξ− and nucleon, or Ξ−-N [1]. In order to
measure this energy shift, we performed a Ξ−-atomic X-ray spectroscopy experiment at J-PARC.

2. J-PARC E07

The J-PARC E07 experiment — measure of X rays from Ξ− atom and search for double-Λ hy-
pernuclei using nuclear emulsion — was performed at the K1.8 beam line of the J-PARC hadron
experimental facility in 2016 and 2017 [2]. This is the first experiment of Ξ− atomic X-ray spec-
troscopy.
Ξ− particles are produced in a diamond target via the quasi-free p(K−,K+)Ξ− reaction. They

slow down inside the target and travel through a nuclear emulsion module located downstream of the
target. Some stop in the emulsion module and are captured by atoms contained in emulsion material,
such as Ag and Br. The expected X-ray energies just before the Ξ− absorption for Ξ− Ag and Ξ−
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Table I. The theoretically predicted shift and width. Case 1 is the result for the tρ potential [4] and case 2 is
for the Nijmegen D potential [5] .

Z(n, l) E [keV] shift [keV] width [keV]
Ag (8,7)→ (7,6)

case 1 370.45 0.28 0.15
case 2 3.3 0.79

Br (7,6)→ (6,5)
case 1 315.5 0.73 0.44
case 2 5.5 1.74

Br atoms are 370 keV and 316 keV, respectively, if the strong interaction is ignored. According to
a theoretical calculation, the energy shift is expected to be from a few hundreds of eV to a few keV
[3]. Results calculated with two types of potential that are the tρ potential [4] and the Nijmegen D
potential [5] are shown in Table I.

The experimental setup consists of mainly three detector parts as shown in Figure 1. Firstly,
two reaction spectrometers were used in order to identify the (K−,K+) reaction events. Incident K−

particles of 1.8 GeV/c momentum was analyzed by a beam line spectrometer consisting of QQDQQ
magnets, hodoscopes, a fiber tracker, Aerogel Cherenkov detectors, and drift chambers. On the other
hand, a scattered K+ was analyzed by the KURAMA spectrometer consisting of a dipole magnet,
hodoscopes, Aerogel Cherenkov detectors, and drift chambers. Secondly, a nuclear emulsion module
was located downstream of the diamond target. The event in which Ξ− stopped in the emulsion
module will be called a “Ξ−-stop event” in this text. Ξ−-stop events were observed as two kinds of
image in emulsion. One is one or more tracks of charged particles. This is defined as “σ-stop”. The
other is no track of charged particles except for Auger electrons. This is defined as “ρ-stop”. For the
σ-stop events, the observed particle should be Ξ−. On the other hands, the ρ-stop events contain some
protons being as background. In addition to the spectrometers, using information from the silicon strip
detectors (SSD) located just upstream of the emulsion module, we can track Ξ− to the point where
it stops in the emulsion module. Combining a track determined by an SSD and emulsion makes the
time shorter to analyze Ξ− tracks in emulsion and is called a hybrid emulsion method. Thirdly, a Ge
detector array, called Hyperball-X, was located around the target in order to detect X rays. Events
that Ξ− decays inflight become backgrounds for the X-ray spectrum. We can select stopped Ξ− events
and classify them into “σ-stop” and “ρ-stop” from emulsion analysis. By selecting these events, all
the background events can be almost removed.

3. Hyperball-X

Hyperball-X consists of six sets of a Ge detector and BGO counters as shown in Figure 1. The
energy resolution of each Ge detector was 2 keV in FWHM at 300 keV. Each Ge detector was sur-
rounded by BGO scintillation counters. Backgrounds as Compton scattering and high-energy γ rays
can be removed by taking coincidence between the Ge detector and the BGO counters. The measured
efficiency of Hyperball-X was 0.73 %.

1.0×1011 K− particles were exposed to 118 emulsion modules in total. 1.0×104 Ξ− are expected
to be the stopped in the emulsion modules. X-ray yield estimate is given as

yield = YΞcapture × PΞ(n,l) × BRΞ(n,l)→(n−1,l−1) × ϵGe, (1)

where YΞcapture is the number of Ξs captured in atoms, PΞ(n,l) the probability that the stopped Ξ
reaches the (n, l) atomic state, and BR the branching ratio of the transition. For the Ag(8,7)→(7,6)
transition, the predicted ratio is 0.88. For the Br(7,6)→(6,5) transition, the ratio is 0.73 [3]. ϵGe is an
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efficiency of Hyperball-X. The predicted yields of X rays from the last transition of Ag and Br Ξ−

atoms are 13 and 8 counts, respectively.
To be noted, a new energy calibration system consisting of LSO counters and 22Na sources was

introduced for energy calibration with high accuracy. They were installed around the diamond target
as shown in Figure 1. Two γ rays, 202 keV and 307 keV from LSO scintillators and 511-keV γ ray
from 22Na sources, were used as the reference γ rays. The β-γ and γ-γ coincidence between the Ge
detectors and LSO counters made continuous in-beam calibration data taking possible. From the in-
beam study of energy calibration, the calibration error for the individual Ge detector is reduced to
less than ±50 eV over the interpolated energy region between 200 keV and 400 keV.

4. Current analysis

Based on the data analysis of the spectrometers and the SSD, all events were categorized accord-
ing to different criteria 1, 2 and 3. The criteria 1 event is expected to contain a Ξ−-stop event with
high probability. It is expected that 80% of all the Ξ− stop event will be included in the data set of
the criteria 1. Having the highest priority, emulsion scanning with the criteria 1 is being conducted. X
rays from Ξ− atom may be observed in Ge energy spectrum for the σ- and ρ- stop events. The energy
spectra corresponding to these events are shown in the Figure 2. The upper one shows the spectrum
for the σ-stop events, and the lower one for the σ- and ρ- stop events. By October 2018, 900 σ-stop
events have been observed, which correspond to 1500 Ξ− -stop events. Clear peak structure has yet
to be found in the current analysis.

5. Summary

In order to understand baryon-baryon interaction, investigating double-Λ hypernuclei and Ξ−

atom is important. X-ray spectroscopy of Ξ− atom is one of the essential ways to obtain informa-
tion on the ΞN interaction. The first experiment of X-ray spectroscopy was performed at the J-PARC
K1.8 beam line in 2016 and 2017. The energy shift of X rays from Ξ− Ag atom and Ξ− Br atom
are measured by the Ge detector array, called Hyperball-X. Using the information of the spectrom-
eters and the SSD to reconstruct Ξ− tracks, the so-called hybrid emulsion method, Ξ−-stop events
in emulsion modules are searched efficiently. The data taking has been completed in 2017, and the
emulsion image analysis is on-going. Since X-rays for Ξ− stop events are selected for the analysis of
Hyperball-X, a spectrum of good signal to noise ratio is expected. At the present analysis, 900 σ-stop
events (corresponding to 1500 Ξ− stop-events) were found by emulsion analysis. However, no clear
peak structure is observed at the moment in the energy spectrum of Hyperball-X while the analysis is
on-going.
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Fig. 1. A schematic drawing of the setup for J-PARC E07 and Hyperball-X system. See text for details.
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Fig. 2. The energy spectra detected by the Ge detectors. The upper spectrum is for σ-stop events, and the
lower one for σ- and ρ-stop events. These numbers of events correspond to the 1500 Ξ−-stop events. For these
spectra background suppression by BGO counters is yet to be applied.
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