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The interaction between a nucleon and an anti-kaon
(K̄), the lightest hadron with a strange quark, is one of
the keys to understanding meson-baryon interactions
in low energy quantum chromodynamics (QCD) incor-
porating three flavors in the nuclear system. Precise
measurements of elementary K̄N interactions and in-
vestigations of K̄-nuclear bound systems (K̄ nuclei)
are currently hot topics. The K−pp state, a bound
system of a negative kaon and two protons, is theoret-
ically considered the simplest K̄ nucleus,1) and thus
it has attracted special interest. We are searching for
the K−pp bound state by using an in-flight reaction as
the J-PARC E15 experiment.2) The first physics data
acquisition (E151st) was performed in May 2013, with
5 × 109 kaons at 1 GeV/c on a liquid 3He target.
Figure 1 shows the obtained semi-inclusive neutron

spectrum at θlabn = 0◦.3) Here, we detected the neutron
by using a plastic scintillator array ∼ 15 m away from
the target. To reconstruct the reaction vertex for the
time-of-flight measurement, at least one charged track
is required in a cylindrical detector system (CDS) sur-
rounding the target. The K0-tagged spectrum, shown
in the inset of Fig. 1, is attributed to the charge-
exchange K−p → K0

sn reaction, and demonstrates
that the detector resolution and the missing-mass scale
are well understood.

The observed yield in the deeply bound region, cor-
responding to K−pp binding energies larger than 80
MeV, was in good agreement with the evaluated back-
grounds originating from 1) accidental hits and neutral
particles other than neutrons, 2) reactions on the tar-
get cell, and 3) neutrons produced via charged Σ decay.
In this mass region, upper limits on the production
cross section of a bound state were evaluated, assuming
a K−pp → Λp isotropic decay. They were determined
to be 30-270 µb/sr, depending on the mass and the de-
cay width. The upper limits obtained are much smaller
than the theoretical calculation.4) The ratios of the up-
per limits to cross sections of the quasi-elastic channels
are (0.5–5)% (quasi-elastic) and (0.3–3)% (charge ex-
change). These ratios are rather small compared to
the sticking probability of the usual hypernucleus for-
mation. On the other hand, a significant excess was
observed around the K−pp binding threshold. How-
ever, in spite of the observed large yield corresponding
to ∼ 1 mb/sr, structures suggested in theoretical spec-
tral functions4,5) cannot be identified from only the
semi-inclusive measurement.

We also analyzed the Λp events detected using the
CDS to investigate the K−pp decay. A Λ was recon-
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structed from a π−p pair detected using the CDS to
be almost free from the background. Missing-neutron
events were identified by the 3He(K−,Λp)X missing
mass, with ∼ 20% Σ0p-event contamination (Σ0 →
Λγ). The preliminary Λp invariant-mass spectrum, ob-
tained with ∼ 10 MeV/c2 resolution, consists of a flat
component widely distributed in the three-body phase
space and an enhancement around the threshold. The
threshold structure mainly originates from events with
a low-momentum transfer, and it might be evidence
for the K−pp bound state.

In 2015, we plan to conduct the 2nd-stage physics
run with 10 times the number of beam-kaons in the 1st
stage, as well as calibration runs with hydrogen and
deuteron targets. With the new data set, we will fur-
ther investigate the structure around the K−pp bind-
ing threshold.
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Fig. 1. 3He(K−, n)X semi-inclusive missing-mass distribu-

tion at θlabn = 0◦3). ACDS denotes the charged-tagging

acceptance of the CDS. The inset shows the K0
s -tagged

spectrum.

References
1) T. Yamazaki and Y. Akaishi: Phys. Lett. B 535 (2002)

70.
2) M. Iwasaki et al.: J-PARC proposal P15, “A search

for deeply-bound kaonic nuclear states by in-flight
3He(K−, n) reaction” (2005).

3) T. Hashimoto et al.: arXiv:1408.5637 (2014).
4) T. Koike and T. Harada: Phys. Rev. C 80 (2009)

055208.
5) J. Yamagata-Sekihara, D. Jido, H. Nagahiro, and S.

Hirenzaki: Phys. Rev. C 80 (2009) 045204.

Measurement of the proton Zemach radius from the hyperfine
splitting energy in ground-state muonic hydrogen
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Studies of the proton electromagnetic structure have
recently attracted great interest stimulated by the pro-
ton radius puzzle, which is a 7σ discrepancy in the
proton charge radius determined using two different
methods. One is a traditional determination method
using e − p scattering and the atomic hydrogen spec-
troscopies as compiled in CODATA1). The other is
a method of laser spectroscopy of the Lamb shift in
muonic hydrogen2). To understand this inconsistency
between “electronic” and “muonic” methods, there are
several hypotheses including physics beyond the Stan-
dard Model. However, none of them are conclusive,
and the puzzle is still an unsettled question.
Since the proton charge radius is defined only from

the electric distribution in the proton, it is a curious
question as to how we can determine the magnetic dis-
tribution of a proton probed with muons, which may
become a clue to solve the puzzle. Therefore, we focus
on the proton Zemach radius, which contains informa-
tion on both the charge and magnetic-moment distri-
butions in the proton. The proton Zemach radius, RZ ,
is expressed as

RZ =

∫
d3r|r|

∫
d3r′ρE(r

′)ρM (r− r′),

where ρE and ρM denote spatial distributions of the
charge and magnetic moment of the proton, respec-
tively. This Zemach radius can be determined from
the hyperfine splitting energy of a hydrogen-like atom.
Thus, we determine the proton Zemach radius from the
laser spectroscopy of the hyperfine splitting energy of
muonic hydrogen.
The experimental principle is as follows. When

negative muons are stopped in hydrogen, they form
muonic hydrogen atoms and are quickly deexcited to
the ground state. Its energy level is split into hyper-
fine sublevels by the spin combination of the proton
and muon: the spin singlet (F = 0) and the triplet (F
= 1) states. The splitting energy is ∼0.183 eV, which
corresponds to a mid-infrared frequency of 44.2 THz
and wavelength of 6.78 µm. We will measure this en-
ergy through a laser spectroscopy. To search for the
resonance frequency, the spatial asymmetry of spin-
polarized muon decays is used. To populate the spin
∗1 RIKEN Nishina Center
∗2 Department of Physics, Tokyo Institute of Technology
∗3 Department of Physics, The University of Tokyo
∗4 Graduate School of Arts and Science, The University of

Tokyo
∗5 RIKEN Center for Advanced Photonics
∗6 Department of Physics and Mathematics, Aoyama Gakuin

University

polarization in F = 1, we use a circularly polarized
laser. A specific F = 1 state is selectively excited be-
cause of the conservation of the total angular momen-
tum. The electrons from polarized muon decays are
detected to find the decay asymmetry during the laser
frequency scan.

A conceptual drawing of the experimental setup is
shown in Fig. 1. Negative muons with momenta of
40 MeV/c are stopped in a gas hydrogen target. The
density of the hydrogen gas is optimized to be 0.01%
of LHD (liquid hydrogen density) to suppress the col-
lisional quench process, which is a deexcitation from
F = 1 to F = 0 through a collision with a neighbor-
ing atoms. The mid-infrared laser is injected from the
side of the target ∼ 1 µs after the stopped µ− tim-
ing. The laser power is a key issue to achieve sufficient
polarization through a laser-induced excitation. The
laser system is under development in RIKEN3), and
the achievable laser performance is a power of 40 mJ
and bandwidth of 50 MHz with a repetition rate of
50 Hz. For further enhancing the effective laser power
by multiple reflection, a multi-pass cavity consisting of
two mirrors facing each other is installed in the hydro-
gen target, as schematically illustrated in the figure.
The mirror reflectivity is assumed to be 99.95% and
the resulting polarization is ∼16%.

The yield estimation and a feasibility study of the
present measurement are nearing completion. A beam
study with negative muons in RIKEN-RAL is sched-
uled for the next fiscal year.
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Fig. 1. Conceptual drawing of the experimental setup.
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