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Measurement of the proton Zemach radius from the hyperfine
splitting energy in ground-state muonic hydrogen

M. Sato,*! S. Aikawa,*? K. Ishida,*! M. Iwasaki,*"*? S. Kanda,*® Y. Ma,*! Y. Matsuda,** T. Matsuzaki,*!
K. Midorikawa,*® Y. Qishi,*! S. Okada,*! N. Saito,*® A. Takamine,*S K. Tanaka,*!** H. Ueno,*! and S. Wada*®

Studies of the proton electromagnetic structure have
recently attracted great interest stimulated by the pro-
ton radius puzzle, which is a 7o 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 CODATAY. The other is
a method of laser spectroscopy of the Lamb shift in
muonic hydrogen?. 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, Ry,
is expressed as

Rz :/d3r|r|/d3r'pE(r')pM(rfr’),

where pg and pjs 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 pm. 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 us after the stopped g~ 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 RIKEN®), 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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