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Chiral symmetry restoration at high matter density
observed in pionic atoms†
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Based on theoretical and experimental studies, the
magnitude of chiral symmetry breaking is believed to
depend on the temperature and the matter-density.1)

Whereas hadronic matters at zero and high temper-
ature have been well investigated, the experimental
knowledge at finite densities is limited. Pionic atoms,
bound systems of a π− and a nucleus, provide quanti-
tative information of an order parameter of the chiral
symmetry breaking, or the quark condensate (⟨q̄q⟩), in
nuclei.2) A major part of the pion wavefunction is lo-
cated near the surface of the nucleus (ρ ≃ 0.098 fm−3)
in a counter balance between the Coulomb interaction
and the s-wave pion-nucleus strong interaction. For
pionic atoms with relatively heavy nuclei, the binding
energies and widths of the pionic 1s states are predom-
inantly determined by the s-wave strong interaction
modified by the medium effect. The isovector scat-
tering length b1, the density dependent parameter, is
model-independently related to the ratio of ⟨q̄q⟩ in the
vacuum (ρ = 0) and the medium with density ρ by
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where ρc ≡ 0.17 fm−3 is the normal nuclear density
and the coefficient γ = 0.184± 0.003.3)

At RIBF, we established a new method of forma-
tion and observation of pionic atoms to achieve high
spectral resolution (≃300 keV) in the nuclear reactions
with the scattering angles θ up to several degrees,4) by
applying the ion-optical “dispersion-matching” tech-

† Condensed from the article in Nat. Phys. 19, 788 (2023)
∗1 RIKEN Nishina Center
∗2 RIKEN Cluster for Pioneering Research
∗3 CENS, Institute for Basic Science
∗4 University of Notre Dame
∗5 Tohoku University
∗6 Kyoto University
∗7 GSI Helmholtzzentrum für Schwerionenforschung GmbH
∗8 Advanced Science Research Center, Japan Atomic Energy

Agency
∗9 Department of Physics, University of Tokyo
∗10 Nara Women’s University
∗11 Tottori University
∗12 Center for Nuclear Study, University of Tokyo
∗13 Research Center for Nuclear Physics (RCNP), Osaka Uni-

versity
∗14 Ruhr-Universität Bochum

nique. As a result, we succeeded in the precise mea-
surements of deeply bound pionic 1s and 2p states of
121Sn simultaneously, reducing the systematic errors
arising from energy calibration, beam optics aberra-
tion, and other factors. The optical potential parame-
ters, including b1, were deduced to reproduce the mea-
sured binding energies (Bπ(1s),Bπ(2p)) and natural
widths (Γπ(1s), Γπ(2p)), taking into account the sta-
tistical and systematic errors and their correlations.
The analysis was performed incorporating the recent
experimental and theoretical progress, such as neutron
density distribution data in Sn,5) calculation with the
Green Function method,6) and residual interaction be-
tween the pion and the nucleus with a neutron-hole.7)

Finally, we deduced the π−-nucleus isovector pa-
rameter b1 = (−0.1163 ± 0.0056) m−1

π . This value
is enhanced by 34 ± 7% compared with the isovector
strength in vacuum of b1 = (−0.0866± 0.0010) m−1

π .8)

This enhancement agrees with the predicted values of
∼30% in the chiral perturbation theory.9) This agree-
ment endorses the theoretical perspectives on the chi-
ral symmetry breaking and its partial restoration in the
nuclear matter. By linear extrapolation to the normal
nuclear density of ρc = 0.17 fm−3, we conclude that
⟨q̄q⟩ (ρc) is 60±3% lower than ⟨q̄q⟩ (0). These deduced
factors will serve as a new basis to construct a com-
prehensive understanding of the origin of the hadron
masses and the structure of the vacuum.
We are preparing systematic studies of pionic atoms

with higher precision to further investigate the low-
energy high-matter-density sector of the QCD.10)
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