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Precision spectroscopy of pionic atoms
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chiral symmetry

e Dominant symmetry of the vacuum in low-energy region.
e Spontaneous breakdown due to non-perturbative strong interaction.
e Non-trivial structure of the QCD vacuum.
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Chiral condensate qq on Tp plane
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Lattice QCD calculated T dependence of <qg>
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o dependence of <qq> known so far
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p dependence of <qg> known so far
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Precision Spectroscopy of Pionic Atoms

nucleus

Ericson-Ericson potential
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Pion-nucleus strong interaction

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

)\ 4

m-nucleus interaction is changed in
nuclear medium for wavefunction

renormalization effect
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Strong interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

)\ 4

m-nucleus interaction is changed in
nuclear medium for wavefunction
renormalization effect

Ericson-Ericson potential
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In-medium Glashow-Weinberg relation
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Strong interaction and chiral condensate

Overlap between
pion w.f. and nucleus
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Deduction of pion-nucleus interaction in medium by

Spectroscopy of pionic atoms in (d,3He) reactions

Based on energy-momentum conservation law:

Excitation energy ~ Tq— T3He

Direct excitation of Pionic atoms
pionic atoms coupled with n hole

Excitation energy



(d,3He) Reaction Spectroscopy in RIBF
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First pionic atom in RIBF (2010)
Pionic 121Sn atom
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1s and 2p pionic atom cross sections in (d,3He)
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High Precision Spectrum of 22Sn(d,3He) in RIBF-54

Fit region
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b1 parameter
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Nuclear p distribution measured in Sn(p,p’')
at RCNP, Osaka
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Theoretical spectra calculated with
Effective number and Green’s function methods
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Theoretical spectra calculated with
Effective number and Green’s function methods
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Theoretical spectra calculated with
Effective number and Green’s function methods
have small but non-negligible differences
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Deduced b1 with updated parameters
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Result: deduced chiral condensate
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Result: deduced chiral condensate
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Result: deduced chiral condensate
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To step further forward,
RIBF-135 for systematic study of Sn isotopes



NPI512-RIBF135
Density Dependence of Chiral Condensate

Q. what can be achieved by measuring isotopes?
why not single isotope? How far can we discuss?

Ans.: density dependence of chiral condensate
can be studied based on deeply bound pionic atoms

\<qq>\

Densities probed by pionic
Sn with wide range of A

Important for onnfor
investigation of origin of
matter mass

0.6ps  Ps 0

Pionic atoms are known to probe ~0.6ps




Systematic spectroscopy of pionic Sn isotopes
RIBF-135
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Counts /20keV
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We are preparing for

Inverse kinematics (RIBF-214)

For kinematical reasons, ambiguities in the
incident beam energy do not affect the results.
The resolution will be even improved.

Proposing D(36Xe,3He) reaction at T = 250 MeV/u at RIBF
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800 —

400

R T R
mﬁ simulation
i
- + 2S n
o
- fh
b il H} ]Lr
-ﬂﬁﬁ#ﬁm +++++#Jq+#hrﬁ gt 4 H&;ﬁﬁ% #Jq
I6|2IIIIE3|3IIIIES|4IIIIES|5II
T3He [MeV]

33

MM resolution (FWHM) [keV]

Estimated missing mass resolution and target thickness
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. NP2212-RIBF214
Experimental setup

250 MeV/u 136Xe m-135Xe
345 MeV/u 136Xe beam
(RRC-fRC-IRC-SRC) / o
Be degrader 8.14 mm
Energy straggling = 0.2 MeV/u (o)
Angular straggling = 1.15 mrad (o) D 3He

Charge state stays by 92.5%
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Summary

» Chiral condensate at peis evaluated to be reduced by 77+2%, which is linearly
extrapolated to 60+3% at the nuclear saturation density [N. Phys. 19 (2023) 788].

- The binding energies and widths of the pionic 1s and 2p states in Sn121 are determined
with very high precision. Difference between the 1s and 2p values drastically reduces the
systematic errors.

- Recent theoretical progress was adopted to the <gbar g> deduction, which directly relates
the chiral condensate and the pion-nucleus interaction.

- We included various updates for the first time. The updated parameters made substantial
effects leading to much higher reliability.

- For future, we are analyzing data of systematic study of pionic Sn isotopes to deduce p
dependence of chiral condensate. We also plan measurement with “inverse kinematics”
reactions for pionic xenon, which leads to future experiments for pionic unstable nuclei.
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