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What can pionic atoms tell us
about the chiral symmetry

e Dominant symmetry of the vacuum in low-energy QCD.

e Spontaneous breakdown due to the non-perturbative
nature of the strong interaction.

e Non-trivial structure of the QCD vacuum.

Nishi, Kl et al., arXiv: 2204.05568
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Chiral condensate, order parameter of chiral symmetry

One of order parameters of
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Lattice QCD calculated T dependence of chiral condensate
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Temperature dependence of the chiral condensate from lattice

QCD with 2 + 1 quark flavours and almost physical quark masses

Remark: sign problem makes it difficult
for lattice to approach non-zero p region

M. Cheng et al., Phys. Rev. D77(2008), 014511.



p dependence of chiral condensate
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nucleus

Pionic atoms

S

Ericson-Ericson potential

Uopt (1) = Us(r) + Up(1),

Us(r)=bo p + b1 (pn — pp) + Bo p?
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Pion-nucleus interaction

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.6pc

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect

Ericson-Ericson potential
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Pion-nucleus interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.6pc

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect

Ericson-Ericson potential
Uopt () = Us(r) + Up(r),

Us(r)=bo p + b1 (pn — pp) + Bo p?

27T = 1 5 "
Up(r) = /TV le(r) + &5 Cop”(r)JL(r)V

In-medium Glashow-Weinberg relation

() )
(qq)  \ by 00

v=0.184+0.003
Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)




Pion-nucleus interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.6pc

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect

In-medium Glashow-Weinberg relation
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Pionic hydrogen and deuterium

b1 = 0.0882+0.0014+0.0006
Hirtl et al., EPJA57, 70 (2021)
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Level shifts in pionic X-ray measurements
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Deeply bound pionic atoms
Level shifts
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Spectroscopy of pionic atoms in (d,3He) reactions
Missing mass spectroscopy to measure excitation spectrum of pionic atoms

Direct production of
pionic atoms

Momentum transfer

Pion bound state
(coupled with n hole)
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Spectroscopy of pionic atoms in (d,3He) reactions
Missing mass spectroscopy to measure excitation spectrum of pionic atoms

Direct production of
pionic atoms

Momentum transfer

Keys for high quality information

e Quantum states of the pionic atoms are determined
i.e. both pionic levels and nuclear excitation levels. e

e QObservableis Lorentz invariant.
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Rl Beam Factory
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Rl Beam Factory
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(d,3He) Reaction Spectroscopy in RIBF

BigRIPS
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Scintillator

Kenta Itahashi, RIKEN
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T. Nishi K ecal, PRLI20, 152505 (2018)
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Pionic 121Sn atom
Pilot run
15 hours DAQin 2010 %9
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High Precision Spectrum of 122Sn(d,3He) in 2014 run
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High Precision Spectrum of 122Sn(d,3He) in 2014 run
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Deduced b1 and chiral condensate at p.
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Deduced b1 and chiral condensate at p.

0.7 0.8 0.9 1.0
eories
<C|C|>e/ <qg>o0
H—- B
Pionic '2I1Sn In-vacuum b
Isovector -0.14 -0.13 -0.12 -0.Il -0.10 -0.09
Interaction l l | | | — b,
¢ pn(r) Abs.  C.S. Res.|bi[my | ImBo[my "]
Before corrections: b; = -0.1005 0 2pF 0’ Neff — [—=0.1005 0.0469
1 2pF p? Neff — [—0.0997 0.0473
1 Osaka  p° Neff — |—0.1148  0.0473
1 Osaka pp +2np Neff — [—0.1162 0.0474
— _ 1 Osaka pp + 2np Green — |[—0.1194 0.0474
keV] Statistical Systematic 1 Osaka pp + 2np Green v |[—0.1210 0.0474
Br(1s) 3831 +3 +78 — 76
B (2p) 2276 +3 +84 — 83
Br(1s) — Bx(2p) 1555 +4 +12
['x(1s) 316 112 +36 — 39
I, (2p) 164 +17 +41 — 32 ¢ - short-range correction, LLE
I'x(1s) —Tx(2p) 152 +920 428 — 36 P : neutron density distribution

Abs. © absorption term formulation

C.S. : cross section calculation method
Res.: residual interaction 24



Deduced b1 and chiral condensate at p.

0.7 0.8 0.9 1.0
eories
<C|C|>e/ <qg>o0
76%2% at p. il l
Pionic 121Sn In-vacuum b
Isovector -0.14 -0.13 -0.12 -0.1 -0.10 -0.09
interaction | | o E oY
Correction is not small!!
¢ pn(r)  Abs. C.S. Res.|bi[m, | ImBo[m;"]
Before corrections: by = -0.1005 0 2pF p° Neff — [-0.1005 0.0469
1 2pF p? Neff — [—0.0997 0.0473
1 Osaka  p° Neff — |—0.1148  0.0473
1 Osaka pp+ 2np Neff — [—0.1162 0.0474
— _ 1 Osaka pp + 2np Green — |—0.1194  0.0474
keV] Statistical Systematic 1 Osaka pp + 2np Green v |[—0.1210 0.0474
Br(1s) 3831 +3 +78 — 76
B (2p) 2276 +3 +84 — 83 After including corrections
Br(ls) — Bx(2p) 1555  +4 12 by = -0.1210+0.0063
[':(1s) 316 +12 +36 — 39
Fw(Qp) 164 +17 +41 — 32 ¢ * short-range correction, LLE
F,r(ls) . Fw(Qp) 152 190 1928 — 36 P : neutron density distribution

Abs. © absorption term formulation

C.S. : cross section calculation method
Res.: residual interaction 25



p dependence of chiral condensate
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Summary

- Chiral condensate at the normal nuclear density is evaluated to be reduced by 58+4%.
We evaluated chiral condensate with errors at the well-defined density for the first time
by pionic atom spectroscopy.

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

- Recent theoretical progress was adopted for the evaluation, which directly
relates the chiral condensate and the pion-nucleus interaction.

- We calculated various corrections for the first time and applied them. The application
made a huge jump of the deduced chiral condensate. After the "blind-analysis" of the
correction, the chiral condensate ratio was deduced to be 58+4% with much higher
reliability.

- We plan measurement of p dependence of chiral condensate in systematic study.



