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Symmetries of vacuum observed
in meson-nucleus bound systems

o Chiral symmetry

Dominant symmetry of the vacuum in low energy region
Spontaneous breakdown due to non-perturbative QCD
Chiral condensate as an order parameter

o Axial U(1) symmetry - quantum anomaly

Topological structure vacuum

nucleus n/n’

Instanton induced interaction
Quantum bound states Gluon dynamics
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Pseudo-scalar mesons
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Pseudo-scalar mesons

with various symmetry breaking patterns
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with various symmetry breaking patterns
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Pseudo-scalar mesons

with various symmetry breaking patterns
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Nucleus as high p “femto” laboratory
Masses of PS mesons change in nucleus

Meons as probes




e pionic atoms
® n’-mesic nuclei



Pionic atoms and chiral symmetry
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Pionic atoms and chiral symmetry

nucleus
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Overlap between
pion w.f. and nucleus

— 11 Works as a probe
at pe~0.6p0

m-nucleus interaction is modified
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by wavefunction renormalization
of medium effect as in
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Spectroscopy of pionic atoms in (d,3He) reactions

Missing mass spectroscopy to measure
excitation spectrum 4, Overlap between

pion w.f. and nucleus
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Spectroscopy of pionic atoms in (d,3He) reactions

Missing mass spectroscopy to measure
excitation spectrum 5.,

(d,3He) using BigRIPS of RIBF

Pion bound state /

(coupled with n hole)
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Plonlc 121Sn atom
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Pionic 121Sn atom

d?o/(dC2+dE) [ub/(sr-MeV)]

—h

o 0O 01 O 010 010

L L N B B BN B B NS e Production experiment
:_1228n(d,3He) 1s Tt emission =
- 0.0-2.0° " 2p_ threshold = 1228n(d,3He)
—Pilot experiment ! —
- RYEN T § .
RRTETLO R I e |I|II'HIIIW ot
LR Ty T ' =
= Decomposition of pionic levels =
- Fit region =
il | | I:::I:::I::H—|—|—|—|—|—|—|—_:
: (2d,,) 12 132 133 134 _135 136 _137 138 139 140 141
n /\/\ = Excitation Energy E [MeV]
= Decomposition of " 8s,,)," : Blnglmg energies and widths were
= nuclear excitations - determined with unprecedented accuracy
E_ _E keV| Statistical Systematic
- - B (1s) 3831  +3 +78 — 76
— 2d. ) 1= B (2p) 2276 +3 +84 — 83
- SN 7L 5/2/n = B.(1s) — Bx(2p) 1555  +4 +12

] I L1 1 I .1 1 I L1 1 I L1 1 I : L1 III | I .1 1 I .1 1 FW(]‘S) 316 ::12 +36 o 39

128 130 132 134 136 138 140 142 144 Iz (2p) 164 +17 +41 — 32

Excitation Energy [MeV] ['=(1s) —I'z(2p) 152  +20 428 — 36




Deduction of pion-nucleus interaction
Production experiment
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Deduction of pion-nucleus interaction
Production experiment
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Dens1|ty dependence of chiral condensate
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Dens1itoy dependence of chiral condensate
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Densitoy dependence of chiral condensate

1 . A | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | i

: ﬂ_U pdated values :

0.9 - arter review process )

= - N " "+, Chiral theories :

A [ Presentdata.. @ :

AVl I 77xX2% _

= 0.7 —

=) - _

~x B ® Kai :

e First quantitative estimation of reduction of Ser -
chiral condensate in nucleus with errors GOO’ -

e The experimental result shows good 4?00 :
agreement with chiral effective theories &

- 60X3% at ps -

Nishi, K| et al., Nature Physics 19,788 (2023) O I o . |, ., |, ., |, N

rarephysis 0.00 0.05 0.10 0.15 0.20 0.25

000000000000000000000000000000000000000

Chiralsymmetry restorationat high matt_e-r I p [f m -3] I

density observed in pionic atoms




n’-mesic nuclei
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n’ has peculiarly large mass

nl
PS meson masses distribute n’ M=958 MeV/c2
in 140 - 960 MeV/c?
n problem
n’ has peculiarly large mass Peculiarly large mass
, n

O- PS Nonet m,n > \/3mn

(Weinberg, 1975)

T —  —— K

V3my

e M=140 MeV/c2 L

[MeV/c?]

1000

750

500

250

21



n' = axial U(1) anomaly % chiral condensate

Ua(1) symmetry breaking term of

effective Lagrangian

6-point vertex _
q q

time
Kobayashi-Maskawa-"t Hooft
Interaction

Kobayashi, Maskawa, PTP44(70)1422

‘t Hooft, PRD14(76)3432.
T. Kunihiro, Phys. Lett. B219(89)363.

Klimt, Lutz, Vogl, Weise, NPA516(90)429.

(qa)

(qq) 9

Hirenzaki

Reduction of <qq> leads to
considerably large n’ mass drop
— Attractive potential

— Existence of bound states
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N’ mesic nuclei search experiment in (p,d) reaction

Missing mass spectroscopy
of (p,d) = n’ transfer + neutron pickup reaction

System of an n” meson and a nucleus bound
by the strong interaction

Theoretical spectra of (p,d) reaction
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n’ mesic nuclei search in semi-exclusive measurement of
12C(p,dp) reaction (GSI-S490, 2022)

3 major decay modes of

n’-mesic nuclei
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4 g 12C target

p 2.5 GeV, 2.5x108/s,

Together with HypHI exp.

Experimental Setup at GSI/ FRS

Esp. Prof. P. Moskal (Krakow)

Support from WASA-at-COSY

12C(p,dp) reaction (GSI-S490, 2022)

0 10 20 m
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MWDC

FRS $2-S2: forward spectrometer
with ~ 2.5 MeV energy resolution

WASA: n'NN—NN tagging

Detecting p (300-600 MeV)

emitted in n’-nuclei decay
improves S/BG by f~ 100
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FRS+WASA for 2C(p,dp) reaction
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FRS+WASA for 2C(p,dp) reaction
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FRS+WASA for 2C(p,dp) reaction
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Summary

« Spectroscopy of meson-nucleus bound states is a strong tool to study symmetries of vacuum
* n’-mesic nuclei may give some hints of Ua(1) quantum anomaly.

* We make use of 2C(p,d) missing-mass measurement in coincidence with n’"NN—NN tagging.
- WASA at GSI/FRS worked as designed. Background is reduced by 1/200 as simulated and we are finalizing the analysis.
- For pionic atoms, we make use of Sn(d,3He) missing-mass measurement.

- The binding energies and widths of the 1s and 2p states in 121Sn were determined. Difference between the 1s and 2p
values reduces the systematic errors drastically.

- We deduced pion-nucleus interaction after including recent updates. The interaction is modified for the w.f.
renomalization of the medium effect.

- Chiral condensate is evaluated at pe ~0.6p0 and is reduced by a factor of 77+2%

- We continue study for p dependence of <gbar g>. We plan measurement with “inverse kinematics” for better
resolution, leading to future experiments of pionic unstable nuclei.



