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Hadron mass

QCD vacuum : spontaneous breaking of chiral symmetry 

  □ Hadron masses are dynamically generated  

  □ π, K, η ~ Nambu-Goldstone boson 
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Restoration of chiral symmetry

density
temperature

 Finite-ρ, T=0 : 
   hadron in nuclear medium
      ~30%

2

 Finite-T region : 
     e.g. heavy-ion collision

 □ Chiral symmetry can be partially restored in finite T and/or ρ
 □ Hadron properties (e.g., mass, width) under restoration of 
    chiral symmetry



Systematic measurements of meson production

Experimental approach

Invariant mass spectroscopy
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Minv Minv

Reconstruct invariant-mass 
via e.g.  e+e− decays 

momentum distributionexcitation functiontransparency ratio

Spectroscopy of bound states in nuclei

   □ Well defined quantum states 
   □ Overlap with nucleus → Probe for finite density



comprehensive studies 
are important !

ChS manifest ChS broken dynamically
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Pseudoscalar mesons
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Spectroscopy of deeply-bound pionic atoms
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Chiral symmetry restoration at high matter 
density observed in pionic atoms
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Ryugo S. Hayano    9, Satoru Hirenzaki    10, Hiroshi Horii9, Natsumi Ikeno11, 
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Yu Kiyokawa12, Toshiyuki Kubo1, Kensuke Kusaka1, Masafumi Matsushita12, 
Shin’ichiro Michimasa12, Go Mishima    9, Hiroyuki Miya1, Daichi Murai1, 
Hideko Nagahiro10, Megumi Niikura    9, Naoko Nose-Togawa13, Shinsuke Ota    12, 
Naruhiko Sakamoto1, Kimiko Sekiguchi5, Yuta Shiokawa5, Hiroshi Suzuki1, 
Ken Suzuki7,14, Motonobu Takaki12, Hiroyuki Takeda1, Yoshiki K. Tanaka2, 
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According to q ua nt um c hr om od yn amics, vacuum is not an empty space, 
because it is filled with quark–antiquark pairs. The pair has the same 
quantum numbers as the vacuum and forms a condensate because the 
strong interaction of the quantum chromodynamics is too strong to 
leave the vacuum empty. This quark–antiquark condensation, the chiral 
condensate, breaks the chiral symmetry of the vacuum. The expectation 
value of the chiral condensate is an order parameter of the chiral symmetry, 
which is expected to decrease at high temperatures or high matter densities 
where the chiral symmetry is partially restored. Head-on collisions of nuclei 
at ultra-relativistic energies have explored the high-temperature regime, 
but experiments at high densities are rare. Here we measure the spectrum 
of pionic 121Sn atoms and study the interaction between the pion and the 
nucleus. We find that the expectation value of the chiral condensate is 
reduced at finite density compared to the value in vacuum. The reduction  
is linearly extrapolated to the nuclear saturation density and indicates that 
the chiral symmetry is partially restored due to the extremely high density  
of the nucleus.

The properties of vacuum depend on temperature and matter density1,2. 
In the Universe, low energy density makes the vacuum lose chiral sym-
metry, and the vacuum has a non-trivial structure of the chiral conden-
sate, ˨

öö, which is a similar structure to the Higgs boson, known for 
electroweak symmetry breaking3 in the Standard model.

The expectation value of the chiral condensate, Ц় ˨ööুЦ, is an order 
parameter of chiral symmetry that is expected to decrease at high 
temperatures and/or high matter densities due to partial restoration 
of the chiral symmetry. So far, ় ˨öö  ুhas been investigated well at high 
temperatures, and numerical calculations in the framework of lattice 
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recent results: 
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Itahashi, K. (2023). Pionic Atoms in Experiment. 
In: Tanihata, I., Toki, H., Kajino, T. (eds) Handbook of Nuclear Physics .
Springer, Singapore. https://doi.org/10.1007/978-981-15-8818-1_36-1
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deeply bound states (1s, 2p, …) 
    near nuclear surface
   

   Coulomb interaction + strong interaction

 

π 
− meson

heavy nuclei (Pb, Sn, …)
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Nuclear
 density

π− density

Overlapping

Radius r [fm]

N. Ikeno et al., 
PTP 126 (2011) 483. 

probe for QCD 
in finite density

  1s    

  2s    

  2s    

     1s

~ 0.6 ρ0 

121 Sn

Deeply bound π 
− atom
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A 1Pb

Target Pionic Atom

d 3He

    recoil-free kinematics for direct
   production of deeply-bound states

Theory      

K. Itahashi et al., PRC 62, 025202 (2000)

Experiment
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- Discovery with (d, 3He) reaction

Pioneering experiments at GSI

Itahashi, K. (2023). Pionic Atoms in Experiment. 
In: Tanihata, I., Toki, H., Kajino, T. (eds) Handbook of Nuclear Physics .
Springer, Singapore. https://doi.org/10.1007/978-981-15-8818-1_36-1



 □ 1s states in 115, 119, 123Sn observed

 □ in-medium s-wave isovector scattering
    amplitude
            

8

- Pionic atoms with Sn isotopes 

K. Suzuki et al., 
PRL92(04)072302

 □ comparison with free b1

Pioneering experiments at GSI

Itahashi, K. (2023). Pionic Atoms in Experiment. 
In: Tanihata, I., Toki, H., Kajino, T. (eds) Handbook of Nuclear Physics .
Springer, Singapore. https://doi.org/10.1007/978-981-15-8818-1_36-1



Precision experiments at RIKEN-RIBF (2010−)
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□ High intensity deuteron beam  (>1012/s) with SRC
□ Large acceptance high-resolution spectrometer BigRIPS



Experimental setup
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Scintillator

MWDC x 2
Scintillator

TOF measurement ΔE measurement

d beam >1012 /s,  500 MeV

p 105 /s

3He 102 /s

3He Tracking

BigRIPS

Dispersive focal plane

(d,3He) Reaction Spectroscopy in RIBFMissing-mass spectroscopy of (d, 3He) reaction
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First observation of angle-dependence 
of π-atom formation cross section

Pilot run with π-121Sn atom (2010)

θ = 3°

θ = 0°



High-precision spectroscopy of π-121Sn (2014)
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parabolic Ex dependence. The best resolution of 287 keV (full-width at 
half-maximum, FWHM) is obtained near Ex ≈ 138.5 MeV.

The formations of the 1s and 2p pionic atoms are observed as 
distinct peaks. Comparing the spectrum with the theoretical calcula-
tions in figs. 1 and 4 of ref. 37, we find fairly good agreement of the overall 
shape of the spectra, although the absolute 1s strength is smaller, as 
discussed in ref. 34. Among the configurations of the pion wavefunctions 
(nl)π and the neutron holes ШçâЩႼš

ç

, the largest strengths are from the 
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 states.
Figure 2a shows the θ dependence of the pionic atom formation 

cross-section. The ordinate is θ and the abscissa is Ex. The 1s formation 
cross-section peaks at θ = 0 and decreases for larger θ. In contrast, the 
2p cross-section increases for larger θ.

In Fig. 2b, the experimental spectrum in the region indicated by the 
arrows has been fitted by a linear background and theoretical spectra 
in the same manner as in ref. 34. The fitting parameters are the 1s and 
2p binding energies (Bπ), widths (Γπ), and the formation cross-sections 
and the linear background. Each contribution of a pionic state and a 
neutron–hole state is given by a Voigt function with the Lorentzian 
width of the pionic level and the Gaussian width of the experimental 
resolution. Theoretical results of the effective number approach in ref. 
37 are used for the relative strengths of the neutron–hole contributions 
after incorporating the recently measured values with the errors in the 
spectroscopic factors of the neutron–hole states38. The grey curve is 
the fitting result, with the (1s)π spectrum shown as the red curve, (2p)π 

as the blue curve, higher orbitals as the dashed green curve, and a lin-
ear background. The fitting χ2 and the number of degrees of freedom 
(n.d.f.) are 231.3 and 108, respectively.

Table 1 summarizes the deduced Bπ and Γπ with statistical and 
systematic errors. We also evaluated the differences for the 1s and 2p 
values, because a part of the systematic errors is common to the 1s and 
2p values. Taking the differences we achieve much better accuracy for 
Bπ(1s) − Bπ(2p). We briefly discuss the evaluated systematic errors in 
the Methods.

Pion–nucleus interaction
Next we discuss the deduction of the π−–nucleus potential parameters. 
We calculated the binding energies and widths for a set of potential 
parameters and compared them with our observables, Bπ and Γπ. We 
evaluated the likelihood, defined as the differences between the calcu-
lated values and the observables, to determine the best-fit parameters 
in a statistical manner. High-quality information about the 1s and 2p 
bound states in Sn nuclei was used simultaneously. To focus on the 
isovector parameters and set constraints on isoscalar parameters b0 
and ReB0, we introduced data for the light spherical nuclei of 16O, 20Ne 
and 28Si (ref. 23), for which the nuclear distributions fulfil the condition 
ρp(r) = ρn(r). Note that the isovector parameter is barely affected by the 
data for these spherical nuclei.

In the analysis, we carefully examined the Ericson–Ericson formu-
lation of the optical potential22 and made an update based on consid-
erations of the π− absorption processes in the nuclear medium. We used 
ШŤФţЩШŇ
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Ш÷ЩЩ instead of the conventional ρ2(r) as the absorp-
tion term to take into account the dominance of the π− absorption by 
two protons or by a pair of a neutron and a proton. We applied the 
Lorentz–Lorenz parameter ξ = 1 for the short-range correlations of 
nucleons following the analysis of ref. 39 and made a comparison with 
the case using ξ = 0. We fixed the p-wave parameters to the ‘Global 2’ 
parameters shown in table 2 of ref. 39.

For evaluation of ρn(r) of 121Sn, we used recent systematic data of 
the proton elastic scattering reaction. In previous studies, large ambi-
guities were observed in ρn(r), as discussed in refs. 19,24. There, simple 
two-parameter Fermi models40 were applied assuming skin-type and 
halo-type distributions. In our work we adopted the high-precision data 
measured at RCNP (Osaka University) in ref. 41, interpolated between 
120Sn and 122Sn nuclei, to obtain ρn(r) for the 121Sn nucleus. Using this pro-
cedure, we achieved remarkably small uncertainties in ρn(r). For ρp(r) 
we used the data from electron scattering experiments42. We calculated 
the overlap between the nuclear density and the pionic wavefunctions. 
The overlap surges near the nuclear surface with a maximum at the 
effective density ρe = 0.58ρc = 0.098 fm−3. The interaction parameters, 
determined by the fit, represent the values at ρe.

We have taken into account residual interactions between the pion 
and the nucleus with a neutron–hole to evaluate the effect of diagonali-
zation of the whole Hamiltonian of the isolated quantum object, the 
pion–nucleus system. This effect was neglected in previous studies. 
The residual interactions were introduced in the present analysis as 
corrections evaluated in the same way as in ref. 43. Numerical evalu-
ations of the formation cross-sections by Green’s function method37 
and the effective number method44 were compared and the differences 
also taken into account.

Table 2 summarizes the results of the above state-of-the-art analy-
ses. These methods and improvements are directly compared with 
‘classical’ approaches from earlier publications19. The largest differ-
ences are found in the adoption of the measured neutron density dis-
tributions (denoted as Osaka). In total, we find b1 shifted substantially 
by ŠМŠŢššæႼš

ņ

, where mπ = 139.57 MeV c−2 is the pion mass. This shift must 
be kept in mind for comparison with the earlier publications.

We have thus deduced the optical potential parameters by a likeli-
hood fitting of the values of Bπ(1s) − Bπ(2p), Bπ(1s), Γπ(1s) and Γπ(2p) as 
observables. For the cancellation of systematic errors, this combination 
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Fig. 2 | Measured spectra. a, Scattering angle (θ) dependence of the double 
differential cross-section. b, Measured excitation spectrum of the (d, 3He) 
reaction for scattering angle < 1.5 degrees. The tiny vertical bars show the 
statistical errors (σ). The most prominent peak near Ex ≈ 135.7 MeV is assigned 
to formation of pionic 121Sn atoms in the (1s)π state and a smaller peak near 
Ex ≈ 137.3 MeV to the (2p)π state. The pion emission threshold is shown by the 
vertical black line. As shown by the grey curve, we have fitted the spectrum 
in the Ex region indicated by the arrows and the grey masks using Bπ, Γπ, and 
the cross-sections of the (1s)π and (2p)π states and a linear background as the 
free parameters. The contributions from the pionic 1s, 2p and other states are 
decomposed and shown by the red, blue and green (dashed) curves, respectively.

threshold
π-emission

0°−1.5°

High-precision spectroscopy of π-121Sn (2014)
12

Nature Physics

Article https://doi.org/10.1038/s41567-023-02001-x

of observables has great significance. We have calculated the likelihood 
of Bπ and Γπ as a function of b1 and ImB0, taking into account the  
statistical and systematic errors and their correlations, which largely 
improved the precision of the deduction. The deduced values are 
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, respectively. 
The fitting χ2/n.d.f. is 1.7/6.

In-medium chiral condensate
We have deduced the π −–nucleus isovector parameter 
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 with unprecedented precision and accu-
racy. To compare the deduced b1 value with the preceding result in  
ref. 19 in a consistent way, we applied the revised methods tabulated in 
Table 2 to the preceding result and obtained º
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, 
which exhibits a discrepancy of ~2σ from the present result. The above 
deduced b1 is enhanced by 34 ± 7% compared to the isovector strength 
in the vacuum of º
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 deduced from the 
high-precision X-ray spectroscopy of the pionic hydrogen and deute-
rium45. This enhancement agrees with the calculated values of ~30% in 
chiral perturbation theory46.

Next we discuss the deduction of ় ˨öö  ুin the nuclear medium by 
analysis of the pion–nucleus interaction and its enhancement due to 
wavefunction renormalization. The enhancement of |b1| is due to the 
partial restoration of chiral symmetry in the nuclear medium. The value 
of º
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Ҳ ШҭŠМššŦţ ү ŠМŠŠťŦЩæ

Ⴜš

ņ

 that we have achieved is directly trans-
lated to ় ˨öö  ুat the effective density ρe by equation (1), so we obtain 
়
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ööুШŠЩ Ҳ ŧŧ ү Ţҩ.
Figure 3 shows the currently deduced ় ˨ööুШŇ

Ã

ЩФ়

˨

ööুШŠЩ of 77 ± 2% 
as a filled red circle with error bars. The ordinate is the ratio of ় ˨ööুШŇЩ 
in the medium to ় ˨ööুШŠЩ in the vacuum, and the abscissa is density ρ. 
The red shaded region shows the extrapolation of the present data by 

assuming a linear density dependence of ় ˨ööুШŇЩ. We obtain 
়

˨

ööুШŇ

»

ЩФ়

˨

öö  ুШŠЩ Ҳ ŦŠ ү ţҩ at the normal nuclear density. For compari-
son, the theoretical results of refs. 11, 14 and 47 are presented (labelled 
‘Jido’, ‘Friedman’ and ‘Hübsch’, respectively). The present ় ˨öö  ুratio of 
60 ± 3% at ρc agrees with the calculations of 57% in ref. 11 and 55 ± 5% in 
ref. 14 and slightly deviates from the recent estimate of 65.7% in ref. 47. 
The grey curve with the label ‘Kaiser’ is a theoretical calculation taken 
from fig. 5 of ref. 48 for the case of mπ = 135 MeV, the blue curve ‘Goda’ 
from fig. 7 of ref. 49, and the green curve ‘Lacour’ from fig. 8 (right) of 
ref. 50. The present value agrees with the theoretical curves of refs. 48 
and 50 and slightly deviates from the curve of ref. 49.

For further advanced studies we are preparing systematic 
measurements of pionic atoms to deduce the density dependence 
of the chiral condensate. At present, we assume a linear density 
dependence, as depicted in Fig. 3. It is known that the nuclear den-
sities probed by pionic atoms depend on the pionic levels and the 
nuclei51. High-precision systematic spectroscopy will shed light on the 
low-energy high-matter-density sector of the QCD.
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Table 1 | Deduced Bπ and Γπ of the pionic 121Sn atom

Value (keV) Statistical Systematic

Bπ(1s) 3,830 ±3 +78 − 76

Bπ(2p) 2,265 ±3 +84 − 83

Bπ(1s) − Bπ(2p) 1,565 ±4 ±11

Γπ(1s) 314 ±11 +43 − 40

Γπ(2p) 120 ±12 +49 − 28

Γπ(1s) − Γπ(2p) 194 ±16 +31 − 42
The binding energies Bπ and widths Γπ of the 1s and 2p states are tabulated. Differences in the 
1s and 2p values are also shown. ‘Statistical’ denotes the statistical errors (σ) and ‘Systematic’ 
the systematic errors.

Table 2 | Magnitude of the effects on b1 and ImB0 parameters 
by the methods

ξ ρn(r) Abs. C.S. Res.
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0 2pF ρ2 Neff − −0.0952 0.0469

1 2pF ρ2 Neff − −0.0945 0.0472

1 Osaka ρ2 Neff − −0.1096 0.0472

1 Osaka pp + 2np Neff − −0.1116 0.0473

1 Osaka pp + 2np Green − −0.1148 0.0473

1 Osaka pp + 2np Green ✓ −0.1163 0.0473

The best-fit values of b1 and ImB0 are displayed in the right two columns on applying the 
methods listed in the left columns. ξ denotes the Lorentz–Lorenz factor of the short-range 
nucleon correlation23, 2pF the neutron density of the two-parameter Fermi model in ref. 40 
and Osaka the neutron density distribution determined in ref. 41. Abs. is the imaginary-term 
formulation in the Ericson–Ericson potential, either with ρ2 for the ImB0ρ2(r) form or with 
pp + 2np for the ႾŤេţႿ4æ�
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Ⴞ÷ႿႿ form. C.S. is the adopted numerical method 
to analyse the formation cross-section using Green’s function method (Green)37 or by an 
effective number approach (Neff)44. Res. is the residual interaction of the neutron–hole state43.
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abscissa is the density and the ordinate the ratio of ៈ ˨
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öö៉ႾŠႿ in vacuum. The result of the present experiment is shown by the filled red 
circle with error bars (σ). The red shaded region with white line shows the linear 
extrapolation of the present data with errors. Theoretical results are presented 
for Hübsch47, Friedman14 with error bars (σ), Jido11, Kaiser48, Goda49 and Lacour50.
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1s and 2p states observed
simultaneously 
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Deduction b1 and chiral condensate at ρe
13

High-precision data
+

updates, corrections
in potential analysis 

isovector  
b1 in medium 

- Short range correlation: 
- Measured neutron density distribution
- Green’s function method for cross section calculation
- Residual interaction 
- Neutron spectroscopic factors

T. Nishi, K. Itahashi, et al., 
Nature Physics (2023) DOI: 10.1038/s41567-023-02001-x



Deduction b1 and chiral condensate at ρe
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Isovector
interaction

Pionic 121Sn

Nishi, KI et al., Nat. Phys. (2023)
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Deduced b1 with corrections

LLE：short-range correction 
Sn ρ：neutron density distribution 

Abs.：representation of absorption term 
Green：cross section calculation method 

Res. : Residual interaction 
Spec. : neutron spectroscopic factors
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at ρe = 0.58 ρ00

γ=0.184±0.003 
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γ

In-medium Glashow-Weinberg relation 

High-precision data
+

updates, corrections
in potential analysis 

T. Nishi, K. Itahashi, et al., 
Nature Physics (2023) DOI: 10.1038/s41567-023-02001-x
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60±3% at ρs

ρsρe

Nishi, KI et al., Nat. Phys. (2023)
Suzuki et al., PRL92, 072302 (2004)
Kaiser, Homont, Weise, PRC77, 025204 (2008)
Goda and Jido, PRC88, 065204 (2013)
Huebsch, Jido, PRC104, 015202 (2021)
Friedman, Gal, PLB792, 340 (2019)
Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)  
Lacour, Oller, Meissner, J. Phys. G. 37, 125002 (2010)

Result: deduced chiral condensate

Updated values 
after review process 

1.0

0.9

0.8

0.7

0.6

0.5

0.40.00 0.05 0.10 0.15 0.20 0.25
ρ [fm-3]

<q
q>

(ρ
)/<

qq
>(

0)

GodaLacour

Kaiser

Present data

Jido

Hübsch
Friedman

Chiral theories

20

14

Deduced chiral condensate

T. Nishi, K. Itahashi, et al., 
Nature Physics (2023) DOI: 10.1038/s41567-023-02001-x



χ-symmetry
restored

χ-symmetry
broken

77±2%

60±3% at ρs

ρsρe

Nishi, KI et al., Nat. Phys. (2023)
Suzuki et al., PRL92, 072302 (2004)
Kaiser, Homont, Weise, PRC77, 025204 (2008)
Goda and Jido, PRC88, 065204 (2013)
Huebsch, Jido, PRC104, 015202 (2021)
Friedman, Gal, PLB792, 340 (2019)
Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)  
Lacour, Oller, Meissner, J. Phys. G. 37, 125002 (2010)

Result: deduced chiral condensate

Updated values 
after review process 

1.0

0.9

0.8

0.7

0.6

0.5

0.40.00 0.05 0.10 0.15 0.20 0.25
ρ [fm-3]

<q
q>

(ρ
)/<

qq
>(

0)

GodaLacour

Kaiser

Present data

Jido

Hübsch
Friedman

Chiral theories

20

14

Deduced chiral condensate

ρ dependence

Next : 
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Precision and systematic spectroscopy (2021)

 □ Sn isotopes from π-111Sn to π-123Sn

 □ aiming at evaluation of ρ-dependence
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Present and future experiments

D(HI, 3He) inverse-kinematics reaction

 □ high-resolution owing to its kinematics
 

  □ π atom formed in projectile nucleus
    → various beam including unstable nuclei

  



Search for η’-nucleus bound states  
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η
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η′ meson in vacuum

 □ Mass = 958 MeV/c2 (especially large),  Width : 0.2 MeV,  Jp = 0−

 □ UA(1) anomaly and spontaneous breaking of chiral symmetry

η′ meson
16

ChS manifest ChS broken dynamically

⇥,K, �8, �0

⇥,K, �8

�0

massless

UA(1) anomaly

�q̄q⇥ = 0 ⇥q̄q⇤ �= 0
mq = ms = 0 mq �= ms �= 0

ChS broken dynamically 
and explicitly

mq = ms = 0
⇥q̄q⇤ �= 0

�

K

�

��

D. Jido, H. Nagahiro, S. Hirenzaki, 
PRC 85, 032201 (2012).
 

H. Nagahiro, D. Jido et al,  
PRC 87, 045201 (2013).
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H. Nagahiro et al.,  PRC 74, 045203(2006).
S. Sakai et al., D. Jido, PRC 88, 064906 (2013).
S.D. Bass, A.W. Thomas, PLB 634, 368 (2006).

 

　　　　–150 MeV/c2

–80 MeV/c2
QMC model :  
   Δm ~ −37 MeV/c2 
   (for θηη’ =−20°)

□ Partial restoration of chiral symmetry (      reduced ~ 40%) 
□ Mass reduction is expected 

 □ Mass = 958 MeV/c2 (especially large),  Width : 0.2 MeV,  Jp = 0−

 □ UA(1) anomaly and spontaneous breaking of chiral symmetry

η′ meson
16



  Vη′ = (V0+iW0) ρ0

ρ(r)

V0 = Δm(ρ0),  W0 = −Γ(ρ0) / 2

η′-nucleus optical potential : 

Experimental indications (CBELSA/TAPS)
   □  V0 ~ −40 MeV (excitation function, mom. distribution)
□  W0 = −13 ±3(stat) ±3(syst) MeV (transparency ratio)

   Theoretical predictions

       Δm(ρ0) ~ −150 MeV/c2
  (NJL), −80 MeV/c2

  (linear σ), −37 MeV/c2
  (QMC)

η′-nucleus potential

M. Nanova et al., PLB 710, 600 (2012).
S. Friedrich et al., EPJA 52, 297 (2016). 

M. Nanova et al., PRC 94 025205 (2016). 
M. Nanova et al., PLB 727, 417 (2013).

H. Nagahiro et al.,  PRC 74, 045203(2006).
S. Sakai, D. Jido, PRC 88, 064906 (2013).
S.D. Bass, A.W. Thomas, PLB 634, 368 (2006)
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□  W0 = −13 ±3(stat) ±3(syst) MeV (transparency ratio)

   Theoretical predictions

       Δm(ρ0) ~ −150 MeV/c2
  (NJL), −80 MeV/c2

  (linear σ), −37 MeV/c2
  (QMC)

η'p scattering length 
      pp→ppη'   :   Re(aη’p)= 0 ± 0.43 fm,  Im(aη’p) = 0.37         fm

      γp→pη'    :   |aη’p| = 0.403 ± 0.015 ± 0.060 fm,  δ = (87±2)°

+0.40
−0.16

η′-nucleus potential

 Direct experimental study is needed.
 If |W0| < |V0| → possibility of observing bound states

E. Czerwiński et al.,  
PRL 113, 062004 (2014)

A. V. Anisovich et al.,
PLB 785 (2018) 626

M. Nanova et al., PLB 710, 600 (2012).
S. Friedrich et al., EPJA 52, 297 (2016). 
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12C(p,d) missing-mass spectroscopy at GSI

Experimental search for η'-mesic nuclei

11C+η' thresholdExcitation spectrum
12C(p,d) missing-mass spectroscopy at GSI

Target

2.5 GeV proton

Y. K. Tanaka, K. Itahashi,  H. Fujioka et al,  
Phys. Rev. Lett. 117, 202501 (2016)
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12C(p,d) missing-mass spectroscopy at GSI

Experimental search for η'-mesic nuclei

Upper limit of cross section &
Constraint on potential (V0,W0)

Excluded 

Target

2.5 GeV proton

Y. K. Tanaka, K. Itahashi,  H. Fujioka et al,  
Phys. Rev. Lett. 117, 202501 (2016)
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12C(p,d) missing-mass spectroscopy at GSI

Experimental search for η'-mesic nuclei

Target

2.5 GeV proton

Upper limit of cross section &
Constraint on potential (V0,W0)

12C(γ,p) reaction at LEPS2/Spring8

Upper limit on 
V0 and Br(η'N→ηN)
for W0 = -12 MeV

N. Tomida et al., 
PRL 124, 202501 (2020)  

Y. K. Tanaka, K. Itahashi,  H. Fujioka et al,  
Phys. Rev. Lett. 117, 202501 (2016)
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Related talk by N. Muramatsu

Excluded 



12C(p,d) missing-mass spectroscopy at GSI

Experimental search for η'-mesic nuclei

Target

2.5 GeV proton

Upper limit of cross section &
Constraint on potential (V0,W0)

12C(γ,p) reaction at LEPS2/Spring8

Upper limit on 
V0 and Br(η'N→ηN)
for W0 = -12 MeV

N. Tomida et al., 
PRL 124, 202501 (2020)  

Y. K. Tanaka, K. Itahashi,  H. Fujioka et al,  
Phys. Rev. Lett. 117, 202501 (2016)

Experiment with 
higher sensitivity 

 necessary !
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Related talk by N. Muramatsu
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Semi-exclusive experiment at GSI/FAIR

Coincidence measurement of 
decay proton and forward deuteron

 Background 

    multi-π 
  production

      Signal 

η′-mesic nuclei
    formation

Semi-exclusive measurement by tagging decay
7

12C(p,d) 

η′pN→pN  η'NN→NN,    η'N→ηN, πN

 Background 

    multi-π 
  production

Semi-exclusive measurement by tagging decay
7

12C(p,d) 

      Signal 

η′-mesic nuclei
    formation
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12C(p,d) 

η′pN→pN  η'NN→NN,  

 Coincidence measurement of
 decay proton and forward deuteron 

Semi-exclusive experiment at GSI/FAIR
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η'N→ηN, πN,...
H. Nagahiro, Nucl. Phys. A 914, 360 (2013).  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Coincidence measurement of 
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 Coincidence measurement of
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Semi-exclusive experiment at GSI/FAIR
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η'N→πN,...

H. Nagahiro, Nucl. Phys. A 914, 360 (2013).  



Coincidence measurement of 
decay proton and forward deuteron
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    formation
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 Coincidence measurement of
 decay proton and forward deuteron 

(V0,W0) =  
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 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

2400

2500

2600

2700
310×

Case (A)

day)  Inclusive (S-FRS 20

 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

0

1000

2000

3000

4000 day)Semi-exclusive (S-FRS 20

 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

0

100

200

300

400

day)Semi-exclusive (FRS 4

 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

2400

2500

2600

2700
310×

Case (B)

 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

0

1000

2000

3000

 [MeV]0 E−exE
40− 20− 0 20 40

 C
ou

nt
s 

[/1
M

eV
]

0

100

200

300

Figure 8: Expected spectra for assumed potential (V0, W0) of (A) (−90, −17) MeV (top) and (B)
(−45, −5.5) MeV (bottom). Left figures are for inclusive measurement for 20 days of DAQ in Super-
FRS, middle for a semi-exclusive measurement with the same condition, and right for semi-exclusive
measurement for 4 days of DAQ in FRS. Prominent peak structures are expected near the η′ production
threshold but the structure observation is marginal in bottom right figure.

[90,150]
[105,150]
[120,150]

Figure 9: Figure-of-merit of structure observation in the spectra for assumed potential (V0, W0) of
(A) (−90, −17) MeV with different cut conditions. Figures in the top and bottom rows respectively
show fFoM evaluated for Super-FRS and FRS with DAQ periods of 1, 4, 10 and 20 days from left to
right. Abscissa shows momentum thresholds, and protons with larger momentum are regarded as the
two-nucleon absorption events. Solid, dashed and dotted lines show cut conditions with θp in ranges of
[90,150], [105,150] and [120,150] degrees, respectively.
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Simulated spectrum with
 backward proton tagging

simulation

signal
BG

Semi-exclusive experiment at GSI/FAIR
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H. Nagahiro, Nucl. Phys. A 914, 360 (2013).  

η'N→ηN, πN,...

(V0,W0) = (-90,-17) MeV



WASA-FRS / Super-FRS Experiment collaboration

21WASA-FRS beam time in 2022



FRS (F2-F4) forward 
high-resolution spectroscopy

F2

F4

F3

0 10 m

F1

TA

Scintillator

MWDC

F2

d
12C Target

WASA-FRS Experimental Setup

Fragment Separator (FRS)
2.5 GeV 
  proton

WASA for decay 
particle measurement

WASA-at-FRS setup in FAIR phase-0 (2021)

WASA detectors for FAIR phase-0
1

D1 D4

D3D2

beam

target  momentum analysis
  of forward ejectiles

beam

WASA for decay 
particle detection

     MWDC,
     plastic, … 
    

FRS-F2

SEC

Iron yoke

MDCSolenoid magnet

PSB

50 cm

FRS-F4

HypHI experiment :

η′-mesic nuclei :

3ΛH  → π − + 3He 
nnΛ → π − +  d + n

p + 12C → 11C x η′ +  d 

p + X

PSFE

PSBE
12C Target

dp beam

p

photo by Jan Hosan

20



WASA for decay 
particle measurement

WASA-at-FRS setup in FAIR phase-0 (2021)
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Analysis Status (FRS)

Forward Deuteron Analysis by FRS

- Deuteron identification
  with TOF selection

tof_31_41_online
Entries  111595
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Std Dev     1.614
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R. Sekiya, et al., presentation in Hadron2023,   Y. K. Tanaka et al., Acta Phys. Pol. B Proc. Suppl.16, 4-A27 (2023) 
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Analysis Status (FRS)

Forward Deuteron Analysis by FRS

- Deuteron identification
  with TOF selection F2
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Analysis Status (WASA)

Decay Particle Analysis by WASA

- Plastic Scintillator ΔE and Timing
- Mini Drift Chamber tracking
  for momentum analysis
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- CsI ΔE analysis
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WASA (p) + FRS (d) combined analysis 
is in progress ! 

Proton clearly identified !
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Summary

□ Meson-nucleus bound states are well-defined quantum states with 
   finite overlap between meson and a nucleus and therefore provide 
   possibilities to study QCD phenomena in finite nuclear density.  

□ Spectroscopy of deeply-bound π-atoms have contributed to experimental 
   evaluation of partial restoration of chiral symmetry in finite nuclear density.           
■  A recent high-precision experiment evaluated 23 ± 2 % reduction of 
   chiral condensate at density ρe = 0.58 ρ0  (ρ0 : normal nuclear density)
■  Further investigation of its ρ-dependence is ongoing by high-precision and 
    systematic spectroscopy of pionic atoms with a wide range of nuclei.

□ Experimental studies on η'-mesic nuclei are in progress to investigate
   in-medium η' properties in relation to UA(1) anomaly and chiral symmetry breaking.
   ■  First experiments did not observe bound states and evaluated upper limits on 
       the formation cross section as well as on η'-nucleus potential parameters.
   ■  A new semi-exclusive experiment to search for η'-mesic nuclei with improved
       sensitivity has been performed in 2022 with the WASA-FRS setup at GSI/FAIR.  
       Data analysis is in progress.


