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Chiral Restoration of Hadrons

in Nuclear Medium
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2007 野海研究会「J-PARC ハドロン実験施設の
ビームライン整備拡充に向けて」
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核内中間子分光実験

動機
･ 中間子—原子核相互作用

･カイラル対称性の破れに伴うハドロ
ン質量獲得のシナリオを裏付ける

S — σ: CB, TAPS, CHAOS
PS — π: PSI, GSI

          K: E471,549,570
η: COSY, CB

V — ρ, ω, Φ: TAGX, E325, CLAS, 
TAPS

Hadron properties in the nuclear medium.
Ryugo S. Hayano, Tetsuo Hatsuda (Tokyo U.) . Dec 2008. 40pp.

Submitted to Rev.Mod.Phys.
e-Print: arXiv:0812.1702 [nucl-ex]
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π-nucleus 相互作用

X線測定
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π鉛の理論計算
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Experimental Principle
 new method to populate deep π

Nuclear reaction to directly
Populate pionic bound states.

A(n,p)A+π- reaction

Td=250~300 MeV/u H. Toki and T.Yamazaki
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π-nucleus 相互作用
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Isovector part measurement
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Isovector part measurement
1s

Calibration
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Present situation

Likelihood contour

Suzuki et al. PRL92 (04)072302
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Present situation

Pionic hydrogen and 
deuterium at PSI

Likelihood contour

Suzuki et al. PRL92 (04)072302
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Isovector parameter b1 and Chiral symmetry

<qq> : order parameter of 
chiral symmetry
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Isovector parameter b1 and Chiral symmetry

Gell-mann-Oakes-Renner relation

Tomozawa-Weinberg relation

<qq> : order parameter of 
chiral symmetry

b1*/b1 <=> <qq>
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Yamazaki  and Hirenzaki ,  PLB557(03)20
[4] = Weise,  Acta. Phys. Polon. B31 (00) 2715

Suzuki et al. PRL92 (04)072302
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0.6ρ0 付近が
最大

Yamazaki, Hirenzaki
PLB557(03)20
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Isovector parameter b1 and Chiral symmetry

Gell-mann-Oakes-Renner relation

Tomozawa-Weinberg relation

<qq> : order parameter of 
chiral symmetry

b1*/b1 <=> <qq>

33%

Suzuki et al. PRL92 (04)072302



RIKEN Nishina Center,   Kenta Itahashi

Present situation

Likelihood contour



RIKEN Nishina Center,   Kenta Itahashi

Present situation
1s

Calibration

b1* has large error

Likelihood contour
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Present situation

Likelihood contour
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Present situation

Systematic errors due to 
matter radii ambiguities of nuclei.

Likelihood contour



RIKEN Nishina Center,   Kenta Itahashi



RIKEN Nishina Center,   Kenta Itahashi

Important Features

Figure 2: Table of isotopes around the 122Sn. Previous experiment measured
(d, 3He) using 116Sn, 120Sn and 124Sn as the targets. The 122Sn is located at
an edge of isotone chain toward 124Te.
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‣ First data for 122Sn 1s and 2s
‣ Confirmation of prev. results 

with much high precision.
‣ 122Sn serves starting point for 

isotone chain measurement.
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Important Features

Figure 2: Table of isotopes around the 122Sn. Previous experiment measured
(d, 3He) using 116Sn, 120Sn and 124Sn as the targets. The 122Sn is located at
an edge of isotone chain toward 124Te.

11

‣ First data for 122Sn 1s and 2s
‣ Confirmation of prev. results 

with much high precision.
‣ 122Sn serves starting point for 

isotone chain measurement.

‣ To achieve high resolution is 
crucial.

Merits of Isotone measurement
=  small matter radii influence
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RI Beam Factory
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RI Beam Factory
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Pionic Atom Factory 
Project at the RIBF
（これまでの100倍のビーム強度）
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Resolution
Target thickness 15 → 5 or 10 mg/cm2

Beam spread 1.5x10-4 → 1 x 10-3

Detector resol. 0.3 mm
...

Overall resolution 400 → 200 keV

Pionic Atom Factory 
Project at the RIBF
（これまでの100倍のビーム強度）
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Expected spectrum and 
precision 122Sn(d,3He)

Expected spectrum
(w/o q-free)

Td = 500 MeV
Exp. Resol. (FWHM) 

= 150 keV
(prev. 400 keV)
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Figure 5: Expected spectrum of 122Sn(d, 3He) in the present experiment based
on the theoretical calculation shown in Fig. 3. Beam time of 72 hours is
assumed with data collection efficiency of about 67 %. Background of 4
µb/sr/MeV is taken from the previous experiment. Quasi-free component is
not considered.
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B.E. ± 9keV
(prev. 18~24 keV)

1s

2s

Based on Kimura’s prediction
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Figure 4: Calculated 1s and 2s binding energies of pionic 121Sn with changing
the neutron distribution parameter (top two panels) [14]. Their difference is
also shown in the bottom panel. Three different b1 values are used as listed.
Without considering the neutron distribution ambiguities, B1s with error of 9
keV results in the b1 precision of about ±0.005m−1

π . Taking into account the
ambiguities of ±0.004 fm, the precision becomes about ±0.012m−1

π . Same
type of plot is shown for B2s − B1s.

13

Kimura, Hirenzaki,
Yamagata
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Likelihood contour

Our first goals

±0.074

units: mπ
-1
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Likelihood contour

Our first goals

±0.074

±0.05 ‣ Improve b1 precision
stat. ~ ±0.05

‣ Set systematic error
syst. ~±0.12

±0.12

units: mπ
-1
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ただ、実験的には楽な事ばかりではない…

強度が 10 倍　○
　運動量広がりが 10 倍　×

入射エネルギーの不定性が大きい　×
ビームのエミッタンスが大きい　×

…
泥臭い仕事が沢山
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RIBF SRC

Calculated by Runge-Kutta method
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EBM での水平方向ビームサイズと分解能
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ここまでに抑えられると
理想的だが...

GSI

PAC
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テスト実験(2009/5)
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中間子束縛系研究の発展
π中間子原子
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軽い中性子星
核密度より高い密度
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中間子束縛系研究の発展
π中間子原子

K中間子原子核

η原子核

系統的・高精度研究
K中間子原子

RIBF

J-PARC

カイラル対称性の破れ
＝質量の起源に迫る研究

軽い中性子星
核密度より高い密度

（鈴木）
N*(1535) と関連して

バリオンのカイラル対称性
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Eex – E0 [MeV]

Τπ = 820 MeV  (pπ = 950 MeV/c) : θ = 0 
deg. 

Chiral doublet model [C=0.0]
(t-ρ approx.)

Chiral doublet model [C=0.2] Chiral unitary model

η production
threshold

η production
threshold (s-state proton-hole)

recoilless at η threshold

Eex – E0 [MeV]
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 pion  proton

bound region
quasi-free

* Morimatsu, Yazaki NPA435(85)727
NPA483(88)493

by Green function method*

Jido, Kolomeitsev, Nagahiro, Hirenzaki, NPA 811 (08)158 
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Chrien et al.
PRL60(88)2595

(π+,p) at 740 MeV/c
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おそらく、decay mode  と
タギングが鍵
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おそらく、decay mode  と
タギングが鍵

free space なら
n* → p π-  q=400 MeV/c

in-medium なので
N*N → NN とかも？
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議論とTodoと理論への要望(?)

η中間子原子核
• 崩壊モードをタグした時のBK評価
• (π-,n) @ q = 0 と (π+,p) @ q>0 の比較
• 出来たら、parasite で少しデータを取りたい...

π中間子原子
• b1(ρ) を決めるには何を計測すれば良い？

= 束縛エネルギー以外の計測値の取り扱い
• π 二個入り？
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強い相互作用
カイラル対称性＝物質質量の起源
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中間子束縛系の研究

強い相互作用
カイラル対称性＝物質質量の起源

束縛状態＝量子力学的に決定＝不定性が小さい

高精度の実験 高精度の理論
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Toki et al., NPA501(89)653.


