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•  Higgs mechanism 

• UA(1) Anomaly Effect 

: Jp = 0- 

•  Spontaneous 
            Chiral Symmetry Breaking 
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Kaonic Atom data 

C.T.A.M. De Laat, et al.,  Nucl.Phys.A523:453-487,1991.

S. Hirenzaki, Y. Okumura, H. Toki, E. Oset, A. Ramos,   
Phys.Rev.C61:055205,2000.
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N 

initial final 
look carefully !! 

In-Medium Dispersion Relation 

meson 

Medium Effects 

Peaks!! 



原子核・ハドロン物理：横断研究会（呑舟２） -- Nov. 07@KEK エキゾチック原子核実践講座  Aug.09@理研 



原子核・ハドロン物理：横断研究会（呑舟２） -- Nov. 07@KEK エキゾチック原子核実践講座  Aug.09@理研 Toki, Yamazaki(1988), Toki, Hirenzaki, Yamazaki, Hayano (1989) 



原子核・ハドロン物理：横断研究会（呑舟２） -- Nov. 07@KEK エキゾチック原子核実践講座  Aug.09@理研 

Umemoto et al., PRC62 (2000) 

with 

Ericson-Ericson, Ann. Phys. 36 (66) 323 
Seki-Masutani, Phys. Rev. C27(83)2799 

b1 
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K. Suzuki et al. 
Phys. Rev. Lett. 92(2004) 072302 

GOR relation + Tomozawa-Weinberg Relation 
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mass, width shift 
(Spectral function)



原子核・ハドロン物理：横断研究会（呑舟２） -- Nov. 07@KEK エキゾチック原子核実践講座  Aug.09@理研 

•  Higgs mechanism 

• UA(1) Anomaly Effect 

: Jp = 0- 

•  Spontaneous 
            Chiral Symmetry Breaking 
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3-1. π中間子原子(木村梨恵、比連崎悟，山縣淳子， Li Sheng  Geng)

                                 　ｍπ～１４０[MeV]

　　　　　　　　　　　　　　　　　　　π中間子ー原子核間の
　　　　　　　　　　　　　　　相互作用の理解

　　　　　　　　　　　　　　　　　π中間子原子の束縛エネルギー　　   　

　　　　　　　　　　　　　　　　　や崩壊幅の観測

原子核 

π

クーロン相互作用ー引力 
強い相互作用　　 ー斥力 
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  π中間子原子の観測(1950年代～)
 X線分光　　　
    ex)

 (d,3He)反応　重い核の深く束縛された状態を観測 

               1996年　Pb標的（2p state）

　　　　　　   2001年　Sn標的（1s state） 
    　 

 

      　

H. Toki, T. Yamazaki, Phys. Lett. B213(1988)129 
H. Toki, S. Hirenzaki, T. Yamazaki, R. S. Hayano,　Nucl. Phys. A501(1989)653 

K. Suzuki, et al. , Phys. Lett. 92(2004)072302  

K. Itahashi, et al. , Phys. Rev. C62(2000)025201 

C. Batty, E. Friedman, and A. Gal, Phys. Rep. 287(1997)385 

Y. Umemoto, S. Hirenzaki, K. Kume and H. Toki, Phys. Rev C62(2000) 024606 

S. Hirenzaki, H. Toki, T. Yamazaki, Phys. Rev. C44(1991)2472 

＠ドイツGSI
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  π中間子のエネルギーと波動関数 

121Sn-π

H. Toki, S. Hirenzaki, T. Yamazaki, R. S. Hayano, 
Nucl. Phys. A501(1989)653 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 π中間子原子の高分解能実験＠理研RIBF 

  (d,3He)反応 
  Td=500[MeV] Recoilless 
 標的核　119Sn,120Sn,122Sn, 124Sn 
                      121Sb,123Sb, 
                     122Te,124Te,126Te 
 分解能　～150[keV]（以前の3倍近く改善された分解能） 

    →1つの標的核に対していくつかの状態が観測可能 

             異なるρをProbe する可能性 
            Cf. Seki-Masutani Relation 

　　　　　　　　　　ρeffective ～　 　ρ0, for yrast states 

RIBF-027 K. Itahashi, et al,
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(2S)π⊗(s1/2)n-1 

(1S)π⊗(s1/2)n-1 

 π中間子原子の生成断面積　～標的核Sn～

(1S)π⊗(s1/2)n-1  (1S)π⊗(s1/2)n-1 

(2S)π⊗(s1/2)n-1  (2S)π⊗(s1/2)n-1 

120Sn(d,3He) 122Sn(d,3He) 124Sn(d,3He)
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EXPERIENCE　at GSI 
 FWHM394kev　

THEORY 
 FWHM394kev

THEORY 
 FWHM150kev
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THEORY 
 FWHM394kev　

THEORY 
 FWHM150kev



エキゾチック原子核実践講座  Aug.09@理研 

EXPERIENCE　at GSI 
 FWHM394kev　

THEORY 
 FWHM394kev　

THEORY 
 FWHM150kev！

２ｓのピークも 
見えるでしょう。 
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3-2. η – Nucleus system : Introduction 

   Strong Coupling to N*(1535), 

»   »   

»   

»   

* Liu, Haider, PRC34(1986)1845  
* Chiang, Oset, and Liu, PRC44(1988)738 
* Chrien et al., PRL60(1988)2595 

»   

* Hayano, Hirenzaki, Gilltzer, Eur.Phys.J.A6(1999)99 
* D. Jido, H.Nagahiro, S.Hirenzaki  PRC66(2002)045202 
* Exp. at GSI (2005?) (Yamazaki, Hayano group) 

               system 
   -No                baryon contamination 
   -Large coupling constant 
   -no suppression at threshold 
     (s-wave coupling) 
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Our Motivation 
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η-Nucleus Interaction 

(Chiang, Oset, Liu PRC44(1991)738) 

(D.Jido, H.N., S.Hirenzaki, PRC66(2002)045202) 

In free space 
attractive 

to reproduce the partial width 

at tree level. 

General feature 

Repulsive ?? 

mN & mN* change ?? 

? 
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Chiral model for N and N* 

DeTar, Kunihiro, PRD39 (89)2805 
Jido, Oka, Hosaka, Nemoto, PTP106(01)873 

Jido, Hatsuda, Kunirhiro, NPA671(00)471 

* C~0.2 :the strength of the Chiral restoration 
at the nuclear saturation density 

Kaiser, Siegel, Weise, PLB362(95)23 
Waas, Weise, NPA625(97)287 

Garcia-Recio, Nieves, Inoue, Oset, PLB550(02)47 
Inoue, Oset, NPA710(02) 354 

A coupled channel Bethe-Salpeter eq.  
* In this study, we directly take the eta-self-energy in the ref.NPA710(02)354 
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(Chiang, Oset, Liu PRC44(1991)738) 

(D.Jido, H.N., S.Hirenzaki, PRC66(2002)045202) 

associated with mass reduction 

to reproduce the partial width at tree level. 

energy ω

ρ/ρ0 

mη

doublet model 

η-nucleus optical potential     sensitive to the in-medium properties of N and N* 
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What should we observe ? 
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Li 

C 

O 

Al 

chiral unitary model chiral doublet model 
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Chiral doublet model 

Chiral unitary model 
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η mesic Nucleus 
   η mesic nuclei as a probe of N*(1535) in nuclear medium 

   N* properties in-medium 
   Chiral Doublet Model 

–  N* mass reduction  … repulsive η-nucleus potential 
   Chiral Unitary Model 

–  No mass shift of N* … attractive η-nucleus potential 

   Formation cross section with (π,N) reactions　(J-PARC)　　　　　　　　 
　　 Theory: Nagahiro, Jido, Kolomeitsev 
      Exp: K.Itahashi, H.Fujioka (J-PARC  LOI) 
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•  Higgs mechanism 

• UA(1) Anomaly Effect 

: Jp = 0- 

•  Spontaneous 
            Chiral Symmetry Breaking 
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d u s 

u d s 
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N N*(1535) 

η’ (only one resonance included) 
’ 

’ 
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SPring-8 energy 

[SAPHIR collaboration, PLB444(98)555-562 
Chiang, Yang, PRC68(03)045202] 
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By Hayano@INPC07
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 φN interac*on  …… s quark component  

  OZI rule viola*on 

  <N|ss|N> 

  Chiral symmtery restora*on by ss 

  Strong coupling to KK …. Relate to Kaon in nuclei  

•  (asymmetric) medium effects from ΠK and ΠK

φ mesic nuclei 

‐

‐

‐

 J. Yamagata‐Sekihara (YITP) 
D. Cabrera (Complutense Univ., Madrid ) 
M. J. Vicente Vacas ( Valencia Univ. )　

‐
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* φ meson ‐ nucleus system



Hadron Dynamics'08, Almuñecar

Main diagrams

Very Shallow Real Part

D. Cabrera, M. J. Vicente Vacas, PRC67(03)045203

   Op*cal poten*al

* φ‐Meson self‐energy in Nuclear Ma[er

 φ in Nucleus as Mesic Nucleus (Bound Satets)
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11B 
<< Shallow Φ poten3al >> 

(ReV(r=0)=‐7MeV)

＊Real Part:‐30MeV 
     (QCD Sum rule ) 
     (KEK‐PS E325)

<< Deep Φ poten3al>> 
(ReV(r=0)=‐30MeV)* Op*cal Poten*al of φ

   φ in Nucleus
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* Energy dependence of φ op*cal poten*al ( Sn case)
φ in Nucleus

Re
al
 V
op

t [
M
eV

]

Im
ag
ir
na
ry
 V
op

t [
M
eV

]

r [fm] r [fm]

E =     0 [MeV] 
       ‐10 
       ‐20 
       ‐30

E =     0 [MeV] 
       ‐10 
       ‐20 
       ‐30
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  Klein‐Gordon equa*on 

  φ bound states in Nucleus 

Structure of φ Mesic Nuclei

(Γ includes free φ width : Γ = 4.26 MeV)

State‐‐B.E. (Γ) Shallow Φ poten3al 
(ReV(r=0)=‐7MeV) 

Deep Φ poten3al 
(ReV(r=0)=‐30MeV) 

11B (12C)  None 1s ‐‐ 10.2(22.1)

39K 
(40Ca) 

None 1s ‐‐ 28.5(24.2) 
2p ‐‐ 11.8(24.1)

123In 
(124Sn) 

1s ‐‐ 2.34(25.82) 1s ‐‐ 34.5(22.9) 
2s ‐‐ 12.2(24.1) 
2p ‐‐ 26.3(24.2)

207Tl 
(208Pb) 

1s ‐‐ 3.73(26.71) 1s ‐‐ 40.1(21.8) 
2s ‐‐ 24.4(24.4) 
2p ‐‐ 27.1(22.2) 
3p ‐‐ 13.1(24.7) 
3d ‐‐ 27.5(24.0)

[ MeV ]
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  Momentum transfer 

  Green Func*on Method 

                                      : p p → φφ  Elementary cross sec*on (assumed to be uniform in CM sys.) 
    C. Evangelista et al., Phys. Rev. D 57(98)5370    

 Forma*on reac*on ‐‐ (p,φ) reac*on

φ

p

p

φ

pp  = 1.3 GeV/c

O. Morimatsu, K. Yazaki NPA435(85)727, NPA483(88)493 

―

―

―

―

Rela*vely smaller momentum transfer  
                                                              than (γ,p), (π ― ,n).

1s1/2 hole 
1p3/2 hole

B.E.(φ)=0 MeV

(p)

Discussion with 
 Iwasaki and Ohnishi 
                LOI@JPARC

(12C)
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  pp =1.3 GeV/c

 Forma*on Spectrum ‐‐ 12C target case

Bound region

Quasi‐Free region

1s1/2 hole 
1p3/2 hole

Tn [MeV]

<< Shallow Φ poten3al>>

(p)
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 Forma*on Spectrum ‐‐ 12C(p,φ) reac*on
―

1s1/2 hole 
1p3/2 hole

<< Shallow Φ poten3al >> << Deep Φ poten3al>>

(p)

  pp =1.3 GeV/c
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Forma*on Spectrum ‐‐ 12C(p,φ) reac*on
―

1s1/2 hole 
1p3/2 hole

<< Shallow Φ poten3al >> << Deep Φ poten3al>>

Conversion 
 Part

Total 
Conversion part

Total 
Conversion part

Discussion with 
Iwasaki and Ohnishi



Hadron Dynamics'08, Almuñecar

エキゾチック原子核実践講座  Aug.09@理研 

Kaon Self‐energy dependence of φ poten*al (Real part)  
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 Kaon Self‐energy dependence of φ poten*al (Imag. Part) 
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φ in Nucleus 
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  Kaonic Atoms 

  Kaonic Nuclei 

K‐

K‐

3-5. Kaon-Nucleus systems 
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Phenomenological Vopt 

Nuclear 1s 
Nuclear 2s 
Atomic 1s 

1s 
2s 
 3s 

Kaon density distributions

K‐

K‐ Kaonic Nuclei 
B.E. -- 10～100 MeV

Kaonic Atoms 
B.E. -- keV～MeV
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Theor : Yamagata, Nagahiro, Hirenzaki(Structure, Reac*on) 
           :  Mares, Friedman, Gal (Structure) 
Exp.    : Kishimoto, Hayakawa ( Osaka Group )  

Exp.    : Iwasaki, Suzuki (RIKEN Group) 
Theor. :  Akaishi, Yamazaki, Dote (Structure) 

Many Subcomponents 
Width

12C、16O :

4He       :
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Our Study Yamagata, Nagahiro, Okumura, Hirenzaki, 
                PTP114(05)301 ; Errata 114(05)905 
Yamagata, Nagahiro, Hirenzaki, 
                                             PRC74(06)014604 
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 Kaonic Nuclei (12C,16O target ) 
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Kaonic Atoms (12C,120Sn target)
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Chiral Unitary Model 

Atomic State 
Atomic State 

Formation Spectra
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Chiral Unitary Phenomenology 

 Effective density
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Kaon-Nucleus systems 

Kaonic Nuclei exist. 
But, because of the large decay 
width, it is very hard to observe 
these states. 

These states exist as quasi-stable 
states. 
Robust structure
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