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NambuNambu--JonaJona--LasinioLasinio modelmodel

((γγ,p,p) reaction ) reaction 
ηη--, , ωω-- & & ηη’’--mesic nuclei formations @ mesic nuclei formations @ EEγγ = 2.7 = 2.7 GeVGeV



2

““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη--Nucleus systemNucleus system

eta mesoneta meson

etaeta--N systemN system
Strong Coupling to N*(1535)Strong Coupling to N*(1535),,

» »

»

»

etaeta--Nucleus systemNucleus system Doorway to N*(1535)Doorway to N*(1535)

works for etaworks for eta--mesic nucleimesic nuclei
* * Liu, Liu, HaiderHaider, PRC34(1986)1845 , PRC34(1986)1845 
* Chiang, * Chiang, OsetOset, and Liu, PRC44(1988)738, and Liu, PRC44(1988)738
* * ChrienChrien et al.et al., PRL60(1988)2595, PRL60(1988)2595

»

* * HayanoHayano, Hirenzaki, , Hirenzaki, GilltzerGilltzer, Eur.Phys.J.A6(1999)99, Eur.Phys.J.A6(1999)99
* D. Jido, * D. Jido, H.NagahiroH.Nagahiro, , S.HirenzakiS.Hirenzaki PRC66(2002)045202PRC66(2002)045202
* Exp. at GSI (Yamazaki, * Exp. at GSI (Yamazaki, HayanoHayano group)group)

»» (d,(d,33He)He)

properties of eta mesonproperties of eta meson

system
-No                baryon contamination
-Large coupling constant
-no suppression at threshold

(s-wave coupling)

D.Jido,H.Nagahiro,S.HirenzakiD.Jido,H.Nagahiro,S.Hirenzaki, PRC66(02)045202,, PRC66(02)045202,
H.Nagahiro,D.Jido,S.HirenzakiH.Nagahiro,D.Jido,S.Hirenzaki, PRC68(03)035205,, PRC68(03)035205,

H.NagahiroH.Nagahiro., ., D.JidoD.Jido, , S.HirenzakiS.Hirenzaki, NPA761(05)92,, NPA761(05)92,
KolomeitsevKolomeitsev, , JidoJido, , NagahiroNagahiro, , HirenzakiHirenzaki, in preparation, in preparation

NagahiroNagahiro, , JidoJido, , HirenzakiHirenzaki, in progress, in progress

»» ηη--light nucleus system : TAPS @ MAMI (2004) (exp.), light nucleus system : TAPS @ MAMI (2004) (exp.), B.K.JainB.K.Jain et et al.al.(thor(thor.) etc.) etc……

» etcetc…… (ex.  ((ex.  (γγ,,ηη) @ ) @ 核理研核理研, etc, etc……))



3

““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη--Nucleus InteractionNucleus Interaction

(Chiang, Oset, Liu PRC44(1991)738)
(D.Jido, H.N., S.Hirenzaki, PRC66(2002)045202)

~ N* dominance model ~~ N* dominance model ~

potential naturepotential nature

optical potential optical potential 

In free space
attractive

to reproduce the partial width

at tree level.

N & N* properties in medium evaluatedN & N* properties in medium evaluated
by two kinds of by two kinds of Chiral ModelsChiral Models

General feature
medium effectmedium effect

Repulsive ??

mN & mN* change ??

?
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006Chiral models for N and N* Chiral models for N and N* 

Chiral doublet modelChiral doublet model
DeTarDeTar, , KunihiroKunihiro, PRD39 (89)2805, PRD39 (89)2805

Jido,Nemoto,Oka,HosakaJido,Nemoto,Oka,Hosaka, NPA671(00)471, NPA671(00)471
JidoJido, , HatsudaHatsuda, , KunihiroKunihiro, PRL84(00)3252, PRL84(00)3252

Jido, Oka, Jido, Oka, HosakaHosaka, PTP106(01)873, PTP106(01)873
etc.etc.

LagrangianLagrangian

Physical fieldsPhysical fields

N* : chiral partner of nucleonN* : chiral partner of nucleon

Mass differenceMass difference

* * reductionreduction of mass differenceof mass difference

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

Chiral unitary modelChiral unitary model
Kaiser, Siegel, Weise, PLB362(95)23Kaiser, Siegel, Weise, PLB362(95)23

WaasWaas, Weise, NPA625(97)287, Weise, NPA625(97)287
GarciaGarcia--RecioRecio, Nieves, Inoue, , Nieves, Inoue, OsetOset, PLB550(02)47, PLB550(02)47

Inoue, Inoue, OsetOset, NPA710(02) 354, NPA710(02) 354
etc.etc.

A coupled channel BetheA coupled channel Bethe--SalpeterSalpeter eqeq. . 

* * No mass shiftNo mass shift of N* is expectedof N* is expected
in the nuclear medium.in the nuclear medium.

* * In this study, we directly take the etaIn this study, we directly take the eta--selfself--energy in the ref.NPA710(02)354energy in the ref.NPA710(02)354

* * the N*  is introduced as the N*  is introduced as a resonancea resonance
generated dynamicallygenerated dynamically from mesonfrom meson--baryon scattering.baryon scattering.



5

““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη--Nucleus optical potentialNucleus optical potential

associated with mass reduction
energy ω

ρ/ρ0

mη

m
N -m

N*

doublet model
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

Chiral unitary model
Inoue, Oset, NPA710(02) 354, fig.6

Energy dependence of the optical potentialsEnergy dependence of the optical potentials
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006Energy dependence of the optical potentialsEnergy dependence of the optical potentials

Chiral unitary model
Inoue, Oset, NPA710(02) 354, fig.6
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006Missing mass spectroscopy : one proton pickMissing mass spectroscopy : one proton pick--upup

(d,(d,33He) : established by studies of He) : established by studies of pionicpionic atom formationatom formation
-- theory theory …… S.HirenzakiS.Hirenzaki, , H.TokiH.Toki, , T.YamazakiT.Yamazaki, PRC44(91)2472, , PRC44(91)2472, ……
-- experiment experiment …… K.ItahashiK.Itahashi et al., PRC62(00)025202, et al., PRC62(00)025202, ……

›› ηη--mesicmesic nuclei formationnuclei formation : : D.Jido,H.N.,S.HirenzakiD.Jido,H.N.,S.Hirenzaki, PRC66(02)045202,, PRC66(02)045202,
H.N.,D.Jido,S.HirenzakiH.N.,D.Jido,S.Hirenzaki, PRC68(03)035205. , PRC68(03)035205. 

((γγ,p,p) : ) : smaller distortion effectsmaller distortion effect
-- ωω--nucleus nucleus …… Marco, Weise, PLB502(01)59Marco, Weise, PLB502(01)59
-- ππ--atom atom …… HirenzakiHirenzaki, , OsetOset, PLB527(02)69, PLB527(02)69

›› ηη--mesicmesic nuclei formationnuclei formation : H.N., : H.N., D.Jido,S.HirenzakiD.Jido,S.Hirenzaki, NPA761(05)92., NPA761(05)92.

((ππ++,p,p) : could be performed at J) : could be performed at J--PARC ?PARC ?
›› secondary meson beam, secondary meson beam, ππ, K, , K, ……

»» Elementary cross section : (Elementary cross section : (ddσσ/d/dΩΩ) ~ 2.4 ) ~ 2.4 mb/srmb/sr [Crystal Ball : [Crystal Ball : PrakhovPrakhov et al.et al., PRC72(05)015203], PRC72(05)015203]

emitted particleemitted particle

Incident particleIncident particle

targettarget
mesonmeson

--holeholeprotonproton



9

““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

EEexex –– EE00 [[MeVMeV]]

((ππ++,p,p) spectra : ) spectra : 1212C targetC target

ΤΤππ = 820 = 820 MeVMeV (p(pππ = 950 = 950 MeV/cMeV/c) : ) : θθ = 0 deg. (Lab)= 0 deg. (Lab)

•• It is difficult to observe the bound state as a peakIt is difficult to observe the bound state as a peak

•• We need to observe whole shape itself (not peak structures) We need to observe whole shape itself (not peak structures) 

Chiral doublet model [C=0.0]Chiral doublet model [C=0.0]
((tt--ρρ approx.)approx.)

Chiral doublet model [C=0.2]Chiral doublet model [C=0.2] Chiral unitary modelChiral unitary model

ηη productionproduction
thresholdthreshold

ηη productionproduction
threshold (sthreshold (s--state protonstate proton--hole)hole)

EEexex –– EE00 [[MeVMeV]]

recoilless at recoilless at ηη thresholdthreshold

shallow shallow b.sb.s..

deep deep b.sb.s. . 

EEexex –– EE00 [[MeVMeV]]
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006((ππ++,p,p) spectra : past experiment in 1988) spectra : past experiment in 1988

ChrienChrien et al., PRL60(1988)2595et al., PRL60(1988)2595
»» ppππ = 800 = 800 MeV/cMeV/c
»» proton angle : proton angle : 15 deg. (Lab.)15 deg. (Lab.)
»» targets : Li, C, O, Altargets : Li, C, O, Al
»» search for predicted narrow  bound state ( ex. search for predicted narrow  bound state ( ex. ΓΓ ~ 10 ~ 10 MeVMeV))

negative results (bound state was not observed)negative results (bound state was not observed)

ChrienChrien at al., PRL60(88)2595, Fig.1at al., PRL60(88)2595, Fig.1

Li

C

O

Al

C

Chiral doublet model Chiral doublet model 

0 deg.0 deg.

15 deg.15 deg.

Chiral unitary model Chiral unitary model 
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15 deg.15 deg.

100
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0
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0 deg.

15 deg.

preliminary 



11

““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη’’(958)(958)--Nucleus systemNucleus system

ηη’’(958) meson (958) meson ……close connections with close connections with UUAA(1) anomaly(1) anomaly
»» some theoretical workssome theoretical works

›› the effects of the Uthe effects of the UAA(1) anomaly on (1) anomaly on ηη’’ propertiesproperties
›› at finite temperature/densityat finite temperature/density

-- T. T. KunihiroKunihiro, PLB219(89)363, PLB219(89)363
-- R.D.PisarskiR.D.Pisarski, , R.WilczekR.Wilczek, PRD29(84)338, PRD29(84)338
-- Y. Y. KohyamaKohyama, , K.KuboderaK.Kubodera and and M.TakizawaM.Takizawa, PLB208(1988)165, PLB208(1988)165
-- K.FukushimaK.Fukushima, , K.OnishiK.Onishi, , K.OhtaK.Ohta, PRC63(01)045203, PRC63(01)045203
-- P. Costa P. Costa et al.et al.,PLB560(03)171, hep,PLB560(03)171, hep--ph/0408177 etcph/0408177 etc……

›› the possiblethe possible character changes of character changes of ηη’’

»» a a poor experimental informationpoor experimental information
on on the Uthe UAA(1) anomaly(1) anomaly atat finite densityfinite density

proposal for the formation reaction proposal for the formation reaction of theof the ηη’’--mesic nucleimesic nuclei
using the using the ((γγ,p,p) reactions) reactions

»» UUAA(1) anomaly in medium from the viewpoint of (1) anomaly in medium from the viewpoint of ““mesic nucleimesic nuclei””
»» the the ηη’’ properties, especially properties, especially mass shiftmass shift, at finite density, at finite density

H.N., S. H.N., S. HirenzakiHirenzaki, Phys.Rev.Lett., Phys.Rev.Lett.9494, 232503 (2005), 232503 (2005)
H.N., H.N., M.TakizawaM.Takizawa and S. and S. HirenzakiHirenzaki, nucl, nucl--th/0606052th/0606052
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006Model for Model for ηη and and ηη’’ meson in mediummeson in medium

NambuNambu--JonaJona--LasinioLasinio modelmodel with the with the KMT interaction KMT interaction 
»» unified treatment of the unified treatment of the ηη and and ηη’’ mesonmeson

du s

u d s

One can reproduce the heavy One can reproduce the heavy ηη’’ massmass
KunihiroKunihiro, , HatsudaHatsuda, PLB206(88)385, Fig.3, PLB206(88)385, Fig.3

Anomaly effect in vacuumAnomaly effect in vacuum

explicit breaking the Uexplicit breaking the UAA(1) sym.(1) sym.

Kobayashi, Kobayashi, MaskawaMaskawa Prog.Theor.Phys.44, 1422 (70)Prog.Theor.Phys.44, 1422 (70)
G. G. ’’t t HooftHooft, Phys.Rev.D14,3432 (76), Phys.Rev.D14,3432 (76)
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

ηη’’

ηη

ππ

1000

800

600

400

200

0

SU(2) symmetric matterSU(2) symmetric matter

we consider the SU(2) sym. matter as the sym. nuclear matter.we consider the SU(2) sym. matter as the sym. nuclear matter.

ΔΔmmηη’’ ~ ~ --150150 MeVMeV @ @ ρρ00

ΔΔmmηη ~ ~ +20+20 MeVMeV @ @ ρρ00

ηη and and ηη’’ mass shifts @ mass shifts @ ρρ00

P. P. RehbergRehberg, et al., PRC53(96)410., et al., PRC53(96)410.
parameters (in vacuum)parameters (in vacuum)

ΛΛ =  602.3 =  602.3 [[MeVMeV]]
ggSS ΛΛ22 =  3.67=  3.67
ggDDΛΛ55 =  =  --12.3612.36
mmu,du,d =  5.5 =  5.5 [[MeVMeV]]
mmss = 140.7 = 140.7 [[MeVMeV]]

MMu,du,d = 367.6 = 367.6 [[MeVMeV]]
MMss = 549.5 = 549.5 [[MeVMeV]]
〈〈uuuu〉〉1/3  1/3  = = --241.9 241.9 [[MeVMeV]]
〈〈ssss〉〉1/31/3 = = --257.7 257.7 [[MeVMeV]]
mmηη’’ = 958 = 958 [[MeVMeV]]
mmηη = 514 = 514 [[MeVMeV]]
mmππ = 135 = 135 [[MeVMeV]]

We can see the large medium effect even We can see the large medium effect even at normal nuclear densityat normal nuclear density..

anomaly term anomaly term 
effecteffect
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη-- & & ηη’’--Nucleus optical potentialNucleus optical potential

Real Part  VReal Part  V00
»» evaluated by possible evaluated by possible η, ηη, η’’ mass shiftmass shift at at ρρ00

~ potential description~ potential description

optical potentialsoptical potentials

VVηη’’(r(r))

VVηη(r(r))

ηη : : repulsiverepulsive
ηη’’ : : attractiveattractive
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006ηη-- & & ηη’’--Nucleus optical potentialNucleus optical potential

Real Part  VReal Part  V00
»» evaluated by possible evaluated by possible η, ηη, η’’ mass shiftmass shift at at ρρ00

Imaginary Part WImaginary Part W0 0 for for ηη’’
»» estimated from AIP Conf.Proc.717 (04)837(A.Sibirtsev,Ch.Elster, estimated from AIP Conf.Proc.717 (04)837(A.Sibirtsev,Ch.Elster, S.KrewaldS.Krewald, , J.SpethJ.Speth))

analysis of analysis of γγpp ηη’’pp datadata

fix a coupling gfix a coupling g
N N*(1535)

η’

gg

(only one resonance included)

›› in analogy with in analogy with ΔΔ--hole model for the hole model for the ππ--nucleus systemnucleus system

’

’

~ phenomenological estimation~ phenomenological estimation

Imaginary Part for Imaginary Part for ηη
WW00 = = -- 40 40 MeVMeV D.Jido,H.N.,S.HirenzakiD.Jido,H.N.,S.Hirenzaki, PRC66(02)045202, , PRC66(02)045202, 

H.NH.N.,.,D.Jido,S.HirenzakiD.Jido,S.Hirenzaki, PRC68(03)035205,, PRC68(03)035205,

~ potential description~ potential description
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

Numerical results : Numerical results : 1212C(C(γγ,p),p)1111BBηη,,ωω,,ηη’’

quasiquasi--freefree

quasiquasi--freefree

ηη

ηη’’
We only We only 

observe the observe the 
quasiquasi--free free ηη’’

peakpeak

no medium effectno medium effect

((γγ,p,p) reaction @ ) reaction @ EEγγ=2.7 =2.7 GeVGeV
target target …… 1212CC
Forward (Forward (θ θ ~ 0 deg.)~ 0 deg.)
Elementary cross section for Elementary cross section for γγpp ηη’’pp

Data:SAPHIR collaboration, PLB444(98)555-562

Chiang, Yang, PRC68(03)045202
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

Numerical results : Numerical results : 1212C(C(γγ,p),p)1111BBηη,,ωω,,ηη’’

quasiquasi--freefree

quasiquasi--freefree

ηη

ηη’’
VV00= = -- ((-- 42.8 + 19.5i42.8 + 19.5i) [) [MeVMeV]]
(Lutz (Lutz et al.,et al., NPA706(02)431NPA706(02)431))

quasiquasi--freefree

no medium effectno medium effect

ωω
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

quasiquasi--freefree

quasiquasi--freefree

ηη

ηη’’

Numerical results : Numerical results : 1212C(C(γγ,p),p)1111BBηη,,ωω,,ηη’’

quasiquasi--freefree

VV00= = -- (156+29i) [(156+29i) [MeVMeV]]
(Weise et al., (Weise et al., NPA650(99)299NPA650(99)299))

ωω

no medium effectno medium effect
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

Numerical results : Numerical results : 1212C(C(γγ,p),p)1111BBηη,,ωω,,ηη’’

quasiquasi--freefree

quasiquasi--freefree

ηη

ηη’’

ωω

quasiquasi--freefree

VV00= = -- (156+29i) [(156+29i) [MeVMeV]]
(Weise)(Weise)

ggDD = = --12.36/12.36/ΛΛ55
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““現代の原子核物理現代の原子核物理 ~~多様化し進化する原子核の描像多様化し進化する原子核の描像~~””
@ KEK, Tsukuba, 3 Aug. 2006@ KEK, Tsukuba, 3 Aug. 2006

Numerical results : Numerical results : 1212C(C(γγ,p),p)1111BBηη,,ωω,,ηη’’
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effect througheffect through
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Formations of Formations of mesicmesic nucleinuclei
»» inin--medium properties of hadrons and QCD symmetriesmedium properties of hadrons and QCD symmetries
»» η η --nucleus systemsnucleus systems

›› two different chiral modelstwo different chiral models
-- different physical pictures of different physical pictures of the N*(1535) resonancethe N*(1535) resonance

»» ηη’’--nucleus systemsnucleus systems
›› New information on New information on the Uthe UAA(1) anomaly at finite density(1) anomaly at finite density

experimentsexperiments
»» (d,(d,33He) experiment for He) experiment for ηη--nucleus system @ GSI (2005?6?)nucleus system @ GSI (2005?6?)

›› Compare the spectra of (Compare the spectra of (γγ,p,p) and (d,) and (d,33He)  : complementary informationHe)  : complementary information

»» ((ππ++,p,p) reaction for ) reaction for ηη--nucleus systemnucleus system
›› possible at Jpossible at J--PARC ?PARC ?

»» ((γγ,p,p) reaction for the formation of ) reaction for the formation of ωω--mesic nuclei @ SPringmesic nuclei @ SPring--88
›› information on information on ηη & & ηη’’ also expectedalso expected

Future worksFuture works
»» ηη--mesicmesic nucleinuclei

›› ((ππ++,p,p) experiments by ) experiments by ChrienChrien et al., (1988) et al., (1988) 
›› appropriate kinematical conditionsappropriate kinematical conditions

»» ηη’’--mesic nucleimesic nuclei
›› relation with other models for relation with other models for ηη & & ηη’’
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