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IntroductionIntroduction

ηη--mesic nucleimesic nuclei
»» works for works for ηη--mesic nucleimesic nuclei

›› ((ππ++,p,p)    * Liu, )    * Liu, HaiderHaider, PRC34(1986)1845  , PRC34(1986)1845  [[theotheo]]
* Chiang, * Chiang, OsetOset, and Liu, PRC44(1988)738  , and Liu, PRC44(1988)738  [[theotheo]]
* * ChrienChrien et al.et al., PRL60(1988)2595 , PRL60(1988)2595 [exp][exp]

›› (d,(d,33He)  * He)  * HayanoHayano, , HirenzakiHirenzaki, , GilltzerGilltzer, EPJ.A6(1999)99  , EPJ.A6(1999)99  [[theotheo]]
* D. * D. JidoJido, , H.NagahiroH.Nagahiro, S. , S. HirenzakiHirenzaki, PRC66(2002)045202 , PRC66(2002)045202 [[theotheo]]
* Exp. at GSI (Yamazaki, * Exp. at GSI (Yamazaki, HayanoHayano group) 2005group) 2005--6 6 [exp][exp]

›› ((γγ,p,p)      * )      * H.NagahiroH.Nagahiro, , D.JidoD.Jido, , S.HirenzakiS.Hirenzaki, NPA761(2005)92 , NPA761(2005)92 [[theotheo]]
›› ηη--lightlight--nucleus system : TAPS@MAMI(2004) nucleus system : TAPS@MAMI(2004) [exp][exp]
›› etcetc…… (ex. ((ex. (γγ,,ηη) @ Tohoku, etc ) @ Tohoku, etc ……))

»» strong coupling to N*(1535) [Jstrong coupling to N*(1535) [JPP= = ½½--] resonance  ] resonance  
›› inin--medium properties of N*(1535)medium properties of N*(1535) ηη--mesic nucleimesic nuclei

–– Chiral doublet model Chiral doublet model …… N* mass reduction in mediumN* mass reduction in medium
–– Chiral unitary model Chiral unitary model …… no change N* mass in mediumno change N* mass in medium

formation of formation of ηη--mesic nuclei induced by mesic nuclei induced by meson beammeson beam
»» ππ and K beams are available and K beams are available at Jat J--PARCPARC ((ππ++,p,p) reaction) reaction

›› with the chiral doublet model & chiral unitary modelwith the chiral doublet model & chiral unitary model
›› appropriate kinematicsappropriate kinematics

»» reconsideration of (reconsideration of (ππ++,p,p) experiment at 1988) experiment at 1988
–– Why did they get the negative result ?Why did they get the negative result ?

negative resultnegative result
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Chiral models for N*(1535) in mediumChiral models for N*(1535) in medium

Chiral doublet modelChiral doublet model

N* : Chiral partner of nucleonN* : Chiral partner of nucleon

DeTarDeTar, , KunihiroKunihiro PRD39(89)2805PRD39(89)2805
JidoJido, , NemotoNemoto, Oka, , Oka, HosakaHosaka NPA671(00)471NPA671(00)471

JidoJido, Oka, , Oka, HosakaHosaka PTP106(01)873PTP106(01)873
Kim, Kim, JidoJido, Oka NPA640(98)77, Oka NPA640(98)77

mass difference of N* and nucleonmass difference of N* and nucleon

m
as

s
m

as
s

C ~ 0.2 : strength of chiral restoration at the saturation densiC ~ 0.2 : strength of chiral restoration at the saturation density ty ρρ00

reduction of mass difference in the nuclear mediumreduction of mass difference in the nuclear medium

N* :N* : resonance dynamicallyresonance dynamically generatedgenerated
in mesonin meson--baryon scatteringbaryon scattering

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)47PLB550(02)47
Inoue, Inoue, OsetOset NPA710(02)354NPA710(02)354

TT VV VV VV== ++ ++ ……
quasi bound state of  quasi bound state of  KKΣΣ

No mass shifts of N & N* are expected in the nuclear mediumNo mass shifts of N & N* are expected in the nuclear medium

coupled channel Bethecoupled channel Bethe--SalpaterSalpater eqeq. in medium. in medium
no Pauli blocking for no Pauli blocking for ΣΣ in nuclear mediumin nuclear medium
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energy ω

ρ/ρ0

mη

mN*-mN

ηη--nucleus interaction nucleus interaction ~ N* dominance model ~~ N* dominance model ~

+ (cross term)+ (cross term)

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

JidoJido, , NagahiroNagahiro, , HirenzakiHirenzaki, PRC66(2002)045202, PRC66(2002)045202

ηη selfself--energyenergy

optical potentialoptical potential

associated with mass 
reduction

m
N* -m

N

11 22 33 44 55 66 77
r [fm]r [fm]

potential naturepotential nature
48 48 MeVMeV

N* N* -- holehole

ηη

N* N* -- holehole

attractiveattractive

medium effectmedium effect

repulsiverepulsive

level crossing
JidoJido,, KolomeitsevKolomeitsev, , NagahiroNagahiro, , HirenzakiHirenzaki

in preparationin preparation
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Energy dependence of the optical potentialsEnergy dependence of the optical potentials
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Chiral unitary model
Inoue, Oset, NPA710(02) 354, fig.6
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Missing mass spectroscopy : one nucleon pickMissing mass spectroscopy : one nucleon 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--mesic nuclei formationmesic nuclei 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--mesic nuclei formationmesic nuclei formation : H.N., : H.N., D.Jido,S.HirenzakiD.Jido,S.Hirenzaki, NPA761(05)92., NPA761(05)92.

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

emitted particleemitted particle

Incident particleIncident particle

targettarget
mesonmeson

--holeholenucleonnucleon
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energy range expected at Jenergy range expected at J--PARCPARC

1212C(C(ππ++,p),p)1111CCηη reactionreaction
momentum transfer : forward angle (0 degree)momentum transfer : forward angle (0 degree)

ω = mη

ω = mη – 50 MeV

ω = mη – 100 MeV

Tπ = 820 MeV (pπ ~ 950 MeV/c)

Tπ = 650 MeV (pπ ~ 777 MeV/c)

elementary cross sectionelementary cross section

S.Prakhov et al., [Crystal Ball Collaboration]
PRC72,015203 (2005).

angular distribution

total

~ flat

total cross sectiontotal cross section



8

N
P@

J-
PA

R
C

, 2
 J

un
e 

20
07

, "
R

IC
O

TT
I" 

,T
ok

ai

EEexex –– EE00 [[MeVMeV]]

((ππ++,p,p) spectra : ) spectra : 1212C target : Green function methodC target : Green function method**

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

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)

recoilless at recoilless at ηη thresholdthreshold

EEexex –– EE00 [[MeVMeV]]
00 5050 100100 150150--5050--100100 00 5050 100100--5050--100100

2020

1010

1515

55

00
00 5050 100100 150150--5050--100100

EEexex –– EE00 [[MeVMeV]]EEexex –– EE00 [[MeVMeV]]
150150 00 5050 100100 150150--5050--100100

pion  proton

bound region
quasi-free

* * MorimatsuMorimatsu, , YazakiYazaki NPA435(85)727NPA435(85)727
NPA483(88)493NPA483(88)493
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EEexex –– EE00 [[MeVMeV]]

((ππ++,p,p) spectra : ) spectra : 1212C target : Green function methodC target : Green function method
ΤΤππ = 820 = 820 MeVMeV (p(pππ = 950 = 950 MeV/cMeV/c) : ) : θθ = 0 deg. (Lab)= 0 deg. (Lab)

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

EEexex –– EE00 [[MeVMeV]]

recoilless at recoilless at ηη thresholdthreshold

shallow shallow b.sb.s..

EEexex –– EE00 [[MeVMeV]]
00 5050 100100 150150--5050--100100 00 5050 100100 150150--5050--100100 00 5050 100100 150150--5050--100100

2020

1010

1515

55

00

deep deep b.sb.s. . 
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doublet unitary

r [fm]
2 4 6 8
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2 4 6 8

V(rV(r)) V(rV(r))

ω - mη = -100 MeV
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150

V
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doublet

r [fm]
2 4 6 8

unitary

r [fm]
2 4 6 8

V(rV(r)) V(rV(r))

at thresholdat threshold

1.  Total spectra shapes are different.
2. There exist bound state in both models.

- deep b.s. in doublet model
- shallow b.s. in unitary model

3. No peak structure
We must observe whole shape (not peak)

quasiquasi--free free ηη
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((ππ++,p,p) spectra : ) spectra : 1212C target C target : incident energy dependence: incident energy dependence

EEexex –– EE00 [[MeVMeV]]
00 5050 100100 150150--5050--100100

EEexex –– EE00 [[MeVMeV]]
00 5050 100100 150150--5050--100100

2020

1010

1515

55

00

2020

1010

1515

55

00

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

ΤΤππ = 820 = 820 MeVMeV (p(pππ = 950 = 950 MeV/cMeV/c))

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

Chiral unitary modelChiral unitary model

EEexex –– EE00 [[MeVMeV]]
00 5050 100100 150150--5050--100100

ΤΤππ = 650 = 650 MeVMeV (p(pππ = 777 = 777 MeV/cMeV/c))

recoilless position

8080

6060

4040

2020

00

6060

4040

2020

00

• not so large dependence on the incident π energy
• the large elementary cross section for Tπ = 650 MeV
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Liu, Liu, HaiderHaider, PRC34(86)1845, Fig.7, PRC34(86)1845, Fig.7

(B.E, Γ/2) = (2.65, 4.77) [MeV]

((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.)
»» search for predicted narrow  bound state search for predicted narrow  bound state 

( ex. ( 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

100

200

300

400

500

0

[M
eV

]

0.8 1 1.2 1.40.60.4
pπ [GeV/c]

momentum transfermomentum transfer

0 deg.

15 deg.

quasi free quasi free ηη

b.sb.s. + quasi. + quasi--freefree

bound statebound state
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((ππ++,p,p) spectra : past experiment in 1988) spectra : past experiment in 1988
Liu & Liu & HaiderHaider did not seriously consider :did not seriously consider :

quasiquasi--free contributionfree contribution
»» virtual virtual ηη absorption (due to Imaginary potential)absorption (due to Imaginary potential)

The peak structure is hidden in quasiThe peak structure is hidden in quasi--free contributionfree contribution 100

200

300

400

500

0

[M
eV

]

0.8 1 1.2 1.40.60.4
pπ [GeV/c]

momentum transfermomentum transfer

0 deg.

15 deg.

Liu, Liu, HaiderHaider, PRC34(86)1845, Fig.7, PRC34(86)1845, Fig.7

(B.E, Γ/2) = (2.65, 4.77) [MeV]

50

40

30

20

10

green function methodgreen function method (V0,W0) = -(34,23) [MeV]

quasi free quasi free ηη

Liu, Liu, HaiderHaider, PRC34(86)1845, PRC34(86)1845

0

bound statebound state

bound region

green function methodgreen function method (V(V00,W,W00) = ) = --(34,(34,1515) [) [MeVMeV]]

002020404060608080 --2020 --6060--4040100100

EEexex –– EE00 [[MeVMeV]]

b.sb.s. + quasi. + quasi--freefree

[Also commented in Kohno et al, NPA519(90)755] [Also commented in Kohno et al, NPA519(90)755] 
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((ππ++,p,p) spectra : comparison of our calc. with the exp. data) spectra : comparison of our calc. with the exp. data

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

Li

C

O

Al

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.)

chiral unitary modelchiral doublet model
8080

4040

00

EEexex –– EE00 [[MeVMeV]]
00 5050 100100--5050--100100

EEexex –– EE00 [[MeVMeV]]
00 5050 100100--5050--100100

3030

2020

1010

00

EEexex –– EE00 [[MeVMeV]]
005050100100 --5050 --100100

EEexex –– EE00 [[MeVMeV]]
005050100100 --5050 --100100

0 deg.0 deg. 0 deg.0 deg.

15 deg.15 deg. 15 deg.15 deg.

bound regionbound region

bound regionbound region bound regionbound region

bound regionbound region



14

N
P@

J-
PA

R
C

, 2
 J

un
e 

20
07

, "
R

IC
O

TT
I" 

,T
ok

ai

Chiral doublet model

Chiral unitary model
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EEexex –– EE00 [[MeVMeV]]
005050100100 --5050 --100100

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

Li

C

O

Al

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.)

chiral unitary modelchiral doublet model
8080

4040

00

3030

2020

1010

00

3030

2020

1010

00

EEexex –– EE00 [[MeVMeV]]
005050100100 --5050 --100100

0 deg.0 deg. 0 deg.0 deg.

15 deg.15 deg. 15 deg.15 deg.

•• The experimental data is consistent with both model The experimental data is consistent with both model 
This experimental setThis experimental set--up was not sensitive to N* inup was not sensitive to N* in--mediummedium

((ππ++,p,p) spectra : comparison of our calc. with the exp. data) spectra : comparison of our calc. with the exp. data

proton angle ~ 0 degreeproton angle ~ 0 degree

bound regionbound region

bound regionbound region bound regionbound region

bound regionbound region
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SummarySummary

Formation of Formation of ηη--mesic nucleimesic nuclei
»» InIn--medium properties of N*(1535) resonancemedium properties of N*(1535) resonance

›› Chiral doublet model  : Chiral doublet model  : deep bound deep bound state(sstate(s))
–– pocketpocket--like potential, level crossing of like potential, level crossing of ηη and N*and N*--hole modeshole modes

›› Chiral unitary model   : Chiral unitary model   : shallow bound shallow bound state(sstate(s))

((ππ++,p,p) reaction) reaction
»» incident pion kinetic energyincident pion kinetic energy

›› TTππ = 820 = 820 MeVMeV (p(pππ ~ 950 ~ 950 MeV/cMeV/c)  : recoilless at )  : recoilless at ηη thresholdthreshold
›› TTππ = 650 = 650 MeVMeV (p(pππ ~ 777 ~ 777 MeV/cMeV/c)  : recoilless at )  : recoilless at ηη threshold threshold –– 50 50 MeVMeV

Reconsideration of the experimental data at 1988 by Reconsideration of the experimental data at 1988 by ChrienChrien at al.at al.
»» Is the 15Is the 15°°proton angle appropriate?proton angle appropriate?

›› Not sensitive to the N* properties inNot sensitive to the N* properties in--mediummedium

»» We should discuss We should discuss the whole shape itselfthe whole shape itself in the case that the imaginary part in the case that the imaginary part 
might be largemight be large

The proton angle ~ 0 deg.The proton angle ~ 0 deg.

possible at Jpossible at J--PARC ?PARC ?
»» realistic discussion with the experimentalists [realistic discussion with the experimentalists [H.FujiokaH.Fujioka, , K.ItahashiK.Itahashi]]
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