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IntroductionIntroduction

--holehole

mesonmeson

neutronneutron
emitted protonemitted protonIncident Incident ππ++

nucleusnucleus

Missing mass spectroscopyMissing mass spectroscopy

Candidate reactions : recoilCandidate reactions : recoil--free productionfree production

»» (d,(d,33He) reaction He) reaction ……established method established method ππ
 

atom formation (96, 98, 01)atom formation (96, 98, 01)

M.KohnoM.Kohno, , H.TanabeH.Tanabe PLB231(89)219PLB231(89)219
E.MarcoE.Marco, , W.WeiseW.Weise, PLB502(01)59   , PLB502(01)59   …… etc.etc.

»» ((γγ,p,p) reaction  ) reaction  …… smaller distortion effectsmaller distortion effect

S.HirenzakiS.Hirenzaki, , H.TokiH.Toki, , T.YamazakiT.Yamazaki, PRC44(91)2472, , PRC44(91)2472, ……
K.ItahashiK.Itahashi, , et al.et al., PRC62(00)025202, , PRC62(00)025202, ……

»» ((ππ,N,N) reaction) reaction …… pion beam at Jpion beam at J--PARCPARC
ChrienChrien et alet al..,, PRL60(1988)2595PRL60(1988)2595
Liu, Liu, HaiderHaider, PRC34(1986)1845, PRC34(1986)1845
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meson production in recoilmeson production in recoil--free kinematicsfree kinematics

00 4.04.02.02.01.01.0 3.03.00.50.5 1.51.5 2.52.5 3.53.5

incident pion momentum pincident pion momentum p ππ

 

[[GeV/cGeV/c]]

m
om

en
tu

m
 tr

an
sf

er
 q

 [
m

om
en

tu
m

 tr
an

sf
er

 q
 [ M

eV
/c

M
eV

/c
]]

800800

600600

400400

200200

00

700700

500500

300300

100100

mmωω

 

–– 80 80 MeVMeV

magic momentum in (magic momentum in (ππ,N,N) reaction) reaction

ηη meson ... pmeson ... pππ

 

~ 0.8 ~ 0.8 -- 0.9 0.9 GeV/cGeV/c
ωω

 
meson ... pmeson ... pπ π ~ 2.5 ~ 2.5 GeV/cGeV/c

ppππ

 

~ 1.8 ~ 1.8 GeV/cGeV/c mmωω –– 80 80 MeVMeV

ηη ωω ηη’’(958)(958)
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N* N* -- holehole

ηη mesic nuclei formationmesic nuclei formation

»» ((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] 
* Kohno, Tanabe, PLB231(1989)219; NPA519(1990)755 * Kohno, Tanabe, PLB231(1989)219; NPA519(1990)755 [[theotheo]]

»» (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--33He system : PRL92(04)252001:TAPS@MAMI He system : PRL92(04)252001:TAPS@MAMI [exp] [exp] ““CommentComment”” by by HanhartHanhart, PRL94(05)049101., PRL94(05)049101.
etcetc…… (ex. ((ex. (γγ,,ηη) @ Tohoku, etc ) @ Tohoku, etc ……))

works for works for η η mesic nuclei (mesic nuclei (ηη--nucleus systems)nucleus systems)

interests in interests in ηη--mesic nucleimesic nuclei
»» ηη --nucleon system : strongly couples to nucleon system : strongly couples to N*(1535) resonanceN*(1535) resonance

affects affects ηη--nucleus optical potentialnucleus optical potential
we can seewe can see inin--medium behavior of medium behavior of N*(1535)N*(1535)

ηη

N* N* -- holehole

48 48 MeVMeV

»» Levels are closeLevels are close chance of level crossingchance of level crossing

ππ

ΔΔ* * -- holehole

150 150 MeVMeV

ωω

N(1520)N(1520)-- holehole

200 200 MeVMeV

??

WhatWhat happens ?happens ?

HowHow observe?observe?

WhyWhy happen ?happen ?

ex.)ex.)
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level crossing between level crossing between ηη and N*and N*--holehole mode mode 
inin--medium medium ηη propagator (propagator (infinite matterinfinite matter))

selfself--energyenergy propagator (Greenpropagator (Green’’s function)s function)

T. T. WaasWaas, W. Weise, NPA 625 (1997) 287., W. Weise, NPA 625 (1997) 287.
T.InoueT.Inoue, , E.OsetE.Oset, NPA710(02)354, NPA710(02)354

ηη meson branchmeson branch and and N*N*--h branch h branch 
two branchestwo branches

Chiang, Chiang, OsetOset, Liu PRC44(1991)738, Liu PRC44(1991)738
JidoJido, , NagahiroNagahiro, , HirenzakiHirenzaki, PRC66(2002)045202, PRC66(2002)045202

N* dominance N* dominance 
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inin--medium medium ηη propagator (infinite matter)propagator (infinite matter)
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450450
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ωω
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]]

00 0.20.2 0.40.4 0.60.6 0.80.8 1.01.0
ρρ//ρρ00

ρρ//ρρ00

Chiral Unitary approachChiral Unitary approach

T. Inoue T. Inoue E.OsetE.Oset, NPA710(02)354, Fig.8, NPA710(02)354, Fig.8

00 5050 100100--5050--100100

ss ηη
(( 00
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00))

ρρ

 

= 0.3 = 0.3 ρρ00
T. T. WaasWaas, W. Weise, NPA 625 (1997) 287, W. Weise, NPA 625 (1997) 287

polepole--flowflow

50 MeV

level crossing between level crossing between ηη and N*and N*--holehole modemode
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spectral functionsspectral functions

ssηη

ωω [[MeVMeV]]
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mmηη
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inin--medium medium ηη propagator (infinite matter)propagator (infinite matter)

JidoJido, , KolomeitsevKolomeitsev, , NagahiroNagahiro, , HirenzakiHirenzaki ee--Print: arXiv:0801.4834Print: arXiv:0801.4834 [[nuclnucl--thth]]

•• level repulsion yields ...level repulsion yields ...
• lower pole goes downwardlower pole goes downward

deeply bound deeply bound ηη ??
•• level mixing level mixing ……

•• strength of upper pole  > that of lower polestrength of upper pole  > that of lower pole

JidoJido, , KolomeitsevKolomeitsev, , NagahiroNagahiro, , HirenzakiHirenzaki ee--Print: arXiv:0801.4834Print: arXiv:0801.4834 [[nuclnucl--thth]]

level crossing between level crossing between ηη and N*and N*--holehole modemode
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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 Nmass difference of N* and N

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* is expected in the nuclear mediumNo mass shifts of N* is 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

What causes the level crossing ? What causes the level crossing ? : partial restoration of chiral symmetry: partial restoration of chiral symmetry
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1212C(C(ππ++,p),p)1111CCηη

 

reactionreaction

momentum transfer : momentum transfer : forward proton angle (0 degree)forward proton angle (0 degree)

ω

 

= mη

ω

 

= mη

 

– 50 MeV

ω

 

= mη

 

– 100 MeV

Tπ

 

= 650 MeV (pπ

 

~ 777 MeV/c)

elementary cross sectionelementary cross section

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

angular distributionangular distribution

total

~ flat~ flat

total cross sectiontotal cross section
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((ππ++,p,p) spectra : ) spectra : 1212C target : GreenC target : Green’’s function methods function method
ΤΤ

 
ππ

 

= 650 = 650 MeVMeV (p(pππ

 

= 777 = 777 MeV/cMeV/c) ) : : θθ
 

= 0 deg. (Lab)= 0 deg. (Lab)

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

EE exex –– EE 00 [[MeVMeV]] EE exex –– EE 00 [[MeVMeV]]

00 5050 100100 150150--5050--100100 00 5050 100100 150150--5050--100100

8080

6060

4040

2020

00

0s : (B.E.,0s : (B.E.,ΓΓ) = ) = 
(9.7,35.0) [(9.7,35.0) [MeVMeV]*]*

* * 1212CC
GarciaGarcia--RecioRecio et al.et al.,,

PLB550(02)47PLB550(02)47

[[MorimatsuMorimatsu, , YazakiYazaki NPA435(85)727, NPA483(88)493]NPA435(85)727, NPA483(88)493]

0s : (B.E., 0s : (B.E., ΓΓ) = (91.3, 26.3) [) = (91.3, 26.3) [MeVMeV]]

deep deep b.sb.s. . 

shallow shallow b.sb.s..



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

EE exex –– EE 00 [[MeVMeV]] EE exex –– EE 00 [[MeVMeV]]

00 5050 100100 150150--5050--100100 00 5050 100100 150150--5050--100100
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2020

00

00 5050 100100--5050--100100

ss ηη
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ηη spectral densityspectral density
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= 0.3 = 0.3 ρρ00

kk00 –– mmηη

 

[[MeVMeV]]

Inoue et al.,Inoue et al.,
NPA710(02)354NPA710(02)354、、Fig.8Fig.8

650650600600550550500500450450400400
ωω

 

[[MeVMeV]]

ss ηη
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ρρ

 

= 0.8 = 0.8 ρρ00

ηη spectral densityspectral density

K.ItanashiK.Itanashi, , H.FujiokaH.Fujioka, , S.HirenzakiS.Hirenzaki, , D.JidoD.Jido, , H.NagahiroH.Nagahiro, Letter of Intent for J, Letter of Intent for J--PARC 2007PARC 2007
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ωω
 

mesic nuclei formation mesic nuclei formation 

ωω meson properties in mediummeson properties in medium
»» various models/approachesvarious models/approaches

›› scaling rulescaling rule
–– Brown and Rho, PRL66, 2720 (1991)Brown and Rho, PRL66, 2720 (1991)

›› QCD sum ruleQCD sum rule
–– HatsudaHatsuda and Lee, PRC46, 34 (1992).and Lee, PRC46, 34 (1992).

›› SU(3) chiral LagrangianSU(3) chiral Lagrangian
–– KlinglKlingl, Kaiser and Weise, NPA624, 527 (1997), Kaiser and Weise, NPA624, 527 (1997)
–– KlinglKlingl, , WaasWaas, Weise, NPA650(99)299, Weise, NPA650(99)299
–– Marco, Weise, PLB502(01)59Marco, Weise, PLB502(01)59

›› couples to N*(1520)couples to N*(1520)--holehole
–– Lutz, Wolf, Lutz, Wolf, FrimanFriman, NPA706, 431 (2002), NPA706, 431 (2002)

»» experimental worksexperimental works
›› invariant massinvariant mass

–– p + A p + A ωω + X + X at KEK E325 :at KEK E325 : ((M.NarukiM.Naruki at al.at al., PRL96(06)092301 etc.), PRL96(06)092301 etc.)

–– γγ

 

+ A + A ωω + X + X ππ00γγ +X+X’’ by ELSAby ELSA--TAPS TAPS : (: (D.TrnkaD.Trnka et al.et al., PRL94(05)192303), PRL94(05)192303)

›› missing massmissing mass
–– ((γγ,p,p) reaction at SPring) reaction at SPring--8 LEPS (8 LEPS (N.MuramatsuN.Muramatsu, LEPS group), LEPS group)
–– ((ππ,N,N) reaction at J) reaction at J--PARCPARC ((K.OzawaK.Ozawa and and R.S.HayanoR.S.Hayano, , LoILoI for Jfor J--PARC, PARC, ’’07)07)

ρρρρ

ππ

ππ

ωω ωω

NN NN

ρρ

ππ

ωω ωω

NN NN
ππ

ωω ωω

NN NN
N(1520)N(1520)

::
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pion kinetic energy and elementary cross sectionpion kinetic energy and elementary cross section

00 4.04.02.02.01.01.0 3.03.00.50.5 1.51.5 2.52.5 3.53.5

incident pion momentum pincident pion momentum p ππ
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80MeV80MeV
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= 1.8 = 1.8 GeV/cGeV/c

elementary cross sectionelementary cross section

G.PennerG.Penner and and U.MoselU.Mosel, PRC65(02)055202, Fig.4, PRC65(02)055202, Fig.4
data: data: J.S.DanburgJ.S.Danburg et al., Lawrence Radiation Lab.et al., Lawrence Radiation Lab.
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cf.) cf.) ηη production at pproduction at p ππ
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less than 1/10less than 1/10
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potentials which we use herepotentials which we use here

VV00 = = −− (156, 29i) (156, 29i) MeVMeV
»» corresponds to ... corresponds to ... works with SU(3) chiral Lagrangianworks with SU(3) chiral Lagrangian

–– KlinglKlingl, Kaiser and Weise, NPA624(97)527,Klingl, , Kaiser and Weise, NPA624(97)527,Klingl, WaasWaas, Weise, NPA650(99)299, Weise, NPA650(99)299
–– Marco, Weise, PLB502(01)59Marco, Weise, PLB502(01)59

VV00 = = −− (100, 50i) (100, 50i) MeVMeV
»» less attraction and large absorptionless attraction and large absorption

VV00 = = −− (0, 50i) (0, 50i) MeVMeV
»» no attraction and large absorptionno attraction and large absorption

with with N*(1520)N*(1520)--hole modehole mode with with ggωωNNNN** obtained in obtained in Lutz et al., NPA706, 431 (2002)Lutz et al., NPA706, 431 (2002)

sc
at

te
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am

pl
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de
 [f
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sc
at
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g 
am

pl
itu

de
 [f

m
]

M. Lutz et M. Lutz et al.al.,,NPA706NPA706 (02(02) 431) 431

ωωNN ωωNN
1.41.4 1.61.6 1.81.8

ωω ωω

NN
N(1520)N(1520)

repulsion sourcerepulsion source
NN

ωω

ωω

N*(1520)N*(1520)holehole

gg ωωNNNN* * 

gg ωωNNNN* * 
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numerical results : numerical results : calculated with Greencalculated with Green’’s function methods function method[1][1]
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00 5050--5050--100100

EE exex –– EE 00 [[MeVMeV]]
00 5050--5050--100100

EE exex –– EE 00 [[MeVMeV]]
00 5050--5050--100100 100100

reaction : reaction : 1212C(C(ππ++,p),p)1111CCωω

incident pion momentum : pincident pion momentum : pπ π = 1.8 = 1.8 GeV/cGeV/c

proton angle : 0 degreeproton angle : 0 degree

(a) V(a) V00 = = −−
 

(156,29i) (156,29i) MeVMeV (b) V(b) V00 = = −−
 

(100,50i) (100,50i) MeVMeV (c) V(c) V00 = = −−
 

(0,50i) (0,50i) MeVMeV

[1] [1] MorimatsuMorimatsu, , YazakiYazaki NPA435(85)727, NPA483(88)493NPA435(85)727, NPA483(88)493
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N(1520)N(1520)--hole hole couplingcoupling
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summarysummary
ηη--meson nucleus system meson nucleus system 

»» inin--medium properties of N*(1535) resonancemedium properties of N*(1535) resonance
»» chance of level crossing between chance of level crossing between ηηNN and N* and N* 

›› could be caused by partial restoration of chiral symmetry (Chiracould be caused by partial restoration of chiral symmetry (Chiral doublet model)l doublet model)

»» phenomena induced by the level crossingphenomena induced by the level crossing
›› deeply  bounddeeply  bound ηη

 

?   upper mode enhancement ??   upper mode enhancement ?

((ππ++,p,p) reaction ( ~() reaction ( ~(ππ−−,, n))n)) ... possible at J... possible at J--PARCPARC
»» incident pion kinetic energyincident pion kinetic energy

›› TT ππ

 

= 820 = 820 MeVMeV (p(p ππ

 

~ 950 ~ 950 MeV/cMeV/c)  : recoilless at )  : recoilless at ηη thresholdthreshold
›› TT ππ

 

= 650 = 650 MeVMeV (p(p ππ

 

~ 777 ~ 777 MeV/cMeV/c)  : recoilless at )  : recoilless at ηη threshold threshold –– 50 50 MeVMeV

ωω--meson nucleus systemmeson nucleus system
»» mass shift ? attractive ? repulsive ?mass shift ? attractive ? repulsive ?
»» experimental feasibilities at Jexperimental feasibilities at J--PARC ... case studyPARC ... case study

›› VV 00 = = −−(156,29i) (156,29i) MeVMeV ... ref.) ... ref.) KlinglKlingl et al., NPA624(97)527, NPA650(99)299et al., NPA624(97)527, NPA650(99)299
›› VV 00 = = −−(100,50i) (100,50i) MeVMeV ... large attraction and large absorption... large attraction and large absorption
›› VV 00 = = −−(0,50i) (0,50i) MeVMeV ... no attraction but large absorption... no attraction but large absorption
›› with N*(1520)with N*(1520)--hole mode ... ref.) hole mode ... ref.) Lutz et al., NPA706(02)431Lutz et al., NPA706(02)431

»» signal ~ (signal of eta) / 10signal ~ (signal of eta) / 10
»» microscopic estimation ... future workmicroscopic estimation ... future work


	Formation of mesic nuclei by (p,N) reactions 
	Introduction
	meson production in recoil-free kinematics
	h mesic nuclei formation
	level crossing between h and N*-hole mode 
	level crossing between h and N*-hole mode
	level crossing between h and N*-hole mode
	What causes the level crossing ? : partial restoration of chiral symmetry
	12C(p+,p)11Ch reaction
	(p+,p) spectra : 12C target : Green’s function method
	スライド番号 11
	w mesic nuclei formation 
	pion kinetic energy and elementary cross section
	potentials which we use here
	numerical results : calculated with Green’s function method[1]
	N(1520)-hole coupling
	summary

