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1. Introduction and Motivation

» QObiject
e Hadron — Nucleus bound systems.

Coulomb + Strong - -+ Exotic Atoms
(Deeply Bound)  atom, Kaonic Atom,_p atom ...
Strong - =« Exotic Nuclei
Mesic Nuclei (R, n, n(958), w, ®...), Hypernuclei, ...
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0.7 1s ex.)
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0

\ = 2S : Kaonic Atoms
And

Nuclear radius of 15N

Kaonic Nuclei

By J. Yamagata




Pionic Atom

L

Meson ( Yukawa Particle )

o B.E. ~ 10°% eV

m, ~ 300 m,
6y

> Radius ~ 1074~ 107" cm
(107* ~ 107° A)

° Electromagnetic

] Interactions

Strong Interacting Particle System!
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Interests
> 1. Exotic Many Body Physics

Exotic few body systems.
(core, fermion, boson)




Interest 2; Hadron Physics at finite density

Meson mass spectrum and Symmet

Breaking Pattern (PS)

hematic view of the of m, K !

Jido et al, PRC85(12)032201(R) N
Nagahiro et al, PRC (2013)

U

massless
mq,ms = ﬂ mq|ms- = u m:ij.ms ; n
(@@)=0 (Gq+#0 (Gq) =0
Chs dynamically || dyn. & explicitly
manifest broken broken

cf.) NJL model with KMT

Meson mass [MeV]

>

1000 ——
i UL(1) bre'gaking
(KMT termt!21)
H!] I|
400} {gq) =0
" |11 Kobayashi-Maskawa
PTPA44(70)1422
] e e bepsi i on
i N PRD14(76)3432
uﬂ . 1 2 9
p/pg

Am ~ —150 MeV @ p,

Costa et al. PLB560(03)171,
MNagahiro-Takizawa-Hirenzaki, PRC74(06)045203



> Information on IT at finite p ~ py, (T~0) T I\
N~
o p

» Eigen state observation <—> Invariant Mass Method
—> Selective information

> Quantum number fixed

25

-------------

2.0t

1.5¢

- Energy Shift (MeV)

..... X -

11

58n

3d(x100)

1s

-0.5

2p(x10)

I = 2uVip

= —4n[b(r) + e2Bop*(r))

Umemoto et al., PRC62 (2000)

FIG. 1. The binding energies with finite-size Coulomb potential
only B¢, and Coulomb plus optical potential By, , are calculated.
The energy shifts B, -8By, are shown as the solid bars for pionic
Is, 2p, and 3d states for ''3Sn and 2°’Pb. The shifts due to the real
local terms in the potential are shown by dashed bars. Dotted bars
are the results with all real terms (local plus nonlocal) in the optical
potential.

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

+47V - [e(r) + &5 Cop? (r)]|L(r)V

with  b(r) = e1{bop(r) + b1 [pn(r) — pp(r)]}
c(r) = €7 {cop(r) + cilpn(r) — pp(7)]}
L(r)={1+ %m\[c(r) + &5 1Cop?(r)]} 1



Observation of Mesic Atoms by x-ray

Pionic X -ray data
(209Bi) .

466 C.T.AM. de Loat et al. | Strong interaction effects
g ] l ;I;!X‘S:-olr = I
Kaonic Atom data :
10 " 3
) § Eg E [
. L p 3d afr ] £ £ ;f L
B f 1 18 - 4f
@ 0.01} . TN
IO—_ —

0.001} 4 Tk sk s " 505 00
——= energy [keV]

Fig. 5. Pust of the pionic X-ray spectrum shows in fig. 4. showing the energy region of the pionic Sg -+ 4f
10 . . N N N . N hyperfine complex from pioms stopped in & *™Bi target The fit 1o the expenmental data points is
+ Wb-moolilliu.Thw-udixhdhglbemhnah-hulodhplamw-w

, line ia the figure.
1t / P h 3d . af 1 (209Bi) C.TAM. de Laar e1 al. ) Stromg inseracion effects 07

 3d
/

-

gy My

Width [keV)
o

5
T
10 >
]

- Py

©
o
-
number of counts x10

2X 10y =&l

0.001} ] :

.0001 : .
0-000 0 5 10 15 20 25 20 35 40 .

Z (nucleus atomic number)

S. Hirenzaki, Y. Okumura, H. Toki, E. Oset, A. Ramos, = T = ey o
PhySReVC61 055205,2000 Fig. 6 This figure displays the f-»3d hypersne complex of the prompt pionic **Bi X-ray spectrum.

m;di‘l’m‘r:mumﬁm|h“mmm;»-xAlm&w-mllgmwund(ne

text) and the resubting 47 = 3d line. The variows y-rays also included in the fitting procedure have been

Adenidhied & IEARULOAL Mainly In P 150t0pes (m the mass (4gion A =200-208 aa & rcavkt of pion end
muon Capeure.

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



Our theoretical tool: Structure

In-Medium Dispersion Relatiogdium Effects

[—VZ+m? +T(p(r);w)]¢ = w¢

Pion — Nucleus Optical Potential

Ericson-Ericson, Ann. Phys. 36 (66) 323
1. = 2,LLV0pt Seki-Masutani, Phys. Rev. C27(83)2799

= —4n[b(r) + e2Bgp* (1))
+47V - [c( ) + &5 "Cop” (MIL(r)V
with D
b(r) = e1{B9p(r) + @) [on(r) — (M)} o
e(r) = 7 {@p() +@Mon (™ (M)} O

Potential

L(r)= {1+ 47‘@6 + e, @@]} 1 parameters




> Theoretical Level Structure — How can we observe?

Energy (keV)
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— Optical Potential -10000 +
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el 18
)
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|

Observed by

X-ray
Spectroscopy

n - 208pPp

Optical Potential

______ Finite-Size Coulomb

Toki, Yamazaki(1988), Toki,L Hirenzaki, Yamazaki, Hayano (1989)



H. Toki et al. /| Deeply bound pionic atoms 659

Ro
20
S ! 7T *°°Pb :
2 10f | ; B
= " ' absorptive q
! / strong + Coulomb 4
— ' / e
S Of -
E : Il/ g
8 L. LA :
o -10[ = 3
a | ]
S -20f 4 ;
_- p— .'..l —
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E- Tt 1 I DL RIS e
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0.10 -/ 1\ —— with strong - Toki,
! B - -
. : 1s Hirenzaki,
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£ Yamazaki,
0.00
> : Hayano
%) L
(= 3
g 005t (1989)
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Fig. 2. (Upper) The 7~ optical potential (local part) for 2°*Pb. (Lower) The pionic atom wavefunctions

of the 1s, 2s and 2p states in coordinate space; |ré,,(r)]>. The broken and solid curves are obtained with

the finite-size Coulomb potential and with the optical potential, respectively. The half-density radius R,
of *°*Pb is indicated by the broken line.



Missing Mass Spectigscopy

proton -hole

Incidﬁt.particle C

ta r@
In-Medium Dispersion Relation
Medium Effects

[~V +m? +11(p(r),w)]¢ = w?¢

mesen

(d,3He)
* m-atom
- theory (S. Hirenzaki, H. Toki, T. Yamazaki, PRC44(91)2472,)]
- experiment (K. Itahashi et al., PRC62(00)025202,)
(v.p)

*
w-nucleus (Marco, Weise, PLB502(01)59)
(M. Kaskulov, H. Nagahiro, S. Hirenzaki, E. Oset ; nucl-th/0610085)

* n-atom (Hirenzaki, Oset, PLB527(02)69)

emitted particle

do

A

Peaks!!
look carefully !!

v

(K:N)

* Kaonic Atoms and Kaonic Nuclei

- J. Yamagata et al., PTP114 (05)301.(Errata: 114(05)905)
PRC74(06)014604.



Basic CO nce ptS : Missing Mass (<= Invariant Mass)

do,
look carefully !! Peaks!!

initial M

In-Medium Dispersion Relation Medium Effects

[—V? 4+ m?2 +TI(p(r),w)]d = w?¢
13



Pick-up Reaction : d + Nucleus — 3He + r atom
4s) (]ﬁl ln)’

2g 4
3d/€
1i%
2g7%




Formation Cross Section by ‘pick-up’ reactions, (d,3He), (y, N), etc.

» Effective Number approach

do B do N B 1
dQdE ~ \dQ ) "2r (AE)? +T2/4

l Experimental data J
AFE = Q + wn + Sy

meson

Net = ) | / X7 (0)E3 . (@[] (r) ® %5 (x, o) Larxi(v)drdo]?
Mmg °
e Substitutional States formation

e Various activities, (n,p), (d,2He); (n,d), (p,2He); (w,y) ...



* Expected Spectrum |
Quasi-BHastic Meson Production

80 . ./. ———
tAngle Fixed

"

Bound State Peaks

60

[ CrossSection]

nN
o

e SR [ ...

0

—
=

lower <—— Outgoing particle energy—> higher
Background

MesonProductionThreshold



Better reaction (d,3He)

» All Charged and Bound particle & recoilless condition
120

100 | —(2p)n(pilan

—(2p)x(pPitadn

I
2|
| =
<| =
L
= |
e
e
o
1

M2
=
T

0 i i " P T —— L. M P )
=140 -138 -1.36 -134 -132 -120

() value {MeV)

FIG. 8. Expected spectra of the “"Pbid,”He) reaction at
Ty =600 MeV, where all the neutron holes (p, 2.P3.2:52:013.2)
are taken into account. An instrumental resolution of 100 keV Hirezaki. Toki

FWHM and a flat background of 40 ub/sr MeV assumed Yamazaki,
o pbssriMel areassumed. prc(1991)



d2c/(dE dQ) [ub/(MeV sr)]

Deeply bound 7 states in the 2Pb(d,3He) reaction

K. Itahashi et al.

" emission (insi-ree
45 threshold g cont|r|1uum
i | D ML A LA M B [T * v 1 ° —r i1 Tl T ™
Theoretical Calculation i7” emission (P) - 208 ppy(d,3He) i |
80 | threshold - 40
(2p) (3P 3 )it :
i = 3F (2P) (3P a2 )"
2]
L L VA N
( p) n-( p1[2 n ?E/' 25 3 (2p) 1'[_(3p - )n_1 {
\ = \ |
40+ . % 20? T
(13)1(— . L " (18)1{- Iﬁ | w
< 15¢ \ foyl
' | S PR
o0 - ! R © 10F | ¥ ¥
’ i E x
[ E 5 gﬂ H niiuiqg,g%,u.w'wmw
Ogl 1 1 1 :l. al PO 0 PR S T | PREETSEET N SR SR T S DU SUUr S S b e
120 125 130 135 140 145 120 125 130 135 140 145
Excitation Energy [MeV] Excitation Energy [MeV]
PRC62(00)025202
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1s MEF 5% shoulder TI&7%E<T peak ELTRT=LY,

p1/2 neutron DEFEMNTRE,

206Pb ZfE5, ZiEEDERR D IFHZEFI A,

‘I’{Eﬂﬁpb)g-s- i H[E'PIHEJ'_E g 7 h{lfﬂfﬂ + ¢(2ps ’2} + d{ (Oigge) i

a’=0.54, b* =0.20, ¢ =0.12, d* =0.12



do/dQdE [ub/sr MeV]

Deeply bound 1s and 2p Pionic States in the 2°°Pb(d,*He) reaction

Hirenzaki, Toki,

60 Al v v v 14 T v ¥ v v L Ll 1 L] I' ] L] ] L] l L] ] ] ] l L) ] L} T ' L OS
(zp)u i b|0f18?1m N (sHeeb)quOS‘
i . ]
I o 1 nl1ed ai@gi@t)y(as) y
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" |
1
1
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nlg1e9 rgrQigiat) (R T)

~.

[
S
ds\(AE avy) [frp\(WeA 21)]

(15)x

(15) (3 Pb)g.26Mev |

(e}

(15) 4% Pb) 5.

A L A A A L A ' l: ' A L ' l L ' A ' l A L A L l A 0
-135 <130 chl Obt cEr oEr csSt

[VaM] vypr1on3 noitstiox3
Q value [MeV]

Hirenzaki and Toki, PRC55(97)2719

H. Geissel et al, Pruss2)122301
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B2, 1s IKEEMN &K peakl TS5 KHIZLT=0Y,
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Fig. 5-13. Calculated forward cross sections of 3®Xe(d.*He) reaction at (a) Ty = 600 MeV
and (b) Ty = 500 MeV with 300 keV experimental resolution. The dotted curves show the
contribution from the neutron s;, state, and the dashed ones from the neutron d;, state. The
vertical line shows the 7~ production threshold with the ground state of 13°Xe at Q = —140.843

MeV.



Sn ARSE5, BMuAHLZ L,

Y. Umemoto et al., PRC(2000)
70 . . .

124Gn
01 sn(dsHe)  '¥%Sn_ '

50 | il -

40 116Sn___ -

30

do/dEdL (ub/MeV sr)

20

10

=150 =145 =130
Q-value (MeV)

Fig. 5-15. The Sn isotope dependence of total (d,*He) spectrum for the pionic atom formation
at Tg=>500 MeV with 300 keV experimental resolution. The target nucleus is indicated in the
figure.



do/dE d0(ubMeV sr)

. . . [ 124 3 d*He)x’
Pionic 1s states of Sn nuclel s[*snate — Aorar—
20 .
70 . : v 10 L-..;
1248n . BMeV] L L+ 1 :
Sn(d 3He) 1208n % ) > 0 PR oL 11 21 31 41 51 bl —
’ Y~ 2 F'®sn(d’He) P
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Umemoto, Hirenzaki, Kume, Toki PRC62(00)024606
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» Deepest 1s states in Pb and Sn : observed

O Nice spectra were obtained.

0O Theoretical Potentials are classified

as Rank- A,B,C,D

H. Geissel et. al.,

‘& | d Mk Rdd WAt M4 Mt hid -
050 — © Tauscher
PRL88(02)12230® E ® B <oay
0.45 < sBaty2
0 <& O Batty 3
— F & 84 040 . 4 esMmi
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& Ericson 1
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v * K ¢ Ericson 3
v 015 3 +FG
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FIG. 3. Comparison of the measured binding energy and width for (a) (15)- and (b) (2p)- in >®Pb with the corresponding values
calculated by using various potential parameter sets (abbreviated as in [4] except for FG [16]). When necessary, an isotope shift of
B (2Pb) ~ B,,(*""Pb) + 40.5 keV is applied. The small cllipses and the bars show the experimental values with 1o statistical
and total (statistical + systematic) errors, respectively.



Residual Interaction Effects ()

(7 particle) ® (n-hole) states (Boson ® Fermion-hole)

e For Pb (S wave int. only)

AFE ~ 0—20keV << Exp. Error
S. Hirenzaki, H. Kaneyasu, K. Kume, H. Toki, Y. Umemoto,

PRC60(99)058202
e For Sn ( S+P wave int.)

AE < Exp. Error

N. Nose-Togawa, H. Nagahiro, S. Hirenzaki, K. Kume,
PRC71(05)061601

Serious in more accurate experiments.




Wlr[fm™)

Pionic Atom in Halo Nuclel
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M. Fuijita, S. Hirenzaki and K. Kume, PRC67 (03) 034605

Existence of halo even in Medium heavy nuclei
J. Meng, P. Ring, PRL80(98)460

Exotic few body systems.
(core, fermion, boson)



Pionic Atom in Halo Nuclel

- M. Fujita, S. Hirenzaki, K. Kume
'Enhancement by halo structure', PRC67(03) 03605

- Y. Umemoto, S. Hirenzaki, K. Kume, H. Toki, I. Tanihata
'Systematic calculation without halo', NPA679(01) 549-562

- K. Itahashi (RIKEN Exp.)

Private Communication 'Feasibility in New facilities ?'

- P. Kienle, T. Yamazaki, R.S. Hayano, H. Toki

'Inverse Kinematics idea' 91~92



PIONIC ATOMS OF UNSTABLE NUCLEI

S. HIRENZAKI®, T. KAJINO?, K.-I. KUBO® H. TOKI® and [. TANIHATA *®

PHYSICS LETTERS B Volume 194 30 July 1987

AE
kevy] |

- 20 0

Fig. 1. Calculated energy shifts AE (a) and widths I” (b) of the
2p level as a function of the difference between neutron and pro-
ton numbers ¥ — Z. The optical potential used is that of Set I.












NFOVHELELTOEBEHR,

> Information on IT at finite p ~ p,, (T~0) e\
> Elgen state observation <> Invariant Mass Method
> Quantum number fixed T™—> Selective information

25 T v T .
S Umemoto et al., PRC62 (2000)
1158n

2.0t -
> e
2 1.5¢ k) FIG. 1. The binding energies with finite-size Coulomb potential
= only B¢, and Coulomb plus optical potential By, , are calculated.
& 1.0} | The energy shifts B, -8By, are shown as the solid bars for pionic
3,6 Is, 2p, and 3d states for ''3Sn and 2°’Pb. The shifts due to the real
S 05 3d(x100) local terms in the potential are shown by dashed bars. Dotted bars
e | T ] are the results with all real terms (local plus nonlocal) in the optical

""" T ER—— potential.
0 7
1s 2p(x10y L
0.5 . :
R Ericson-Ericson, Ann. Phys. 36 (66) 323
I = 2 ,U«Vop " y (66)

Seki-Masutani, Phys. Rev. C27(83)2799

~47[b(r) + 2 Bop?(T)]
+47V - [e(r) + EJIC()/)Q(?')]L(?')V

with  b(r) = e1{bop(r) + b1 [pn(r) — pp(7)]}
élr) = el—l{cop('r’) + €1 [Pn("' — pp(7)]}
L(r) = {1+ 3mA[e(r) + &5 Cop®(r)]}



Deeply Bound Pionic Atom by (d,3He)

: K. Suzuki et al.
7 Phys. Rev. Lett. 92(2004) 072302
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Chiral Dynamics of Deeply Bound Pionic Atoms

EE Kﬂ[ﬁmf:itscv,l N. P-‘[aisa;'.r,2 and W, Weise'*

\EC T, Villa Tambeosi, I-38050 Villazzano (Trento), Italy
EPhwfk-Deparfmem, Technische Universitdt Miinchen, D-85747 Garching, Germany

We present and discuss a systematic calculation, based on two-loop chiral perturbation theory, of the
pion-nuclear s-wave optical potential. A proper treatment of the explicit energy dependence of the off-
shell pion self-energy together with (electromagnetic) gauge invariance of the Klein-Gordon equation
turns out to be crucial. Accurate data for the binding energies and widths of the 15 and 2p levels in
pionic 2Pb and 2“Pb are well reproduced without need for a notorious “missing repulsion” in the
pion-nuclear s-wave optical potential. The connection with the in-medium change of the pion decay
constant is clarified.



In-medium pion and partial restoration of chiral symmetry

D. Jido®*, T. Hatsuda®, T. Kunihiro®¢ _
Physics Letters B 670 (2008) 109-113

(&)Z#’?: W_‘-’I}*’ (17)
Fx (qq)

with the in-medium wave function renormalization Z} = G /Gy.
As will be shown in the next section, in-medium change of Z%
from 1 can be evaluated from the isosinglet pion-nucleon scatter-
ing amplitude, while F §T /E+ is related to the pion-nucleus isovec-
tor scattering lengths through the in-medium TW relation. There-
fore, Eq. (17) gives a direct link between the in-medium modifica-
tion of the quark condensate and that of the pion decay constant.?



Mow, inserting Eqgs. (26) and (33) into Eq. (16), we arrive at one

of the central results in this work,
=) 02
(gg) — \ b3 po)’

which directly relates the in-medium quark condensate with the
observables related to the pion in nuclei. The deeply bound pio-
nic atom data suggest the repulsive enhancement of L'r’f [1]. The
N scattering data tell that y = 0. Thus, Eq. (34) implies that
these experimental facts give a direct evidence of the reduction
of the quark condensate in nuclear medium. Quantitatively, the
experimental value of by ftq‘ is obtained as 0.79 = 0.05 at the
effective density o =~ 0.6pp in deeply bound pionic atoms [1].
With this value and y = 0.184 estimated in Section 4 together
with the linear density approximation, we find for the ratio of
the quark condensates {gq)*/{(gq) ~ 1 — 0.37p/po. We also eval-

(34)



n mesic nuclei (Hadronic description)

Satoru Hirenzaki
Nara Women'’s University

Collaborate with
Hideko Nagahiro (Nara \Women's University)
Daisuke Jido (YITP, Kyoto Univ.)

H. Nagahiro, D. Jido, S. Hirenzaki, PRC(09)
Kolomeitseyv, Jido, Nagahiro, Hirenzaki, NPA(08)
H.Nagahiro., D.Jido and S.Hirenzaki, NPA761(05)92
H.Nagahiro., D.Jido, S.Hirenzaki, PRC68(03)035205
D.Jido, H.Nagahiro. and S.Hirenzaki, PRC66(02)045202



works for eta-mesic nuclei H Nagahiro and D. Jido
D(7r+, p) *Liu, Haider, PRC34(1986)1845 ' '

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

» (d,3He) * Hayano, Hirenzaki, Gilltzer, Eur.Phys.J.A6(1999)99
* D. Jido, H.Nagahiro, S.Hirenzaki PRC66(2002)045202

properties of eta meson

1n meson

1IN N *system
my, = 047.3 [MeV] T = 0, JP =0 No = g baryon contamination
-Large coupling constant
0 e D
- I'=1.18 [keV] (27’ 3 y T T, ) -no suppression at threshold
n-N system (s-wave coupling)
1~ LynNs = gapNON™ + h.c.

m Strong Coupling to N*(1535), J* = 5
N ~ FnN ~ 75[MeV]

eta-Nucleus system | i {ploYo] g V. \VA Lol \ Wk X 1))




Introduction for n-Nucleus system
_ EEEEESSS———

® 7-mesic nuclei

»

»

m formation of n-mesic nuclei induced by meson beam

»

»

works for n-mesic nuclei formation

o (x*,p) * Liu, Haider, PRC34(1986)1845
* Chiang, Oset, and Liu, PRC44(1988)738
* Chrien et al., PRL60(1988)2595
* Kohno, Tanabe, PLB231(1989)219

» (d,%He) * Hayano, Hirenzaki, Gilltzer, EPJ.A6(1999)99
* D. Jido, H.Nagahiro, S. Hirenzaki, PRC66(2002)045202
* Exp. at GSI (talk by Dr. K. Lindberg)

»(y,p)  *H.Nagahiro, D.Jido, S.Hirenzaki, NPA761(2005)92

» n-light-nucleus system : many studies
,  Others (ex. (y,n) @ Tohoku, Japan, etc ...)

strong coupling to N*(1535) resonance
, Chiral doublet model

nIN N ™ system

-No | = 3 baryon contamination

-Large cou;pling constant

-no suppression at threshold
(s-wave coupling)

LynNs = gapNON™ + h.c.

pocket-like potential, level crossing of n and N*-hole modes

» Chiral unitary model

n and K beams are available at J-PARC - (a*,p) reaction

, kKinematics
, Calculated spectra in our model

Revisit to the “(xt*,p) experiment at 1988”




n-Nucleus Interaction: general remark p

~ N* dominance model ~
v (P
/

energy dependence

_&_ 7 P~ T

optical potential

t = =
P 2uw+my(p) — mu-(p) + i (s50)/2 (Chiang, Oset, Liu PRC44(1991)738)
(D.Jido, H.N., S.Hirenzaki, PRC66(2002)045202)
density-dependence gn = 2.0
potential nature tli) reproduce ;:e I:;a;t;al width
N'—!‘TI‘H s e
In free space (V ~ tp) at tree level.

w+my —mpy= < (0 =P attractive
(my, + mny — mpy+ ~ —50MeV)

] General feature

my & my. change ??

medium effect T

w+my(p) —mpy=(p) >0 == Repulsive ??

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




Chiral models for N and N* and n-nucleus interaction

|
M on /" Chiral uni N\
/ Chiral doublet model "/ Chiral unitary model
DeTar, Kunihiro, PRD39 (89)2805 Kaiser, Siegel, Weise, PLB362(95)23
Jido, Nemoto, Oka, Hosaka NPAG71(00)471 Waas, Weise, NPA625(97)287
Jido, Oka, Hosaka, PTP106(01)873 Garcia-Recio, Nieves, Inoue, Oset, PLB550(02)47
Jido, Hatsuda, Kunihiro, PRL84(00)3252 Inoue, Oset, NPA710(02) 354
! ! . {
Iixtended SU(2) Linear SigmaModel e
for Nand N A coupled channel Bethe-Salpeter eq.
Lagrangian {np, %, nn, K°A, K27, K’2°, 2% p, n'nn}
L= Z [Nji @N; — g;Nj(o + (=) Liys7 - &) Ni]

1=1,2

_ . _ h
—my(N1y5 N2 — Nays Ny) @
Physical fields ,,@,, S R _
N\ _ cos 6 vssinf\ [Ny S
N*) = \—9ssinf cosf No —(T)—

N* : chiral partner of nucleon N §

- + _._._ G oo

Mass difference * the N* is introduced as @ resonance

P generated dynamically from meson-baryon scattering.

miy(p) — miy-(p) = (1 — CL) (my — my-) y g
* C~0.2 :the strength of the Chiral restoration * No mass shift of N* is expected
at the nuclear saturation density in the nuclear medium.

* reduction of mass difference
\U W,

&In this study, we directly take the eta-self-energy in the ref.NPA710(02)354 /




n-nucleus interaction ~ N* dominance model ~

optical potential

2

I/:]1:)1: —

gn = 2.0 toreproduce the partial width T'y«_.,n = 75 MeV  at tree level.

T
N jt N*
%

9n P |
2"{“’1 — (mn-(p) —mn(p)) J)f' iy (s;0)/2 (Chiang, Oset, Liu PRC44(1991)738)

energy o

doublet model

p/Pg

n-nucleus optical potential

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

repulsive core

associated with mass reduction

Chiral doublet (C=0.2 (M))

attractive pocket

"\
N

~—— Chiral Unitary Model
(Inoue, Oset, NPA710(02) 354) |

ey |
Chiral doublet (C=0.0) [~ 'tp] o = my
: no in-medium change of <G . :
1 2 3 4 5 6 7
r [fm]

- sensitive to the in-medium properties of N and N*




ex.) 7
Bound State n-mesic nuclei pionic atom
* Chiral Doublet model with C=0.0
g (B.E., ) [MeV] WK Ol M " i i i iy
| S 028 T — —
Os  (13.7,41.5) (30.3, 42.5) -10f P
0 _ s Ll >
p (14.6, 50.7) % 20 ® o
* Chiral Doublet model with C=0.2 % o8t #Ca
no bound state 210}
a—— '40 - -“'Ca ——
-1.2¢
* Chiral Unitary model L
C.Garcia-Recio ef al, PLB55(N02)47 Toki er al., NPASO1(89)653
2C  (BE.M[MevV] %Ca / NOT Discrete Discrete
I
Os  (9.71,35.0) (17.88, 34.38) ‘
Op — (7.04, 38.6) Observe (Many) Peaks

C.Garcia-Recio ef al., PLB550(02)47, Table 1.

We need to observe

* whole spectral shape
* a few peaks




Missing mass spectroscopy : one nucleon pick-up

_ _ nucleon-hole
Incident particle ——

o - Q g Y .

emitted particle

target

L—

meson

m (d,3He) : established for studies of pionic atom formation
theory ... S.Hirenzaki, H.Toki, T.Yamazaki, PRC44(91)2472, ...
experiment ... K.Itahashi et al., PRC62(00)025202, ...

» n-mesic nuclei formation : D.Jido,H.Nagahiro,S.Hirenzaki, PRC66(02)045202,
H.Nagahiro,D.Jido,S.Hirenzaki, PRC68(03)035205.

m (y,p) : smaller distortion effect
w-nucleus ... Marco, Weise, PLB502(01)59
n-atom ... Hirenzaki, Oset, PLB527(02)69
»  n-mesic nuclei formation : H.Nagahiro, D.Jido,S.Hirenzaki, NPA761(05)92.

m (w,N): could be performed at J-PARC ?

» secondary meson beam, x, K, ...
»In collaboration with K.ltahashi, H. Fujioka (experimentalists)




Our Theoretical Tools

m Bound state by solving Klein-Gordon equation

[_62 + e -+ 2uVopt (1, w)]@(7) = [w — Veour (r)]?o(7)

E. Oset and L. L. Salcedo, J. Comput. Phys. 57 (85) 361

m Formation Spectra in the Green function method
O. Morimatsu, K. Yazaki, NPA435(85)727, NPA483(88)493

d*c do 1 e i G e il
dEdQ (E>K‘7)—>pk'— 271111/ 47T JoT )G B T2 ) e (7)

x
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