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r our aim 1

- produce new hadron-nucleus systems
- investigate the properties structure, hadron properties

- extrapolate the knowledge dense nuclear matter (neutron star)

hadron-nucleus system (new exotics)
mesons in nuclei (FfEFEF#%)

hadronic molecular states etc.
(hadronic atoms) ex. TT atom, K atom, = atom, ...
(hypernuclei)

fundamental interactions

hadron spectroscopy, hadron structure
baryon resonance: mesons excite nucleons in nuclei

ultimate goal
understanding of strong interactions of QCD



rKaons in nuclei .

one of the ultimate goals

Z:I((-Effa Pps pn)

_ , in medium TT- mass
obtain self-energy as functions of ¢
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properties of bound states Sym. Nucl. Matter (Y,=0.5)
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& 150 |- pion-nucleus scattering
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— selective reactions f 53 Asym. Nucl. Matter (Y,=0.2)

0 010203040506 07 08
calculate whole structure of pp (Fm™)

Ohnishi, Jido, Sekihara, Tsubakihara, in preparation
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challenge of mesic nuclei

binding
decay

possible orbits

width

bound states

A

mesic atom
(hypernuclei)

Coulomb assisted
(strong int.)

strong int.
(weak int.)

surface or outside
(inside nucleus)

keV ~ | MeV

well separated

R )

mesic nuclei

strong int.

strong int.

inside nucleus

several |0s MeV

couples to B*

overlapped



r mesons in nuclei (H[E1JH 15%)

recoilless kinematics

selection rule for nucleon hole and meson states

SN @ Sm, PN @ P, - -

meson ground state is s-state QPP

creation of s-state hole costs energy

nuclei with s-state hole are highly excited states Q9

large distortion effects

as another possiblity
two-nucleon pick-up reaction (11,d), (Y,d) etc.

J=0 with “shallow” two nucleon holes and meson

complications in theoretical calculations

A



S e— (PR TFHZ) o hadronic atom

A

meson-nucleus systems governed by strong interactions

issue: bound or unbound ? KbN: strong attraction
-
mesons
Kba", n, w, n’, (I),J/\If, narrow widths in vacuum
g, P, K*, wide widths in vacuum

..... repulsive

bind and decay by strong interactions

wide widths naturally expected how wide ?
suppression of widths in deeply bound systems !?

mesons excite nucleons in nuclei
creation of baryon resonances in nuclei

meson - B*-hole couplings

lhadronic excitation of hypernuclei '

1

S

4



¢ PEIFIRF*%
N S5 ILRTRIEDERS

O

{87 strange quark TR %

N HEERIE UQB) XIFRNETIEIE Z S (OZI rule)
OZl rule DN & (N|5s|N)

hadronic decay ¢ — KK

ZIEBERNR D asymmetry

w ':F’ Feﬁ?lﬁﬂ‘i

KbarN E" I j]
KN K73

wN & N(1520) 3/2- &EDIES !
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' n bRIFEFE (eta mesic nuclei) o

- NN strongly couples to N(1535) "
- level crossing of n and N*-h N N
modes .
600 T T T T
N*-hole |+  ....... 1.0» \‘\ Occupation number -
A 0.8} \\
_n_ 48 MeV i 1 - 550 LN ]
v = 0.6 N
N*-hole s S00F ’ ~
X 0.4 ‘~-,2._-
no medium effects medium effects ? = 2 /
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- N(1535) is a candidate of chiral partner of N

)

Reduction of the mass difference of N and N*

Jido, Nagahiro, Hirenzaki, PRC66, 045202 (’02)
Nagahiro, Jido, Hirenzaki, PRC68, 035205 (°03), NPA761,92 (’05)
i Jido, Kolomeitsev, Nagahiro, Hirenzaki, NPA accepted




P Spectral function of in-medium eta meson |

Energy dependence

Infinite matter calc. $(w) = —Im G, ()
. B
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Y- , lido, Nagahiro, Hirenzaki
K meson and A(1405)-h modes L:?j‘j;:;{io‘; sl e l l
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KN t#HE{EF (Strong  EM ) IEF
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NS=D T .

hadron resonances : produced by strong interactions
theory : many models based on different aspects
experiment : rich and precise data

It’s ready to investigate details of the structure of
hadron resonances from both sides

properties in vacuum : masses, widths and couplings
mesons in nuclei : meson excites nucleon

dynamical aspect
decaying resonance — large hadronic components

hadron dynamics is important
symmetry aspect
symmetry of quarks

chiral partners: N(1535) chiral partner of nucleon ??



rDouble pole structute of \(1405) T

NPA725, 181 (03)

NA\(1405) is a superposition of two states. )
KN 1435 MeV A(1405)

there are two attractive channels S—
group theoretically SU(3) singlet and octet

physically KbrN, 112

- 1331 MeV

nx Mass distribution

e _
A(1405) below threshold of KN B I G N s T
pole 1 : 1390 - 66i .
- wider width B
- strongly couples to =X state . S K .
pole 2 : 1426 - 16i R '
- narrower width

- dominantly couples to KN state y reer® 00 OO VR PV TETE VOO0 UV o T
1340 1360 1380 1400 1420 1440 1460

Implication of double pole structure Fem (1Y

A(1405) spectrum is dependent on channels

Resonance position in KP'N channel  ~1425 MeV with narrower width
not 1405 MeV

This 20 MeV difference is important for K®'N interactions

A 4



P Subthreshold properties of KP¥N
KN — A(1405)

A

A(1405) spectra in K®*N channel
K—d — A(1405)n
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4 N(1535) A S I)LEfE
INUA Y DA Z I & B (C B

* . .
gaN" > 0 “naive” assignment

Cross section do/dcos® (ub)

gaAN* < 0 “mirror” assignment
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~

gaAN" ~ grnsN

massless in X restoration

massive in X restoration

I'I'.'I'.Takahashi,'l'. Kunihiro '
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JINROYDFIRRE ~ RO FEEERE (~1 fm)
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transition form factor
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. : Sekihara, Hyodo D] arXiv:0803.4068 [nucl-th];
energy dependence in production

in priparation
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4 Y

hadronic molecular

#HLLVINROYEEIREE KPR NSRRI E

N* as KKbarN quasibound state
=* as KKbarN quasibound state

main decay modes: three-body decay

/A (1 405) D doorway Y. Kanada-En’yo, DJ, PRC78,025212 (08).

D),Y. Kanada-En’yo, arXiv:0806.3601, PRC in press

N+* around 1900 MeV 20~40 MeV bound, 90~100 MeV width
spacial structure A(1405)

hadron-hadron distances are comparable
with nucleon-nucleon distances in nuclei

r.m.s radius (1.7 fm) is larger than
that of *He (1.4 fm)

mean hadron density: 0.07 hadrons/(fm?)




Connection to QCD
establish in-medium effective theory of QCD

in medium chiral perturbation theory

medium modifications of LEC’s LEC = low energy constant
fpi, fK, sigma term etc.

give connections to universal parameters

exact sum rule in chiral limit |Dj, Hatsuda, Kunihiro, arXiv:0805.4453 [nucl-th].
R N* * Z*1/2 A\ %
€ ( Q + a) (o) T <qq> :
[o"

low energy theorem

all zero modes contribute to in-medium quark condensate.

4



4 Summary

our aim
- produce new hadron-nucleus systems

- investigate the properties
- extrapolate the knowledge

mesons in nuclei & baryon resonance in nuclei
B* hypernuclei
complex but interesting systems !!

a lot of things can be learnt

challenges
observe bound states !!  wide widths and many subcomponents

calculate spectra in detail !!

necessary to establish in-medium effective theory
to connect observation to QCD






7

- mesons in nuclei

opening new states experimental feasibility

- interests of hadrons in nuclear medium
in-medium dynamics of hadron
properties of hadron, bound states in nuclei

modification of nuclear structure

partial restoration of chiral symmetry  universal proparties

high density physics, ex. neutron star

experimental observations| < e ‘bound s’ra’resl

<= [meomen] <> [imre g

<= |hadron properties in finite densities
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n PEFERF8 (eta mesic nuclei)

chiral doublet model
n

N

»

& chiral unitary model M3 \L\D FE

5 5% N*-hole i2HY

N* DEXD LY (picture) NERS

n

~

chiral doublet model
N & N* Y chiral doublet

N & N* DB EZEHBA — level crossing

- :
chiral unitary model

N* : dynamically generated resonance

KZ channel H E

52 — Pauli blocking effect D3]\ & L)

1

EJ



’ | Jido, Nagahiro, Hirenzaki, PRC66, 045202 ('02) N

Optical potential of v in nucleus
N*-hole excitation

 Assumption .

1) N* dominance: Consider only N*-hole excitation.

2) s-wave coupling for n NN* i N
3) n at rest in nucleus due to the recoilless condition n
Optical potential of 7 in nucleus
2 9y NNN* coupling
V. (w) — gn p(r) [ N-nucleus reduced mass
! 2pw +my(p) — my. (p) H il N+ (w; p)/2 w 1 energy

Real part of optical potential depends on eta energy and mass difference of N and N*.

We have seen reduction of N-N* mass difference in nuclear medium in chiral doublet model.

w+my —my- >0 attraction N*-hole = __..__..

w+my —my- <0 repulsion n 48 MeV n l

N*-hole

level crossing

Density dependence
Ener'gy dependence no medium effects medium effects ?

A " 4



| Jido, Nagahiro, Hirenzaki, PRC66, 045202 ('02) H

Optical potential of 1 in nucleus

Density dependence fixing energy at w = my,

N(1535)* dominance - no strong medium modification N*-hole
for the masses of N and N* " 48 MoV
N*-hole excitation e
|
n
Reduction of
N N* mass difference
of N and N*

\

Optical potential ® = my, Level crossing

Real Part between eta and
repulsive core N*-hole modes 450

00 02 04 06 08 1.0
& PP,

- sufficient reduction of the mass 7
difference of N and N* —_—
attractive pocket

- N*-hole
; o

i 1 1 1 1

d
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Ijido, Kolomeitsev, Nagahiro, Hirenzaki, NPA accepted I

Green function of in-medium eta meson

Energy dependence
potential strongly depends on energy

— bound states calculated in self-consistent way

,,
| 1
(;I W) = -
/( ) W — 771,} o ‘.f‘,/ ( uJ) N N*
. n
propagation of modes as poles
Self-energy

pole position: in-medium “mass”

Green function

10—
Two modes of propagation osf N "”mbe'.:
Eta meson mode g o5y 1=
N*-hole mode < L8 e
couple in nuclear medium zz Do
Change places 00 02 04 06 Fo.s 10 00 02 04 06 0.8 .1.0
if level crossing takes place Gy(w) =3 === . (’l oWt ) |

L |
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Energy dependence
Infinite matter calc.

| Green function |
Gy (w) =

Optical potential of 7 in nucleus

V,(w) = 50 p(r)

1
w —my — Vy(w)

2pw +my(p) —my.(p) +iln+(w;p)/2 |

o (k=0) [MeV]
o
3

00 02 04 06 08

| ks =

2

Eta spectral density [1/m ]

|Jido, Kolomeitsev, Nagahiro, Hirenzaki, NPA accepted I

Spectral function of in-medium eta meson

# Spectral function —

o -~ N W H

=
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O
o

-
(=)

400 500
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S(w) = —ImG,(w)

600

MeV] J



1

What is hadronic molecular state?

- system of multiple hadrons described by hadron dynamics ex. \(1405)
possible constituents are ground states hadrons as KP*"N QBS
octet baryons: N, \,2,= octet meson: TT, K, n
- constituents keep their identity
typical binding energy ~ 10-20 MeV weakly bound system
decay width ~ 50 MeV (strong interactions) quasi-bound state

Subtraction Constant

- spatially extended (large size) 25 22 21 20 1948
typically more than | fm '

charge radius
of A(1405) as
K®'N bound state

2L |
Electric — Sekihara, Hyodo, DJ
20 wa0 a0 1a0 a0 724arXiv:0803.4068 [nucl-th]

Mass of KN bound state [MeV]

- softer form factors

strong energy dependence
in production

Mean squared radius [fm?]

quark degrees of freedom may be less important

* 4



r Y

K meson in A(1405)

small binding energy ~ 10-30 MeV

- heavy particle ~ half of nucleon mass isospin averaged mass
non-relativisitc treatment myg = 495.7 MeV
cf. pion my ~ 140 MeV my = 938.9 MeVJ

- Nambu-Goldstone boson

strong s-wave attraction in KN
chiral effective theory = momentum expansion

s-wave int. proportional to K energy

Kaons are different from pions in the energies of our interest !!

. -4



rResult KKParN

spacial structure

N* around 1900 MeV

hadron-hadron distances are comparable
with nucleon-nucleon distances in nuclei

r.m.s radius (1.7 fm) is larger than
that of *He (1.4 fm)

mean hadron density: 0.07 hadrons/(fm?3)

KN repulsion important

parameter set (A) (A) (B) (B)
Vin HW-HNJH HW-HNJH AY AY
VN on off on off
ReE (MeV) -19 -39 —41 —57
ImE (MeV) —44 ~72  —49 —63
(ImVL) (MeV)  —17 ~30  —19 —23
(ImVi) (MeV) ~1 0 0 0

(lmV’ U) (MeV) ~1 —-10 -4 —10
(1 V’ 1) (MeV)  —25 ~31 25 —31

threshold of KKP>N 1930 MeV

(A) (A (B) (B)
HW-HNJH HW-HNJH AY AY
VN on off on off
isospin configuration
II([KN],) 0.93 1.00  0.99 1.00
m([KN] ) 0.07 0.00  0.01 0.00
m([KK],) 0.09 0.25  0.17 0.25
I ([KK],) 0.91 0.75  0.83 0.75
spatial structure
Trin (fm) 1.7 1.0 14 1.0
dgy (fm) 2.1 1.3 1.3 1.2
dy i (fm) 2.3 14 2.1 1.5
din (fm) 2.8 1.6 23 16

-4
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K KN system with I=1/2, |P=1/2* (N¥)

Interactions in KKP'N system

=0 1= threshold
attraction
KN A(1405) weak attraction 1434.6 MeV
KK f0(980) a(980) 991.4 MeV
repulsion
KN very week  strong repulsion 1434.6 MeV

A(1405), fo(980) and a0(980) are assumed to be quasi-bound states

naturally expect KK*'N bound state below A*+K and fo(ao)+N

questions

- does KN repulsion spoil bound state ?

- are the attractions too strong to hadronic molecular picture ?

u



