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Motivation

hadrons in nuclei = systems of hadron and nucleus

- as hadron physics
* a tool to investigate QCD vacuum structure,

such as mechanism of spontaneous chiral symmetry breaking
* QCD vacuum structure can change in different environments
* nucleus provides us a finite density system
- for other research areas
* we obtain important constraints on high density physics
with controlled experiments on the earth

theoretical brigde
observation M QCD properties

hadronic quantities effective theories quark quantities
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Partial restoration of chiral symmetry

- nuclear matter is a finite density system
 Its density is not high enough for complete restoration of symmetry

- partial (or incomplete) restoration takes place in nuclear matter with
sufficient reduction of the magnitude of the quark condensate <q‘q)
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Partial restoration of chiral symmetry

- nuclear matter is a finite density system
- its density is not high enough for complete restoration of symmetry

- partial (or incomplete) restoration takes place in nuclear matter with
sufficient reduction of the magnitude of the quark condensate <qu>

model-independent theoretical relation

o OxN _ 1 OnN : TN sigma term, O(my),
q> - (1 o m?2 f2 p) <qq> T O(pn ) obtained from TnN at soft limit

low density expansion ‘Drukarev, Levin, '
Prog. Part. Nucl. Phys. 27,77 (1991)

(q9)* = (0]qq|0) + p(N|gq|N) + O(p"")

negative OnN : positive

nmNo term Gell-Mann Oakes Renner relation

2mg(N1|qq|N) = oxn Mz fr = —2mq(qq)

- 30-40 % reduction at saturation density, if one believes linear extrapolation
Y P
- quark condensate is not direct observable, but hadronic quantities like fpi are.
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Partial restoration of chiral symmetry
phenomenological confirmation

- pionic atom and pion-nucleus scattering experiments, together with
theoretical consideration, have suggested that chiral symmetry is partially
restored in nuclear matter with 35% reduction of quark condensate

pionic atom

| K. Suzuki et al. PRL92, 072302 (04) b theoretical consideration
|Ko|omeitsev, Kaiser, Weise, PRL90, 092501 (OB).' — 359% reduction

plon-nucleus scattering

Friedman et al. PRL93, 122302 (04)

spectrum/cross section effective theory
— 1-A optical potential translates more fundamental quantities
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Partial restoration of chiral symmetry
phenomenological confirmation

- pionic atom and pion-nucleus scattering experiments, together with
theoretical consideration, have suggested that chiral symmetry is partially
restored in nuclear matter with 35% reduction of quark condensate

pionic atom
K. Suzuki et al. PRL92, 072302 (04) theoretical consideration

_|_ Kolomeitsey, Kaiser, Weise, PRL90, 092501 (03).' — 359% reduction
pion-nucleus scattering DJ, Hatsuda, Kunihiro, PLB 670, 109 (08). b

Friedman et al. PRL93, 122302 (04)

spectrum/cross section effective theory
— 1-A optical potential translates more fundamental quantities
theoretical density dependence of quark condensate
issue

(beyond the linear density approximation)

phenomenological other phenomena expected by partial restoration
ISsue (other meson-nucleus system than pion)
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Expectations in partial restoration

- reduction of mass generated by chiral symmetry breaking

* masses of some hadrons are generated by ChSB

+ (o part of) nucleon mass is generated by ChSB
iIn-medium effective mass of nucleon is 0.7mn in RMF

/  a part of n’ mass is generated by ChSB DJ, Nagahiro, Hirenzaki,
: : : ) PRC85 (12) 032201 (R)
* large scalar potential for in-medium n

- reduction of mass difference between chiral partners

* chiral partners should degenerate in chiral restoration limit

* reduce the mass difference in partial restoration
(more precisely, their spectral functions tend to degenerate)

n meson has strong coupling to N*(1535)
In medium n meson probes chiral symmetry of N and N*

DJ, Nagahiro, Hirenzaki, PRC66, 045202 (02).
Nagahiro, D}, Hirenzaki, PRC68, 035805 (03); NPA761, 92 (05)
DJ, Kolomeitsev, Nagahiro, Hirenzaki, NPA81 1,158 (08)
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Expectations in partial restoration

- wave function renormalization for Nambu-Goldstone boson

* NG bosons are described by chiral effective theory
ChPT : expansion of NG boson momentum (and quark mass)

* energy dependent interactions with nucleon
vanish in the soft limit (g -> 0) and chiral limit (Adler zero)

* large wave function renormalization

oy \ !
7 = (1 — W) 2 . self-energy

in medium, various quantities changes

|Ao|<i, DJ, PTEP 2017, 103DO01. '

[(4‘7 0 * enhancement of KT-nucleus elastic scattering

+ 40% enhancement of m0—y y decay |Goda DjPTEP 2014,033D03. |
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N’ meson



n' meson and chiral symmetry [z |

* N’ meson would be a Nambu-Goldstone
boson associated with the spontaneous
Ua(l) chiral symmetry breaking.

S ~0r0 )

Mass m = 957.78 + 0.06 MeV
Full width ' = 0.198 4+ 0.009 MeV

* Ua(l) symmetry is actually broken by quantum effect (quantum anomaly).

thus, N’ meson is NOT a Nambu-Goldstone boson.

this is the reason that N’ meson has a large mass.

* thanks to vector couplings,
chirality does not change in anomaly diagram

* pseudoscalar meson is composed of a pair of right and r

left quarks. qVs9 = qr,qr — qRYI

* SU(3) chiral symmetry is necessarily broken,

when the anomaly affects )’ mass

D. Jido

AP anomaly

anomaly breaks Ua(l)
without changing chirality
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n' meson and chiral symmetry o |

* N’ meson would be a Nambu-Goldstone 1 (958) 1G(JPCy — o0~ )
boson associated with the spontaneous

Ua(1) chira

Mass m = 957.78 + 0.06 MeV
' — () 198 + 0 009

* Ua(l) sym
thus, N’ mé
this is the

* thanks to

chirality dc

e pseudosca gluon dynamics

Qg %
left quarks EF/LI/FM

anomaly breaks Ua(l)
without changing chirality

* SU(3) chiral symmetry is necessarily broken,
when the anomaly affects )’ mass

D. Jido 9 J-PARC Workshop



n' meson and chiral symmetry o |

* N’ meson would be a Nambu-Goldstone 17(958) 16(JPCy = ot~ 1)
boson associated with the spontaneous Mass m — 95778 + 0.06 MeV
UA(l)Chir i — (0 198 4+ 0 000

anomaly anomaly
* Ua(l) sym

thus, N’ mé
this is the

* thanks to

chirality dc

e pseudosca gluon dynamics

Qg %
left quarks EF/LI/FM

anomaly breaks Ua(l)
without changing chirality

* SU(3) chiral symmetry is necessarily broken,
when the anomaly affects )’ mass

* because quark masses are small, spontaneous breaking induces the N’ mass generation.

therefore, once partial restoration takes place, N’ mass should be reduced.

D. Jido 9 J-PARC Workshop



DJ, Nagahiro, Hirenzaki,
PRCS85 (12) 032201 (R)

11’ meson In chiral restoration |o) s nio Hress

- Ilkeno, NPA9 14 (13) 354
a group theoretical argument

* Let us consider chiral SU(3)xSU(3)r symmetry,
because Ua(l) is always broken by anomaly

Scalar and Pseudoscalar mesons parity eigenstate

(3,3) & (3,3) (jq,LQf CjﬁqJL 9 SC&_F“’ and. 9|_3.seL.|doscaIar
303=1D8 4i"Y545, 4i4;

contains both octet and singlet

oy 7T7K7778 7)o ao, Kk, fO

scalar pseudoscalar pseudoscalar scalar
singlet octet singlet octet

* In fact, N0 and N8 are in the same multiplet even without Ua(l) symmetry

Therefore, when chiral symmetry is restored,
ns and no get degenerate in chiral limit

, ‘Cohen, PRD54, 1867 (1996) '
dynamical study was performed by Cohen and Lee-Hatsuda |ice, Hatsuda, PRD54, 1871 (1996)
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’ . DJ, Nagahiro, Hirenzaki,
11’ meson In nuclear matter \ (12) 032201 (R) |
the mass gap of n* and n is generated by chiral symmetry breaking

the N’ mass get reduced when chiral symmetry is being restored in nuclear medium

simple order estimation

assumptions

N’-N mass difference (400 MeV) be dependent on quark condensate linearly

partial restoration of ChS take place with 30% at po
we expect strong n’ mass reduction Amy ~ 120 MeV @ p = po
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’ . DJ, Nagahiro, Hirenzaki,
11’ meson In nuclear matter \ (12) 032201 (R) |
the mass gap of n* and n is generated by chiral symmetry breaking

the N’ mass get reduced when chiral symmetry is being restored in nuclear medium

simple order estimation

assumptions

N’-N mass difference (400 MeV) be dependent on quark condensate linearly

partial restoration of ChS take place with 30% at po
we expect strong n’ mass reduction Amy ~ 120 MeV @ p = po

1000 NJL model
chiral effective theories tell similar results. . (@)
linear sigma model |Sakai, DJ, PRC88 (13) 064906 ' 800} {

=
()

) ~ —_— 2 -
Ampy ~ 80 MeV @ p = po = 0| N s
A(mn’-mr])"“ 130 MeV@p= Po E ______

S 400 ¢ 4
n o7
P. Costa, M. C. Ruivo, and Y. L. Kalinovsky, PLB560, 171 (03). Q o
NJL model Nagahiro, Takizawa, Hirenzaki, PRC74,045203 (2006) = 200t TT —_’_,/’
Amp ~ 150 MeV @ p = po 0 |
0 1 2 (
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Hadrons in nuclei

* mass reduction in infinite matter implies
attractive scalar potential for finite systems

* mass modification is described as in-medium self-energy
2 2 2

mass reduction — attractive interaction
mass enhancement — repulsive interaction position-dependent

. i . . ) self-energy — potential
* for finite system, with local density approximation

¥i(p) = X(p(r))

* interaction with medium corresponds to a potential in finite system

* mass modification provides a (Lorentz) scalar potential

* for n’, we expect about 100 MeV mass reduction in nuclear matter.
this corresponds to a 100 MeV attractive scalar potential.

* with this attractive potential, one expects some 1’ bound states in nucleus.
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. DJ, Nagahiro, Hirenzaki,
Possible bound state spectra s |

mass reduction in nuclear matter provides a scalar potential in finite nucleus

a simple N’ optical potential 0 o B
(Woods-Saxon type) " [I D [] [
. i > 0 F |
proportional to nuclear density : I:I I:I I I _
() 3
Vn/ (”]“) — VOIO— L%) -90 S p I:I I S_ ; -
Lo 2
5 -120 s pd X
k=
Am = 150 MeV 2 s b HC I _
[/2 =20 MeV s pd
Vo [MeV] | (-100,-20)  (-150,-20)  (-200.-20)  (-100,-50)

Re: theoretical expectation

Im: phenomenological observation

currently, no distinct structure was observed in formation experiment at GSI

Tanaka et al. (N-PRiME/Super-FRS Collaboration),
PRLI 17 (16) 202501; PRC97 (18) 015202

nuclear structure can be changed by strong attraction of n’-A interaction
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Relativistic mean field theory <o |
relativistic mean field theory (RMF), 0-w model, or Walecka model

e reproduces saturation properties of nuclear matter within the model

* using nucleus model reproducing normal nuclei, we investigate N’ mesonic nuclei

* N’ meson is treated as a matter field like nucleon and interacts with mean fields

* N’ interacts with nucleons through the G field

* 1’0 coupling is adjusted to have 80 MeV mass reduction of )’ meson at

saturation density

25
20 [|No:
15 e

B/A [MeV]
S &M o o o

0 005 01 015 02 025 03 035 04

-3
p [fm~] |Glendenning, Compact Star, (Springer) '
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Relativistic mean field theory

N’ bound states in 10

Energy spectrum of ’ nucleus [MeV]

-80

-100

-11 [No.7] -10 [No.7]
2s == -12 [No0.5] 1d = -12 [No0.5]
L= 13[No.2) -13[No.2]
-36 [N0.7]
S — ip——=-39[Nob5 |
-41 [No.2]
—— -68 [No0.7]
1s —— -74 [No.5]
— -85 [No.2] No.? ——
No.5 ——
No.7 ——

- four bound states

DJ, Masutani, Hirenzaki,
arXiv:1808.10140 [nucl-th]

nuclear EoS

no.2: soft
no.5: medium
no.7: hard

- binding energies depend slightly on parameters of nuclear matter

D. Jido
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Relativistic mean field theory [ |

nuclear density distribution for each n’ bound state

. density distribution for 1s bound state is quite different from one without n -

0 | No.2 0.3 No.2
0. 0.
0.25¢ No.5w/on’ —— - 0.25| No.5wlon ——- N
op'_' crl)'_'
£ o2f E ool
= =
2015l 1(1c) i 16 2 015F \(11) i 16
s0 n’'(1s)in "0 g0 n’'(1p)in "0
S 5
5 01 2 0.1
= O
g =
0.05} 0.05 |
O 1 2 3 4 5 6 0 =
r [fm]
(a) 1s
0-3 NOé 0.3 NOé
0. 0.
'_‘0-25 I No.5w/on’ —— -] '_0-25 i No.5w/on’ —— -]
b 09
£ o> £ o2}
= 2
% 0.15 % 0.15
e o
S 5
5 01 2 0.1
< @)
g 2
0.05} 0.05 |
0 0

- it could be hard to produce such state by nuclear reaction

D. Jido
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1] ’-N 1nteraCthn ‘i?rkéfi;zgjl’;%%g(():3()|(7)§.4906;'

linear sigma model picture
nucleon mass is generated also by spontaneous breaking of ChS

myN = g<00> — presence of strong coupling NN

this is the origin of the strong scalar attraction in NN interaction

in the same way
chiral symmetry breaking generates a part of eta’ meson with help of anomaly

m?270 — m7278 = 6B8(0p) — presence of strong coupling an'n’

B term : anomaly effect

we expect strong attraction in 1)’-N in scalar-isoscalar exchange

this is the origin of the mass reduction in nuclear matter

remark

some repulsion could be present in vector potential like W exchange in nuclear force
Weinberg-Tomozawa type interaction vanishes for neutral mesons D), Masutani, Hirenzaki
induced by vector meson exchange ar>’<iv:|303, |’o|4o [nucl’-th]
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Role of anomaly term
for ChS breaking

Kono (Tokyo Metropolitan University)
Jido (Tokyo Institute of Technology)
Kuroda, Harada (Nagoya University)



Role of anomaly term for ChS breaking

we believe that anomaly term plays minor role for ChS breaking  [kono, DJ, Kuroda, Harada,
o . . . t
chiral symmetry is broken without anomaly term L‘” preparation |

SU(3) linear 0 model

2 /
c :%Tr[E)MM@“MT] — %Tr[MMT] - %Tr[(MMT)Q] - AZ (Te[M M)

— ATr[\M" 4 x"M] + V/3B(det M + det M)

explicit ChS breaking anomaly term
flavor symmetry breaking breaks Ua(l) symmetry

* U2 < 0 2 spontaneous breaking

SUG) NJL model )

) DY V. \
L=qP —m)g+gs [(T5q) + @554

B - >

4 %d {det[g(1 + ~v5)q] + det[G(1 — v5)q]}

* gs > @scit — Spontaneous breaking

with anomaly term, ChS can be broken even if above conditions is not satisfied
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NJL phase diagram  chiral limit §°§2p2’r’a§‘;2°da’H*‘”da’|

dynamical breaking takes place in the purple region

2
M > A
usual
1.5 dynamical
breaking
...... e 1
I GS
32
— -4 0,5 GS — (s (2—712)
2
32
| 1 | | 0 Gp = gdA (2—7T2>
-2 =] -1 -0.5 Gp 0 0.5 1
attractive repulsive

- dynamical breaking takes place even below the critical value of Gs
. in such a case, n’ mass is larger than sigma mass (2M in chiral limit)
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NJL phase diagram chiral limit §°;gpf;{’a§g;°daﬂarada,|

dynamical breaking takes place in the purple region

2
M > A
o ; usual
dynamical breaking E dynamical breaking dynamical
n’ state no n’ state breaking
P 1
I GS
3A?
" -4 0.5 Gs = ¢s (2—7T2
2
A 3A?
1 1 1 l 0 Gp = ga D2
-2 -1,5 -1 _ -0,5 Gp 0 0.5_ 1
attractive repulsive

- dynamical breaking takes place even below the critical value of Gs
. in such a case, n’ mass is larger than sigma mass (2M in chiral limit)
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NJL phase diagram chiral limit §°;fépf;{’a§g;°daﬁarada,'

dynamical breaking takes place in the purple region

2
M > A
o : usual
dynamical breaking , E dynamical breaking dynamical
n’ state ’E no n’ state breaking
L : 1
I GS
. 3A?
B below critical value of gs 1 0.9 S = Ys D2
unusual dynamical breaking
n’ resonance state (mn»’ > mo) A2\
1 1 l | l 0 Gp = gah 2772
-2 =19 =1 _ -0,5 Gp 0 0.5_ 1
attractive repulsive

- dynamical breaking takes place even below the critical value of Gs
. in such a case, n’ mass is larger than sigma mass (2M in chiral limit)
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SU(3) linear ¢ model

1 - oA oy N
L :§Tr[8MM(9“M | — ETI[MM | — ZTr[(MM )“] —

— ATr[xM" 4+ x"M] + V/3B(det M + det M)

explicit ChS breaking

anomaly term
flavor symmetry breaking

breaks Ua(l) symmetry
chiral limit

vacuum condition at tree level + mass formula

relation between 0 and n’ masses and 2

2 2 2
6pu” =my —3mg,
usual breaking ILLQ <0 % < Sm
2
unusual breaking ,u2 > () n' = 3m00

we do not know n’~ mass at chiral limit

D. Jido 21

Kono, DJ, Kuroda, Harada,
in preparation

X (elarary

consistent with NJL model

J-PARC Workshop



SU(3) linear ¢ model o D Koo .

off chiral limit

chiral symmetry and SU(3) breaking is introduced by 14 # M

o =
SU(3) breaking parameter €= @ _ = — —0.12

(00)  frn+2fK

vacuum condition at tree level + mass formula

. 1 1 1
mass relation 6 (1 — 56) = m??o (1 — 56~ 6 + ¢® — 8€4> — 3mg0 (1 = 5¢ + 2¢% — €3>

+m? (4—5€+6€2—8€3—|—4€4)—|—m72r (4—|—€—|—6€2—|—4€3—|—4€4)

UE]

6p° = 0.92m; — 3.08m2 +4.42m;_+ 3.96m

My, = 950 MeV
my, = 9598 MeV
m,. = 140 MeV

usual breaking qu < () Mo, > S60 MeV
unusual breaking ,u2 > () Mo, < 860 MeV

unusual spontaneous breaking is possible,
If singlet sigma mass is smaller than 860 MeV.
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diquark models
for heavy baryon

to discuss possibility of existence
and investigate properties of diquark

Ac

Kumakawa, Sakashita (Tokyo Metropolitan University)
Jido (Tokyo Institute of Technology)



diguark-quark model

D. Jido and M. Sakashita,
PTEP 2016 (2016) no.8, 083D02

diquark as a point-like particle

two-body nonrelativistic quantum mechanics

2 2 r2
H=m,+m, + —h—ld—2r+ L"Z + V., (r)
2u r dr 2ur
effective potential between diquark and quark
a9
4 o
Vo, (r) he+kr +V,
3r
potential paramters are determined by spectra ofw
charmonium and bottonium >a:0.4 k:0.9 [GeV/fm]
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without LS, SS interaction to see global structure of spectra

- 1ld — 0728 _ P(3770) ld — 0.725 — Y(ID) _

0.7
| 2g — 0608 — Ww@S) i
_ 0.6 — n’(2S) 2s — 0578 — 131(((223)
> N VAN 02— " (1P)-
5 9 237 S G TR 7y gy ot 1
< = cO% % Xp1(1P)
- lp — 0432 ™ Xa(»n — ho(1P).
o 04 " Findls
§ - XcO(IP)
[ (0.3 -
g
=
8 02 -
2
54 O.1 [ -
ol 1s — o — s 0 — Y(S) |
E— nb(IS)
o1+ — nC(IS) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
Calc. Exp. Calc. Exp.
Charmonium Bottonium
m. = 1.5 GeV mp = 4.0 GeV
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a = 0.4,
k=0.9 [GeV /fm]
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A, (Point like model) D. Jido and M. Sakashita,
PTEP 2016 (2016) no.8, 083D02

0.8 [ B -
07 2s —0.69 1
 ae L QN &/t -
g 06 1d——057 — A(2880) 5/2
2 05 I I —) AR = A (DTAR) 9 - R n
z Ip —0.46 2s —0.48 A (2765) ?
S04 o |
5 lp—033 T AL0ENIE
g o3 Smm———— A (2595) 1/2 I
S02 0 -
a8

0.1 F -

or  Is—O0 Is—0 — A 127 |
k=0.9 [GeV/fm] k=0.5 [GeV/fm] Exp.
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1d—0.758

_ . ld—0688 1
> 2s—0.643
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C Iy —0.561
(]| S— 1d=0526 25 —05%6 |
S gq | pTO0ML x—040 f
. — E(2815)3/2
g 03F [p—0311 15 —0299 T E QM0 12 |
<
To02F 1
84

T 1

0F Is—0  Is—0 Is—0  — g 1

k=0.9 [GeV/fm] k=0.5 [GeV/fm] P=1.0 [fm] Exp.
Point like Sizable

08 F 1

07 | =013 |
% 06l 2s—0625 ld—o618 |
Y 1, __0.524
S 00518 S |
5 o4l lp—=043% 25—0431 |
2 04
§ 03p 030 gy 1
o002 1
Q
X
) -

- +
0f Is—0  Is—0 s —0 —fc% ~~~~~~~~~~~~~~~~~~~

C
0l 5 9 [GeViTm] k=05 [GeV/im] =10 [m] Exp.
Point like Sizable
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Kumakawa, D),

PTEP2017, 123DO01; in preparation

Excitation Energy [GeV]

-0.1

27

03
02
0.1

=075 \
> | 06 1,=0670
0] L) [ B
S 14,—0532
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g 03 Ip=0310- 1p—0295 —5.(2800)7" |
02 1
Q
%
£ :
ol 15— ls—0 ls —0 T,Z,(25,20),3/2 ,,,,,,,,
— 3,(2455) 12*
- 0 9 [GeVIim] k=05 [GeV/im] p=1.0 [fm] Exp.
Point like Sizable
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summary

* partial restoration of chiral symmetry = reduction of magnitude of quark condensate
in-medium modification of pion properties = change of quark condensate

change of quark condensate — possible property changes of other hadrons

* expectations when partial restoration of chiral symmetry takes place in nuclear matter
- reduction of hadron mass
- reduction of mass difference of chiral partners

- wave function renormalization of NG bosons
9

* N’ meson in nuclear matter
- singlet N and octet I belong to the same multiplet in SU(3) chiral group
and get degenerate when chiral symmetry is restored
- a part of N’ meson mass is generated by chiral symmetry breaking as for nucleon
- 100 MeV reduction of eta’ mass is expected in nuclear density
- strong attractive scalar potential in nucleus from isoscalar-scalar 0 exchange

- strong N’ attraction could change the nuclear structure
* anomaly term can induce spontaneous breaking of chiral symmetry

* diquark-quark interaction could be weaker than antiquark-quark interaction
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