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Meson mass spectrum and Symmetry Breaking Pattern (PS)
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schematic view of the mass of r, K, n & n’ _
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n property in medium ”

- Phenomenologically poorly understood

v small scattering length ?
IRe a,1y| < 0.8 fin, [pp — ppn'@ COSY, Moscal et al., PLB474(00)416]
lay'y| ~ 0.1fim, [ ..., Moscal et al., PLB482(00)356]
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v" smaller absorption width in medium ?

0.5 F A rl’

CBELSA/TAPS [M.Nanova et al., PLB710(12)600] o} 2 ! prr. 100 008192302

s 1’ for T, > (Ey-mn.)/Z
= 1 for T, > (EY-mn)/Z w |
e ofor T, > (E,{-mm)/Z
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[estimated transparency ratio yA — n'X] 0
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v" mass reduction in finite T/p? A
{gqg) — O  [NJLmodel w/ KMT interaction]

[experimentally observed enhanced production of soft pions
Interpreted as mass reduction of 7" in the hot medium [Csorgo et al., PRL105(10)182301]]



In-medium width of #’?

_ mesic atom (=, K, ...) mesic nuclei (w, n, ...)

attraction : Re(V) coulomb strong int.
absorption : Im(V) strong int. strong int.
overlap — small overlap — large
sharp peak broad peak or bump

- I' large absorption width is a fate of mesic-nuclei ?

special property of n’ ?

experimental information [CBELSA/TAPS [M.Nanova et al., PLB710(12)600]]

Iy (0o {|By? 1) ~ 1GeV/c) ~ 15 — 25 MeV@p,



Theoretical Model for eta(958)-N  Oset-Ramos, PLB704(11)334

P. P
pseudoscalar-baryon (PB) : Weinberg-Tomozawa interaction SN

nN,gN,KA, KX +n'N by the n -1 mixing
theirresult: |a,y| =001 fm & |a,y|~0.1 — 0.8 fm [PLB’00]

vector-baryon channels : through PB-VB interaction

V V P-~._ / V P~ V
Y P, VW/

B B B B B B

their result : |a,,fN| = 0.03 fm

coupling of the singlet component of pseudoscalar to baryons
” _ _

B B Borasoy , PRD61(00)014011
o ... free parameter Kawarabayashi-Ohta, PTP66(81)1789

their result : |a,7r x| = 0.1 fin can be reproduced



ﬂam&nab% timation for 1Z°P¢

Optical potential Vn, [H.Nagahiro, S. Hirenzaki, E. Oset, A. Ramos, PLB709(12)87]

1st na — '
Van = Vn’ !

-7 !
n' L
We consider only the attractive case & energy-independent potential.

Re V!}r and Im V._,;rwith various & values

in unit of MeV
@  layylfm v E(p) Vi (po) Vi (po)
—0.193 0.1 —8.6 — 1.7i —0.1 - 0.1i —8.7 — 1.8i
—0.834 0.3 —26.3 —2.1i —0.6 — 0.9i —26.8 — 3.0i
—-1.79 0.5 —43.8 — 3.0i —1.3 - 2.5i —44.1—5.5i
—9.67 1.0 —87.7 — 6.9i —41-104i —-91.8-17.2i

ReV >ImV
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The reason why Re V' >> Im V in the chiral unitary calculation

Kawarabayashi-Ohta, PTP66(81)1789
Borasoy , PRD61(00)014011 WT interaction for 77’

B Cys = B N4 B
o
/ — gives attraction — width [small]

This interaction ...

v" resembles that of the anomaly effect discussed by D. Jido PRC85(12)

v" seems to dominate the n’'N interaction

v" contributes mostly to the ' elastic channel & barely to the inelastic channel

ongoing work [A. Hinata, H. Nagahiro et al.]

v energy-dependent singlet-baryon interaction, which is important when
we discuss over a wide energy range (deep bound state < a,ry at threshold )

v' possible a value evaluated from, ex.) TN — n'N cross section




Formation by (p,d) reaction

o neutron -hole
MIiSSing mass spectroscopy

K. Itahashi, H. Fujioka et al., PTP128(12)601 -

p d
proton kinetic energy T), = 2.5 GeV
- 12 16 40

target : '%C, (. O, “°Ca) target

forward reaction : 6, = 0 deg. n' meson
momentum transfer elementary cross section pn — n'd | No information
1 J Klaja et al., PRC81(10)035209 (COSY)
>
S 0.8 I T pp-ppn’
(on o
st -
% : assumptions
£ 04 :
-g igpp:—»ppwf do_ lab
2 04 | = i | (d_ﬂ) =30 ub/sr
S n(547) < L7 ' 7 R S pn-n'd

0 051 _ 1-? 2 253 354 Q [MeV] K.Nakayama in private comm
proton kinetic energy Tp [GeV] ltahashi et al., PTP128(1§)601
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light nucleus <

less (shallow) ' bound states
less hole-states
v" simpler structure

> heavy nucleus

many (deeper) ' bound states
many hole-states
v complex structure

1’ bound states : (Vo,Wy) = —(100,10) MeV case
1 150
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Op30 - -
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observed spectrum
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12 MIC n!s strong attraction-(/, ) ==(100,10) MeV

light nucleus <

> heavy nucleus

less (shallow) ' bound states many (deeper) n’ bound states

less hole-states
v" simpler structure

many hole-states
v complex structure

(Vo, Wo) = —(100,10) MeV

[nb/sr/MeV]
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12%.}11(; 7 . shallow.er_case_(yﬂéacsﬂfsé MeV

[nb/sr/MeV]

light nucleus < > heavy nucleus
less (shallow) ' bound states many (deeper) n’ bound states
less hole-states many hole-states
v" simpler structure v complex structure
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Shallower case : (Vy, Wp) = —(50,5) MeV
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decomposition into different final states

0 [nb/sr/MeV]

20}

10}

three final states based on the chiral unitary model

(a) n’ escape (b)n'N - MB (c)n'NN - NN

®

® @

130 0.5 fm

|ayn| = 03fm

— n' escape
r N

-50 0 50 —90 50

Eex — Eq [MeV] Eex — Eq [MeV] Eex — Eo [MeV] 12



Experimental plan at GSI

Simulation of spectra

- n' x C formation and
background processes

counts/2MeV

- 4.5 days DAQ assumed

counts/2MeV

counts/2MeV

1st Step : Inclusive measurement of (p,d) reaction with FRS at GSI
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/.n" production!
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backg rou
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H.Nagahiro, S.Hirenzaki,

_Numenicaj_R.esujisﬂ 12 EpaﬂB_ﬁhys‘Bs,v.Lett.% (2005)232503

16 ;
(051/2):@3:1' -
141 | Vo = e ens 1 [ | Vo=-100 MeV
: 1/27p n
%‘ 12 WO = -5 MeV (051/2);)1®d,,' e L | Wo = -5 MeV
% 10 L (Opgp) oSy
g 8l (Opsxz);@p” —
S 0Py, @ —
0t
o8
oW 4|
2t
0 | N _N >: —= == ) Y =
-150 -100 -50 0 50 100 -150 -100 -50 0 50 100
Eex-E0 [MeV] Eex-E0 [MeV]
16 i
141 [ Vo=0 1 I |Vo=-100 MeV
s 12f | Wo =-20 MeV 1t | Wo=-20 MeV
o i
= 10
7
IS
=
o[
oW
o

— o5 --

-150 -100 -50 0 50 100 -150 -100 -50 0 50 100
Eex-E0 [MeV] Eex-E0 [MeV]




n’-mesic nuclei formation spectra : '°C target : (n*,p)reaction@JPARC

*p,= 1.8 GeV/c o\ Lab:
(Z—Q) = 100ub/st  cgse

By H. Nagahiro
PTP Suppl. 186(2010)316.

* proton angle = 0 deg.

. with no mass reduction with 150 MeV reduction @ p,
| V= —(0, 20i) MeV V, = =(150, 20i) MeV
2.0t
>
Q
= 1.5
~
=
e
=, 1.0
ol
0.5}
Oy == ==

-150 -100 -50



Summary for 1'(958)-meson-nucleus bound system

Partial restoration of Chiral sym and U,(1) anomaly effect
in the viewpoint of mesic-nuclei

(possible) large mass reduction without large absorption

ReV >»> ImV

special feature of ' v attraction from contact interaction
v smaller inelastic channel

possibilities to observe bound state peaks

= Experiment

*Scattering length vs. attractive potential
=> A. Hinata, H. Nagahiro
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n-mesic nuclei: Introduction

I e
works for 1 mesic nuclei & n-nucleus systems

(» (m*,p) * Liu, Haider, PRC34(1986)1845 [theo] A
* Chiang, Oset, and Liu, PRC44(1988)738 [theo]
* Chrien et al., PRL60(1988)2595 [exp] <«
* Kohno, Tanabe, PLB231(1989)219; NPA519(1990)755 [theo]
* Nagahiro, Jido, Hirenzaki, PRC80(2009)025205 [theo]

\_ * K.Itanashi, H.Fujioka, S.Hirenzaki, D.Jido, H.Nagahiro, [Lol for J-PARC})

» (d,°He) * Hayano, Hirenzaki, Gillizer, EPJ.A6(1999)99 [theo]
* D. Jido, H.Nagahiro, S. Hirenzaki, PRC66(2002)045202 [theo]
* Exp. at GSI (Yamazaki, Hayano group) 2005-[exp]

» . n-3He system : PRL92(04)252001: TAPS@MAMI [exp]
< - “Comment” by Hanhart, PRL94(05)049101.

» (y,p) ¥ H.Nagahiro, D.Jido, S.Hirenzaki, NPA761(2005)92 [theo]
» (y,m) @ Tohoku, CBELSA/TAPS, etc.. : strong FSI, (no) N* width broadening, etc.. [exp]

today’s talk
» Formation of n-mesic nuclei by (xt, N) reaction

nt and K beams are available at J-PARC
with the chiral doublet model & chiral unitary model

» appropriate kinematics

» comparison with the (t*,p) experiment at 1988 17



Chiral models for N*(1535) in medium

/
Chiral doublet model

DeTar, Kunihiro PRD39(89)2805 »
Jido, Nemoto, Oka, Hosaka NPA671(00)471 e N*
. . Jido, Oka, Hosaka PTP106(01)873 S 7

Extended SU(2) linear sigma model Kim, Jido. Oka NPAB40(98)77 y

for N and N* 7

s -
. V2 ///
Lagrangian g =27~
\T ¥, —1 - o S
L= E [Nji N; — gjNj(o + (=) ivsT - ) Ny

m}c\]’,N* - =

5 [\/(91 + g2)%(0)% + 4m3 F (g2 — 91)(0>]

Medium effect

(a):(l—C

mass difference of N* and nucleon

* * P
\ miv(p) —miy-(p) = (1= C L) (my —mi.)

C ~ 0.2 : strength of chiral restoration at the saturation density p,

p

Po

mass gap reduction in the nuclear medium

j=1,2 _ _
—mo{N1v5 Ny — Nays Ny)
N* : chiral partner of N
N & N* masses @ ~ elementary particle
1

) ()0

v/




Chiral models for N*(1535) in medium

f Kaiser, Sie i \
. . , Siegel, Weise PLB362(95)23
Chiral Unitary model Waas, Weise NPA625(97)287
. ) Garcia-Recio, Nieves, Inoue, Oset PLB550(02)47
coupled channel Bethe-Salpater eq. in-medium
Inoue, Oset NPA710(02)354
(7N, nN, KY, 77N} )
N s N s N e st Yo ES

N s N s N N2

N*(1535) ... dynamically generated . ;
in the meson-baryon scattering 2 quasi-bound state of K>

#.. “‘

medium effect

In-medium correction (hadron dressing, Pauli blocking) for intermediate hadron

* \\ O\ N/ N 7
N ~ / / /
Ny Y 9%

no Pauli blocking for £ in nuclear medium

no mass shift is expected in the nuclear medium




n-nucleus interaction : potential descriptions

optical potential
2
I, 9y

p(r)

2u 2

w — (my=(p) —mn

72 + (crossed term)

() ¥ iT'n-(s5p)

potential nature at 1 threshold
my, — (my+ —mpy) <0

attractive

l medium effect

my — (mn+(p) —mn(p)) >0

repulsive
energy o
A
mN*'mN
m, F==-==-"=o-- h T
*\/77
P/Pg

Re [V, [MeV]

N* - hole

pulsive core Chiral doublet model

attractive pocket

Chiral Unitary model
(Inoue, Oset, NPA710(02)354)

t-p approximation (CDM : C=0.0)

0 1 2 3 4 S) 6

r [fm]

n self-energy _
s

n
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Bound states

Klein-Gordon equation

[~V +m? +1(p(r),w)]d = w’e

bound states

Chiral doublet model (C=0.2)

(B.E., T') [MeV]

1s (91.3, 26.3)

A= 5s (75.1, 33.0)

Chiral unitary model

1p (79.3,31.1)

(B.E., T') [MeV]

A=12 1s (9.71, 35.0)

1p -

deep bound state

A=40 1s (17.88, 34.38)

1p (7.04, 38.6)

shallow bound state

C.Garcia-Recio, T. Inoue, J. Nieves, E. Oset, PLB550(02)47, Table 1




(x*,p) spectra : 12C target : Green function method

T, =820 MeV (p, =950 MeV/c) : 6 = 0 deg. (Lab) Lec0less atn threshold

d?o
b/srMeV
TTaq Hb/stMeV]
Chiral doublet model [C=0.0] Chiral doublet model [C=0.2] Chiral unitary model
(t-p approx.)
20 T 3 T
quasi-free n
157
<
Os:(B.E..I)=
10 (9.7,35.0) [MeV]*]
-1 “12C
(051/2) n @Sy shallow b.s. Garcia-Recio et al.,
PLB550(02)47
5r1 i
0 = = ’ E ——————— mm ] ———— "—'-—’T = ey — — — K - = e
-100 -50 0 50 100 150 -100 -50 0 50 100 150 -100 -50 0 50 100 150

Eex — Eq [MeV] Eex — Eo [MeV] Eex — Eo [MeV]

Os : (B.E., ') = (91.3, 26.3) [MeV]
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m the past experiment of (x*,p) [1988, Chrien et al.]
» the meaning of “negative result”
» comparison of our results with the experimental data
» appropriate experimental condition




(m*,p) spectra : Brookhaven in 1988 momentum transfer

5001}
e
m Chrien et al.,, PRL60(1988)2595 |
>
» p, =800 MeV/c = 300
» proton angle : 15 deq. (Lab.) 200f
» search for predicted narrow bound state (ex. I ~ 10 Mg
- negative results (bound state was not observed) 0 | | | |
0.4 0.6 0.8 1 1.2 14
p,, [GeV/c]
Chrien at al., PRL60(88)2595, Fig.1
1sor N Liu, Haider, PRC34(86)1845, Fig.7
e sSo—T—T"T1T"TT7T" T T T T T T T T T 7]
N pie® = 740 MeV/c .
Iob_ ° -

8, =15 _ )
’ (1p)n1 ®S77_

b.s. + quasi-free

o)
o
I

(&4
o
—

0% /4QdE (8,715°) wb/sr -MeV
w -
Q
J
I

d20/ (2mwdcos 6, dT,) (pb/sr MeV)

260+ 1 > L N
220 \‘N\ 7 i i .
rL—— -+ + + e — - - - - \ 1
R L \ 4
340f \ . AI M U R R R N U N NN\ N S S S SR |
300 B SO E o) 100 200 300
" e lab
ZGOF 7 ‘ R Tpo (MeV)
520 240 260 280 300 (B.E, I'/2) = (2.65, 4.77) [MeV]
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+ . 2 : ‘ ‘
(mt*,p) spectra : past experiment in 1988 | momentum transfer
500}
I ‘
400}
Problems are : =
| quasi-free contribution [Aiso commented in Kohno et al, NPA519(90)755] é 300
» virtual n absorption (due to Imaginary potential) 200|
- The peak structure is hidden in quasi-free contribution 100l
= Difference of nucleon separation energy in O . - vaeg T
0.4 0.6 0.8 1 1.2 14
» 1p1/2 €<= 1p3/2 €> 1s1/2 o, [GeVic]
~ 6 MeV ~ 23 MeV
Green'’s function method (Vy,W,) = -(34,15) [MeV] Liu, Haider, PRC34(86)1845, Fig.7
150 T T TTT T
50 T T T T T T T — 1 V i 1 | 1 |
; : > % - 4
bound region = l pl® = 740 Mev/c -
40| & 8" 15° )
0 P 1p —1 ® g,
% 20 ( )n .
% 30t :n. : :
~ ©
S s [ -
20 S - 7
Nb == O 50 —
SIS ': i 4
® S'r] N B
10} - - ey
5 [ :
) e \_ .
0 == © 0oy Ny ]
100 80 60 40 2 -60 ° 100 200 300

lab
E. —E, [MeV] T, (MeV)

(B.E, T/2) = (2.65,4.77) [MeV] .



n,

(*,p) spectra : experiment at Brookhaven | momentum transfer

400
= Chrien et al., PRL60(1988)2595 -
» p,=800MeV/c : proton angle : 15 deg. (Lab.) = 300
» search for predicted narrow bound state 200
by Liu, Haider, PRC34(86)1845 100
- negative results (bound state peak was not observed) ’
° 6.4 6.6 0.8 1 1.‘2 114
p,, [GeVI/c]
QBhikensatzal. FFRIBE(E83)Z595 Fiigl 1
f -7 T T T 1 80 T ! T j j ! ) )
150 et - . ) )
rF \ . Li ) 0 deg. chiral doublet 0 deg. chiral umtary:

0% /4QdE (8, 715°) wb/sr-MeV

— L T
220 240 260 280
E (Mev) Eox — Eo [MeV]




(*,p) spectra : experiment at Brookhaven

momentum transfer

e
= Chrien et al., PRL60(1988)2595 o
» p,=800MeV/c : proton angle : 15 deq. (Lab.)

» search for predicted narrow bound state 200}
by Liu, Haider, PRC34(86)1845
- negqative results (bound state peak was not observed)

300}

[MeV/c]

100§

0

0.4 0.6 0.8 1 1.2 1.4

p,, [GeVI/c]
Chrien at al., PRL60(88)2595, Fig.1
Joal 15 deg.
] .
10 30
i _ doublet]
o1l
i
—H0e L
1 — 20
08s < % I
<
o815 % _
- f— ~— 10
T — — R
. _‘OOE L; l_‘G /
008w Nb < U N
- <RS2
-0ss % = B
« wider energy range ' '
- proton angle = 0 degree -50 0 S0 100 150
* S/N ~ 1/10 = need background reduction Eex— Eo [MeV] .




Summary for eta-mesic nuclei

m Formation of n-mesic nuclei
» In-medium properties of N*(1535) resonance

» Chiral doublet model : deep bound state(s)
— pocket-like potential, level crossing of n and N*-hole modes

> Chiral unitary model : shallow bound state(s)
m (7*,p) reaction

» incident pion kinetic energy
» T,.=820 MeV (p,, ~ 950 MeV/c) : recoilless at n threshold

m Reconsideration of the experimental data at 1988 by Chrien at al.

» |Is the 15°proton angle appropriate?
> Not sensitive to the N* properties in-medium
» We should discuss the whole shape itself in the case that the imaginary part

might be large
» the proton angle ~ 0 deg.

m possible at J-PARC ?
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