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Pion is important in Nuclear Physics !

* Yukawa(1934) predicted pion as a
mediator of nuclear interaction to form
nucleus

« Meyer-Jansen(1949) introduced shell
model—Dbeginning of Nuclear Physics

« Nambu(1960) introduced the chiral
symmetry and its breaking produced
mass and the pion as pseudo-scalar
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Shell model
(Meyer-Jensen)

Phenomenological

Strong spin-orbit
iInteraction added
by hand

Magic number
2,8,20,28,50,82
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The importance of pion is clear in deuteron
S=1and L=0or 2

W = u(r)[Yo(F) @ %1(0162) im +w(r) Y2 (F) @%1(0162)l1m
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Variational calculation of few body system with NN interaction
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Relativistic
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Pion is key



Pion is important in nucleus

 80% of attraction is due to pion
* Tensor interaction is particularly important

0,°q0, q = O, 52q2 S12(q) = V2475[Y2@)[0102]2]0

W |

1 N
§q2S12(Q) +

Pion Tensor  spin-spin
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Halo structure in 1Li n

I\/Iyo Kato TOkI Ikeda PRC(2008) .
Tlage Li
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Wy = u(r)[Yo(F) @x1(0162)]im +w(r)[Ya(F) @ %1(0162) 1m

(051 2)%] 1) ~ o (R)Wi—o(r) [Yo(?) @ 11 (102) 1 | DEULETON Structure in
; | | | shell model is produced
[(0p1/2)7]1m) ~WVr—o(R)Wi—2(r)[Y2(F) @ 1 1(c102)]1m by 2p-2h states
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Expected effects of pairing and tensor correlations in 1'Li
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Pairing-blocking :
K.Kato,T.Yamada,K.lkeda,PTP101('99)119, Masui,S.Aoyama,TM,K.Kato,K.lkeda,NPA673('00)207.
TM,S.Aoyama,K.Kato,K.lkeda,PTP108('02)133, H.Sagawa,B.A.Brown,H.Esbensen,PLB309('93)1.



Tensor optimized shell model

(TOSM)
Myo, Toki, Ikeda, Kato, Sugimoto, PTP 117 (2006)

Op-Oh + 2p-2h

O(*He) = 5 Civi({ba}) = Ci1 (0s)* + Co (0s)2(0p1/2)? +

bos 7 b@ (size parameter)

Energy variation

H=8 6T + 5 v i vy
=2 ti— IG +i<j Viji Vij :VU—I— vU+ i+ Vi
GC
(P[ H|P) oH-Ey  9H-E)
0 (D[] =0 = 9b, =0, 9C; = 0.



"Li G.S. properties (S,,=0.31 MeV)
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/
Pairing interaction couples (0Op)? and (1s)? states.
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Unitary Correlation Operator Method

(UCOM)
v =C-® < SM,HF, FMD
TN .
short-range correlator C' = C~' (Unitary trans.)
HY = EW C"HCD = ED

Bare Hamiltonian Shift operator depending on the relative distance r

C = eXp(—iz g,] )9 g/= %{prS(l") + S(r)pl”}

i<j

ﬁ=l_§r+l_59

= o' : Hermitian eenerator
g g g R’(I") — S(R (7/'))
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TOSM+UCOM with AV8’

W=Cyl0)+ Y C,[2p2h: )
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(Myo Toki |keda)

Few body
Calculation
(Kamda et al)
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Tensor-optimized few-body model for s-shell nuclei

K. Horii,"»* H. Toki,’»T T. Myo,>* and K. Ikeda® }

Y, 2
(D|S,,]S) =0
Nucleus Energy Kinetic Central Tensor LS
deuteron -2.23 19.95 -4.49 -16.64 -1.03
“H(TOFM) -7.54  46.67 -21.98 -30.47 -1.95
SVM]|T7] -7.76 4757 -2249  -30.84 -2.00

THe(TOFM) -24.05 0537 5458 -60.79 -4.05
TOSM[4]  -22.30 9050 -55.71 -54.55 -2.53
SVM[1]  -25.92 102.35 -55.23 -68.32 -4.71
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TOSM should be used for nuclear many body
problem
2p-2h excitation is essential for treatment of pion

The spin flipped states are already
l/k occupied by other nucleons.

/ Pauli forbidden
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Extended Brueckner-Hartree-Fock theory with pionic
correlation in finite nuclei

Yoko Ogawa *, Hiroshi Toki Annals of Physics (2011)

(01120 = 0, 5, = |25 [¥2(6) x [0 x 2],]

HF state cannot handle the tensor interaction

¥) =Col0) +Zcm|2p— 2h; o, )

X

< CC+ oqT Cop =1
S(HY) 0+ 2 Gul

(VW)
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Total energy

= (Y|H|¥) = C,Co(0|H|0) +C; Zcm (O|H|2p — 2h; B, v) + Co Y C;,(2p — 2h; ot p|H|0)

o

apl

+3° G, Cpv(2p — 2h; 00, uH[2p — 2h; B, ).

apLfiv

(2p — 2h; ot p|H[2p — 2h; B, v) = (O|H|0)d,y + (2p — 2h; 00, u|H|2p — 2h; B, V)

— (0|H|0) + Zc,h O|H|2p — 2h; B, V) )+Co» C,.(2p—2h; . J|H|0)

A

+3 G, Cov(2p — 2h; o, wH[2p — 2h3 B, V).

apfiv

Energy variation

0 ~
Y|H — E|¥) =
o (VIR —EI7)

Co(2p — 2h; o, p|H|0) + > Cpu(2p — 2h; 0, pu|H|2p — 2h; B,v) = ECay
pv
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Variation with HF state
0
WB(X){ V|H| Z?b VU Vp) }

0 d
a0 (OHI0) + Co D Con gy

0,
+ 3 Gl e (2 — 2hic pHI2p — 2k 5,v) = ey (¥)

apfiv

(Op — Oh|H|2p — 2h; or, )

Ty, (X) + Z /dx Vg (X)V(X,X) [y @ ¥g) (X, X) COZC#‘N]T ([d]r|VI[ac)r) »(X)

A

+3° G CovEapan(opt, BV : X) = epp(X).

aufv

9
Ny (X)

<2p — 2h; o, p{H|2p — 2h: .,V ) = Eapon(etpt, pv : X)

We can solve finite nuclei by solving the above equation.
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EBHF equation

~ -1 ~
Cr=Y [E — (2p — 2h; o, p|H|2p — 2h; B, v)] x (2p — 2h; o, 1| V]0)Co
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_ (o, 1|V]0)C
2 cxulew HERIGo
] ﬁ(O\ﬂam 1 ~
T 3. ' ! 2 " ~ VO
wb('x) + gfd X Wd('x )V(x’-x )I:wbl:Ud]A + ‘CO‘ a;\/ &wb(x) E - <ﬁV‘H‘O€M></3V‘ ‘ >
1 o' u V') 1

G S (0lV]ow)
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J
p oV .10 .. :
&wb(x)< Vg l0) Similar to BHF equation
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Feshbach projection method

H(P+Q)¥ =E(P+ Q)¥.
{PHP‘I’ +PHQY = EPY 1

QHPY + QHQ Y — EQ . Q¥ =F—0ono

PHPY + PHQ 1 QHPY =EPY.

E—- QHQ

1
Ve = PVP + PVQ p—ors

= 0)(0| 0= E\zpzh:a><2p2h:a\

QVP.

\C\V+\C\20|Vla
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Comparison to BHF theory

G=V—VQG=V—VQV+V—V—V—... _________________

(4 € (4 €

Vo =l e S 0Va) s VO

E-(p \Hl

=[c.[ |V -3 oV]e)

*There appears |Cy|?. 2 2
*|C,|? is not normalized to 1. c,[ +Ylc.[ =1
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Relativistic Chiral Mean Field Model for Finite Nuclei

Yoko Ocawa' and Hiroshi Tok* | Nycl. Phys (201 1)

L=L,, +L,, :
ow T Lo Direct terms only
La,w — J‘(z’}pd‘ - M — 9,0 — gu.’\.'p“’#)w
+ 18 oMo — l'm 262 — \f.0° — A04
2" 2 7 " 4
1 |
— Zw,ww“ + §mw2w,‘w“
- 1_
+ o frow,w* + 3 02w, W,
L, =— A VY7, O T + 18 TeH Tt — lm.,,27r"2.
2f, 7 2" 2
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Energy (MeV)

Relativistic chiral mean field model

Pion contribution Individual contribution

0 T
. 0.0 1 T T T T | T T | s ™
o . . 16 _
\ L Pion energy (2p-2h) per particle (6}
2 h 12 - |
. B C )
| m =700 MeV -
\ 12 16 o
. RN £,=8537("C), g,=85%( 0) 0.51 g
LN AN o -LoF /" Pion energy (2p-2h) per particle
AN O & n o from each pionic quantum number J*
=}
8 ( : B = m,= 700 MeV
. i s \ / g, = 8.537 (C), g, = 8.594(°0)
10F . . ' o
| = C
-12 , : . \ ] L 1 I 1 | 1 | | 1 1
+ - + - G 2.0 :
0 ! 2 3 4 5 6 7 8 ? 10 1 0 * 2 3+ 4 5t 6 7+ 8" 9t 100 11t

Pionic quantum number 7 .. n
Pionic quantum number J

_{} p., The difference between 'C and "°O is 1.5 MeV/N.

U . The difference comes from low pion spin states (J<3).
** This is the Pauli blocking effect.

Pion energy Pion tensor provides large attraction for 12C




Renaissance in Nuclear Physics
by pion

We have a EBHF theory with pion
Unification of hadron and nuclear physics
Pion Is the main player—FPion renaissance

High momentum components are produced by
pion (Tensor interaction) —Nuclear structure
renaissance

Nuclear Physics is truly interesting!!
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Relativistic Brueckner-Hartree-Fock theory
Brockmann-Machleidt (1990)

G — V + V_ | Nuclear Matter ¢ RBHF

relativistic

e 5 1

T S 2]

_____________________ << 15 +

7 '

20 \~k “, ]

Non-RBHE~ _ relativity

U ~ -400MeV A — —
U,~ 350MeV eor ot

sp L OLIT] )
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Important experimental data
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Deeply bound pionic atom

207T] Excitation Energy (MeV)

Excitation Energy (MeV)

A 145 208pp(d,3He)
400
206Pp(2He,t) A, = -5
A0 [ ek
200 L T ,\ & threshold _ |
'I, & \\‘\ ‘\ 3 :‘
ahoe [ 1ash - (2D)= (3Pyo)
500 IeE— 5
130 \ s (2P)x (3P4 )
- e % n @207pPp 10
) \ 125§ 4
28Pb(p,n) : ¥
GT ;
0 = n~ Binding Energy (MeV)
0. 1
do/dQ
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Prediction
Toki Yamazaki, PL(1988)

Found by (d,°*He) @ GSI

Itahashi, Hayano, Yamazaki..
Z. Phys.(1996), PRL(2004)

Physics : isovector s-wave

b _1_o371 P
b (p) Po

fim, ==2m ()

<?FOP=1—037l1
(Yy) Py




d°c/dQdE [ub/sr/MeV]

30 |
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B MeV] §——

20 k

10

12990 (d°He)

(1s),- “QSn\I

B MeV] bt

l N

1 3601 1 1 1 3651 1 1 1 370
3He Kinetic Energy [MeV]

Suzuki, Hayano, Yamazaki..
PRL(2004)

Optical model analysis
for the deeply bound state.
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Nuclear structure caused by pion

« 2p—-2h excitation is 20%
* High momentum components

 Low momentum
components (Shell model) are
reduced

by 20%

11.7.22 toki@genkenpion



RCNP experiment (high resolution)
S8Ni(p,n) <Lij ‘GT‘ ]Ijl>

Ep=1 60MeV, O-deg., IUCF
Not simple

J.Rapaport et al., Giant GT

Nucl.Phys. A410 (1983) 371.

AE=~400keV

4~ 4
A s 1 - 5
ek ' " . Y. Fujita et al.,
- . . . ! E.Phys.J A13 (2002) 411
700 L Y % i ...... . H._Fuiita_etval'.,_PR
Zeoo [V ‘ snicHoy ¥
g g 1 E,,_=140MeV/u, O-deg
2001 RCNP 5
400 AE=35keV_ ;
300 ¢ _
200 |
100 |
O Ll \ iy hL ......... i

o 2 4 6 8 10 12 14 ,
E, In S8cu [MeV]
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Relative Cross Section

E_a) ' This work
- P N
|
c ‘ o © o)
S | e
(@) | — g
& | |
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0
% * l m 0,/0,
G
o */ ° 0,/ 0
201t . =
E : ‘ L A 04/
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0 100 200 300 400 500 600 700 800
Incident proton energ}/ [
ok

Ex[MeV] S

gs 0.0 1/2-
1 5.2 1/2*, 5/2*
2 6.2 3/2
3 6.8 3/2*, 5/2*
4 7.3 7/2*
5 7.6 1/2*
6 8.3 3/2*
7 8.9 5/2+,1/2*,(1/2)
8 95 (3/2)*,5/2
9 10.5 (9/2%),(3/2°),(3/2)*
10 11.6 5/2
11 1.9 5/2-, 5/2-
12 13.6 5/2*

13.7 3/2

a) J. L. Snelgrove et al., PR187, 1246(1969)
b) J K.P. Lee et al., NPA106, 357(1968)

) G.R. Smith et al., PRC30, 593(1984)



The property of tensor interaction

F(r) = r?-gos(r,bos)-V(r)-dod(r,bod)

Vtensor= VT(r) ’ 812 3
ME(S-D) of Tensor Force (“E)

3
Tensor Force (CE S ' ) i - ;
150 — .( ). n+p (Bonn)
100 /n+p(Bonn) | % 0
< >
g >0 1 = 5
S )
~ -50 a7 10
> AK (G-matrix)
-100 1 2
\_AVE =15
-150 1 1 1 1 1 ~
0 05 1 15 2 25 3 4+ 0 05 1 15 2 25 3

r [fm] r [fm]
Centrifugal potential (800MeV@0.5fm) pushes away the L=2 wave function
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