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Introduction

u, d, s quark physics charm quark physics

Chiral SU(3) symmetry Heavy quark (HQ) symmetry

d . heavy quark spin is conserved
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Introduction

u, d, s quark physics charm quark physics

Chiral SU(3) symmetry Heavy quark (HQ) symmetry

U-—S f How does HQ spin symmetry | ..
d | affect charm hadron |
interactions ?

OBEP model based on
the heavy quark effective theory

Y. R. Liu, M. Oka, Phys. Rev. D85,014015 (2012).

The possibility of bound AcN
was claimed
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Introduction

@® How does HQ spin symmetry affect charm hadron interactions ?

- We would like to investigate the difference of u,d,s quark physics and ¢ quark physics
- Because of the different symmetry, it is difficult to construct the EFT includes two sectors

Chiral
effective theory
(Mg expansion)

O

— Heavy quark
. effective theory

/ | charm quark : _
bhysics : (1/maq expansion)

» 00

quark mass

@ Dbar-N system : Y. Ikeda (previous talk)
® N\c-N system:T.M



Outline

(2) HAL QCD method

(3) Simulation setup

(4) Numerical results of AcN and AN interactions
(b) Folding potential analysis for Ac-nucleli

(6) Summary and conclusion
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD method S. Aoki et al, [HAL QCD Collaboration], PTEP., 01A105 (2012).

® Nambu-Bethe-Salpeter (NBS) wave functions
¢<W )(ﬂ et = 3 (0|Ac(7 + Z, t)N(Z, t) AN, W)

.

I

W, = \/k,21+m,2\" -+ \/k,21+m§v

At large r outside Interactions
(k2 + V™)) = 0 —

sin (knr — Im/2 + 61(k»))
k,r

p(1) o

Define the energy-independent non-local potentials interacting region
through the Schrodinger-type equation
(non-relativistic approx. is not necessary)

(B — Ho) w1 () = f &' Unon @ FWR () |

- Potentials falthful to phase shift by construction
- All 2PI contributions are included in potentials
- Potentials are energy-independent until a new channel opens
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD method S. Aoki et al, [HAL QCD Collaboration], PTEP., 01A105 (2012).

@® To extract “energy-independent” potentials, N. Ishit et al [HAL QCD Coll.],
we employ time-dependent HAL QCD method PLB712 (2012) 437.
. _ Ganx(#1) (Bo — Ho) to() = [ U7 )n(6)
RACN(T,t) = e S———
e~MActem. (By ~ H) () = [ UG 7" (7
Normalized 4pt-correlation (B — Hp) ¢o(7) = /d3r’U(7=',f")¢2(f' )
function (R-correlator)

All equations are combined into one t-dep. eq.

s, 1+ 6%] 6° . 3 . _ _ma.mN _ my, —my
(—a + [ s | o2 ~ Ho) R n(T)t) = /d FUANTT)RAN ()| =y 0% i T ma
Within the approximation up to O(k?)
@® Non-local potentials —> local potentials
Derivative (velocity) expansion In the low energy state,

y 3. g . LO term of the potentials is significant.
ur,m)=V(, V)& (F—7) LO term

V(7 V) = Vo(7) + Vo () (61 - G2) + Vo (7)S12 + O(V)
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Outline

(3) Simulation setup
(4) Numerical results of AcN and AN interactions
(b) Folding potential analysis for Ac-nucleli

(6) Summary and conclusion
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Lattice QCD setup
Nf=2+1 full QCD configurations generated by PACS-CS Coll

4 PACS-CS Collaboration:
@ & 29 fm S. Aoki, et al., Phys. Rev. D79 (2009) 034503
@ e - lwasaki gauge action
Q& g - O(a) improved Wilson-clover quark action
= -a~0.09fm, L~3fm(323x64)
0.0307 tm mr ~ 700, 570, 410 MeV
For charm quark, we use _ =7°°i= — |
Relativistic Heavy Quark (RHQ) action E 2500 | T | A =
T P m—
to remove the leading O((ma)") discretization error o “2, —
@ 1700 -
For more details, see, E oo |
Q 1400 - E—
- Namekawa, et al., § o | —
Phys. Rev. D84 (2011) 074505 * 000 |

| .
900 .

BG / Q @ KEK 700MeV 570MeV[m:]‘r10MeV Physical
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S-wave Ac-N Mpi ~ 700 MeV

Mpi ~ 410 MeV ——

_ _ Mpi ~ 570 MeV -
effective central potentials

3000 . v v
40 - : . .
2500 | 30 JP_'I +
20 il — )
2000 ¢ 10 orzen] bocizeved
— — o -
< - i
g g 1500 10 ‘
- o 20
- = 1000 .
> > -30
| L -0 —_ 4
500 ‘;15 0 0.5 1 1.5 2 2.5
-500 . : . . -500 ‘ . . .
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
r [fm] r [fm]

A c-N potential = repulsive core + attractive pocket

As mq decreasing,
* repulsive core becomes larger
- attractive pocket shifts outward
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S-wave A(c)-N Mpi ~ 700 MeV
] _ Mpi ~ 570 MeV
effective central potentials

Mpi ~ 410 MeV ——

3000 v v v .
40 — v . .
2500 } 30 } JP_ 'I + )
20 3. i | | )
2000 10 { v v rzepe] | KRR R
— — o S
- S i
= $ 1500 | -10 ‘
- - 20
= T 1000 | .
> S 30
| . 40 . . : A
>00 0 0.5 1 1.5 2 2.5

V(r) [MeV]
V(r) [MeV]
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Comparison of AN potential and AcN potential

(mn =570 MeV)

Lambda N
Lambda ¢ N

% .
:

JP=1+ |

3000 : : -, ', 3000 ,
40
2500t 2500 f - 30 |
20
? 1500 | ? 1500 |
z . z 10 |
L 1000 - = 1000 20
> > 30 .
500 } 500 % .40
A 0
) j
500 : i i i -500
) 0.5 1 1.5 2 2.5 o 0.5

repulsive core of AcN potentials

are smaller than those of AN potentials |
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Comparison of AN potential and AcN potential
(mr =570 MeV) Lambda N

Lambda c N

Phase shifts of A(c)N scattering

20 | ) JP#O+. "o HHHHHH -L;-JP-:'I +

— L.

Phase shift [Deg]
= =
w O u
b ——————
—y
[ S i)
p—t—
Phase shift [Deg]
(=
nw o

-5 } -5
-10 | )
15 . : . : = : : ; :
0 20 40 60 80 100 0 20 40 60 80 100
sqrit(s) - m_N - m_Lambda(_c) [MeV] sqrt(s) - m_N - m_Lambda(_c) [MeV]
Sca“e””f ';"Ilgth: aan = 0.56(30) fm aan = 0.87(45) fm
a= tim " (k) ancn = 0.18(12) fm anen = 0.21(15) fm
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Comparison of AN potential and AcN potential

(mr =570 MeV) Lambda N

Lambda ¢ N

We observed that the scattering lengths of

: R AcN (JP=0+) state and AcN (JP=1+) state -~JP-_'-A'| 4
I Ot rhr are approximately equal i |
7 - Ul iy
";E . %“?ﬁ ”H'H' To investigate the origin of this observation, n . | WH
o [HULHALL L] j we decompose the effective central potentials ] e
; s | Into spin dep. term and spin indep. term L)
e 0 1;0 4.0 éo éo 100 1 ;;o 4;0 éo ;;0 100

sqrt(s) - m_N - m_Lambda(_c) [MeV]

Scattering length:

a=lim
k—0

tan O (k)

anNn = 0.56(30) fm
ancNn = 0.18(12) fm -

sqrt(s) - m_N - m_Lambda(_c) [MeV]

ann = 0.87(45) fm
ancN = 0.21(15) fm
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3000

2500 }
2000 |
1500 |
1000 | °

500 | .

=500

Effective central potential of AcN

VAN (7) = Vo(#) + Vo (7) (1 - 32) + V(@S2 + -+

These three leading terms (in velocity expansion)
can be obtained from NBS wave functions in JP=0+ and 1+

* Each potential can be applied to nuclear calculations

0.5 1 1.5

r [fm]

Mpi ~ 700 MeV
Mpi ~ 570 MeV
Mpi ~ 410 MeV

|

3000 v v v 3000 v
40 40
2500 | 30 1 { 2500 } 30
20 | Va (f) ] 20 VT(ﬂ‘ )
2000 } 10 | | { 2000} 10 |
0 -7.—--—--———-»«4 o
1500 | 10 | | { 1500} 10 i"_ﬂ'l " | -
1000 | ol B 1 1 1000} 20 b ° I
30 | -30
500 ¢ -40 - . - . : 500 ¢ -40 - - 1
0 0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
0 [ Y —
-500 . . =500 - - - .
2.5 0 0.5 1 1.5 2 2.5 0o 0.5 1 1.5 2 2.5
r [fm] r [fm]
We found that both spin-spin force

| and tensor force are weak

S— e e —

e — e e ———— e ———
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Comparison of AN potential and AcN potential

(mzr =570 MeV)
V"c{({)N(’F‘) — VO(”-') + Va(’f-") (51 . 52) + VT(T-')Sl’Q

3000 v v v 3000
2500 ¢ { 2500}
2000 |

1500 ¢

1000 | .

500 | :
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500 ¢

40
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Vo (1)

05§ |

2.5

3000

1 2500 |

1 2000 |

1 1500 |

1 1000 }

500 ¢

=500

40

30 1
- V(7). |
10 1

0 : o
a0 | if ;:7" —
-20 }‘."‘ .
=30 .
-40

0 0.5 1 1.5 2 2.5
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Weak spin-spin force of AcN
—> |t can be explained from
the HQ spin symmetry
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Comparison of AN potential and AcN potential
(mn =570 MeV)

Vle\f(ch)N(”_") — ‘/0(7-") + Va("-') (51 ' 62) + VT('F)Sl'Q s plt R

3000 . - . . 3000
2500 | { 2500}
2000 | | {1 2000}
1500 | { 1500 }
1000 | . { 1000 }
500 | i. 500 }
0 0
-500 . . . -500
0 0.5 1 1.5 2 2.5
A r[fm]A
2*N ememene > C*N
= 2CcN
AcN

| large difference of AcN-2cN threshold

Lambda N
Lambda ¢ N
3000 . . . .
a0 . . a0
30 | V (7'.) 1 2500 30 V (,’-.) 1
|
20 } o 20 T ;
10 | | 2000 10 ;
{ 1500 | o wost ’
-10 ' - L
. &
1 1000 } 20 | ‘
30 ~
500 1 -40 2
0 0.5 1 1.5 2 2.5
i 0
: : : : 200 :
0.5 1 1.5 2 2.5 0 1 1.5 2 2.5
r [fm] r [fm]

Weak tensor force of AcN
—> |t can be explained from

Strangeness Nuclear Physics (SNP) 2017 @ Osaka Electro-communication Univ., 13 March. 2017



3000
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Comparison of AN potential and AcN potential

(mr =570 MeV)
er({cf)N(m = Vo(F) + Vo (7) (G1 - G2) + VT(F)SI’2 + .

3000

-500

Since the s-wave AcN interactions are attraction,
the Ac could be bound into heavy nuclel

{ 2500 |
| { 2000 }
1 1500 }
{ 1000 }

500 ¢

Lambda N
Lambda c N
40 '- v '
30 ¢
ol Vo (7)
10 |
dj i ij é 2.5

r [fm]
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1 2500 |
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1 1500 |

1 1000 }
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=500

40
- Ve ().
|
20 T 1
10 1
0 [ - . >
-10 : - ) E
-20 :"." ;
-30 1
-40
0 0.5 1 1.5 2 2.5
0.5 1.5 2
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A\ c-nuclel
Vaen(r)

(Single-) folding potential

Ve(r) = [ dr'pa@WVan(r =) (" HALGCD potential )
. o ; 2500 EE 5 ‘
density distributions ! el ’\#‘s Vo (7)
for nuclear matter | T P W
r —¢C _1 i 0 7"&__ | ' '
pA (T) — pO 1 + exp a R 0.5 1 1.5 2 2.5

; i . Since the spin dep. force is weak, }
WO-parameter (/d3r pa(r) = A ) I we use only the spin indep. force |
Fermi (FM) form {\ for the folding potentials.

- Parameters for several stable nuclei

Nucleus 12¢ 28g;i O, S8Ni 907r 208 py,

oo fm=3)  0.207 0.175 0.169 0.172  0.165  0.150
¢ (fm) 2.1545  3.15 3.60 4.094 4.90 6.80
o (fm) 0.425 0.475 0523 0.54 0.515 0515

Ref: M. El-Azab Farid a, M.A. Hassanain, Nuclear Physics A 678 (2000) 39-75 21




VF(r) [MeV]

A\ c-nuclel

(Single-) folding potential

Vr(r) = / d3'r",0A(’r')VAc N(r - 7)) i

(HAL QCD potential )

© ® N O 0 A W N R O R

o
—
N
w o
H
w»

6 8 9
r [fm] .

(Ho + ()

-4.5 —
10 o /% 40 80 120 160 200
Number of nucleus

In order to calculate binding energies, we solve the Schrodinger equation
with physical mass of Ac and nucleus. 22



Conclusion

- We investigate AcN interactions by the HAL QCD method

Our results show that AcN interactions are attractive

The feature of AcN potentials is spin-independent
* The spin-spin force and the tensor force are almost negligible

VAN (F) = Vo) + Vo (7) (61 - G2) + Vir(7)+

. " 3000 “ 2000 K

‘ 2 2

‘5\9“\?#../’{ 2500 @\) e~
=i » V) (7) 1so0f > Vr(7)

2000 2 20

10 10

(4 —
1000 10 ,‘
20 ' «20

500 30 — 30
0 0.5 1 1.5 2 a9 o 05 1 1.5 2 2.5

1500

-10

Vir) (MeV]
Vir) [MeV]

3

Vir) [MeVv]
g
)

0 |

(=]

<500 500
o 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 R . 2 25

r (fm) rifm] r[fm]

The analysis of the folding potentials with LQCD potentials shows that
A c could be bound with heavy nuclel.

Prospects:
— We will investigate Ac - light nuclei by using few/many-body calculation (GEM, AMD, ...).
— Physical point calculation is the next step
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Vv(r) [MeV]

Short summary |
_ _ Mpi ~ 410 MeV —
AcN single-channel potential &~ 380 Moy —-

JEP=0* J P_1+
VIO ) = V() - 3V2(7) 2 ><f> V(7 + V2@ + VAP S12
3000 : . . : 3000
40 T ; ' : 40 /7
. | } { | L ! iR
2500 :Z | }i JP=0+ | 2500 :Z | % JP=1+
2000 v+ 10} 2000 }
E 1500 | _12 1500 |
L 1000 |- 20 1000 }
> =30

500 -40 500 o

2 2.5
0
=500 .
2 2.5 0 0.5 1 1.5 2 2.5
r [fm “
3000 \I\l ed . . 2000 \I\l e
ol
2500 30 4 2500 30 0
20 Vo (7-") 20 VT (’F)
2000 e o 2000 10
— p— o -
: 2 1500 N P s T —— 2 1500 \ o~ '
- = 10 3 10
— ' .o ~
. T 1000 20} f T 1000 ~20
.. 5 > a0} | > -30
500 } °:.. 40 500 40 . . 1 500 -40
;{ 0 0.5 1 1.5 2 2.3 0 0.5 1 1.5 2 2.5 o 0.5 1 1.3 2 25
0 -A- 0 o 0
-500 . . . . -500 . . . . -500
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
r [fm] r [fm] r [fm]
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V(r) [MeV]

Comparison of AN potential and AcN potential
(M=»=410MeV)

Lambda N
Lambda ¢ N

3000 : : : : 3000 :
40 i
2500 | 2500 |-
>
1500 }| ? 1500}
2
1000 | = 1000 f . o
>
500 ¢ 500 b+
0 0
_500 . 2 M . -500
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
r [fm] r [fm]

AcN potentials (both J°P=0+ and JP=1+) are weaker than AN potentials
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V(r) [MeV]

V(r) [MeV]

ensl:t=13, ens2:t=12, ens3:t=10

AN spin indep.

AN spin dep.

40 t

20

-20

-40

Mpi = 700 MeV -
Mpi = 570 MeV
Mpi = 400 MeV

’
i
1
A

40 |

20 ¢

-20

-40 |

Mpi = 700 MeV
Mpi = 570 MeV
Mpi = 400 MeV

AN tensor

Mpi = 700 MeV
: Mpi = 570 MeV

Mpi = 410 MeV

1.5 2
r [fm]

A cN spin indep.

250

0.5 1 1.5 2
r [fm]

A cN spin dep.

2.5

1.5 2
r [fm]

A cN tensor

2.5

1j¥ ) Mpi = 700 MeV -
¥ Mpi = 570 MeV
: Mpi = 410 MeV

Mpi = 700 MeV ——
Mpi = 570 MeV
Mpi = 410 MeV

————

-

Mpi = 700 MeV
Mpi = 570 MeV
Mpi = 410 MeV

0.5 1 1.5 2
r [fm]

250 1.5 2
r [fm]

2.5

1.5 2
r [fm]
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V(r) [MeV]

V(r) [MeV]

spin indep. (Mz=700MeV)  spin dep. (mz=700MeV)

40

20 t

«-20

=40 t

spin indep. (Mz=410MeV)

20 ¢

20 }

-40

ensl:t=13, ens2:t=12, ens3:t=10

tensor (m==700MeV)

‘Lambda N ‘Lambda N - ‘Lambda N
Lambda ¢ N Lambda_c N Lambda_c N
F. . . e . i o
4 st o
L ¥
i
0.5 1 1.5 2 250 0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
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spin dep. (Mz=410MeV)
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‘Lambda N
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Hadron to Atomic Nuclei

Hadron force from lattice QCD
N. Ishii, S. Aoki, T. Hatsuda, Phys.Rev.Lett. 99, 022001 (2007)

e

B fl;om‘ La'Etlce QCD

Lattice QCD . '

a 0.4 B “ 4 -‘i
1 ]

Q_‘_. 0.21 - . s | 300'; 42 o}k § . 4 '3
; ' 0.0 1 1 1 1 : A & :

e; b 00 05 10 15 20 200F o : 3
O r [fm] P Ay <50 1 A 1 -:'

6004
500¢ .
400 F .

NN wave function &(r)

Ve(r) [MeV)

100 F a

NBS wave function °l

Octet Baryon Interactions
Decaplet Baryon Interactions
Meson Interactions, Meson-Baryon Interactions
Three-body forces
- Charmed Baryon Interactions <- This work
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD methOd S. Aoki et al, [HAL QCD Collaboration], PTEP., 01A105 (2012).

® Derivative (velocity) expansion: (Non-local potentials —> Local potentials)

U7, 7) = V(7 V) 6 (F— 7
() (7, V) 671 ) LO term
V(7 V) = Vo(7) + Vo () (51 - 72) + Vr(7)S12 + O(V)

Vx () = Vx(®) + V(™) (7L 72)  x_oor,..

In the low energy state, LO term of the potential is significant.

(En — Ho) ¥\ % (7) = Va.n (F) ¥ % ()

(En — Ho) $\"% (7)
Vi (7)

We can construct local potentials by using derivative expansion.

VA.N(T) =
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD methOd S. Aoki et al, [HAL QCD Collaboration], PTEP., 01 A105 (2012).

® Derivative (velocity) expansion: (Non-local potentials —> Local potentials)

U7, 7) = V(7 V) 6 (F— 7
(77) (7, V) 671 ) LO term

V(7 V) = Vo(F) + Vo (7) (51 - G2) + Vo (7) S12 + O(V)

Vi) = VR + @y(fa) o
The case of AcN potentials, the LO term of (7 - ) Yan(7) =0
derivative expansion is following form.

(a ) v 0 (@) = -3 ()
- JP=0+ state, )w(J _1+)(1") +1 w(.] _1+)(7.,)

Vil (7 9) = V() — 3V2(R) + O(V)

- JP=1+ state,

VT (7 V) = V) + V2R + VR(7)S12 + O(V)
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD methOd S. Aoki et al, [HAL QCD Collaboration], PTEP., 01A105 (2012).

® How to extract the NBS wave functions on the lattice

@® Baryon 4pt-correlation function

Gan(Ft=to) = S (OAF+E ON(E HTncn (t0)0)

Z A, ‘Pf\vcvﬁ)(f) e~ Wnlt—to) 4 ...

25 gy G Mot 1 0 (e Mtt-)

Ground state of the N'BS wave functions.

(@) = AP QON()  {¥ie Shooss e olowing Sperator}

An = (AN, Wl Tacn (t0) [0 ¥=cofifonalen 0= (]

For the operator smearing,
we employ the wall-source.
(Total momentum to be zero.)

— €abe [cZC’Y5db] Uc + €abe [uZ‘C’YSCb] de — 2€apc [dZ‘ C’Ysub] Ce i.'

Ac
V6
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S. Aoki, T. Hatsuda, N. Ishii, Prog. Theor. Phys., 123 (2010).
HAL QCD methOd S. Aoki et al, [HAL QCD Collaboration], PTEP., 01 A105 (2012).

GaN(Ft—to) = Y (O|A(7+Z,t)N (&, t)Ta.n (t0)|0)
Difficulty of ground state saturation @AO YD) e Wolt=) 4 0 (Wi-t))

(1) Bad S/N at large t S/N ~ exp|—A X (mn — 3/2m,) X t]

In general, bad S/N occurs at large t-to separation.

(2) Small AE at large volume If -
At large volume, excited state contaminations
remain even at a large t due to small AE. Vi 3}’2
— VI
AE ~ 1 (27‘-)2 Yo Yo
my L2 .l

* To avoid this problem, we use time-dependent HAL QCD method.
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time-dependent )
N. Ishii et al [HAL QCD Coll.], PLB712 (2012) 437.
HAL QCD method

@® Normalized 4pt-correlation function (R-correlator)

—ot :
Ry n(Tht) = e_Gn;\:géi"m)Nt AW, = \/k,% +m3% +1/k2 +mi — (ma, +mn)
2
= ZAn w( ")(ﬂ e AWnt ... En=(AWn)+1+‘S (AW,)* +0[(AW)]
_ _maMN f map. —mny
(Bo — Ho) (@) = [ d*r'UG7 ") B o Fmy  maFma

(B — B .7 = [ U Y )
(E2 — Hop) (7)) = / &Br'UF, 7 Yo (7')| The ground state saturation

IS nhot necessary.
Within the approximation up to (AW)2. |

0  [1+6%] 07 B )
(_(‘)—t * [ 811 ] ot2 _Ho) Ry N (T t) = f r'Up v (7,7 )Ra, n (7, 1)
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We can obtain the signals at small t

as long as the contributions of
Inelastic scatterings are negligible.
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Summary of AcN interaction

- Although AcN effective central potentials are attractive, the strength is weaker than that of AN potentials

- The effective central potentials for AcN (JP=0+*) state and AcN (JP=1+) state are almost same

- We found the spin-spin force and tensor force of AcN potentials are almost negligible

VACN(’F‘) — %('F) + Va("_") (51 ) 5"2) + VT(’I_")S1'2 2 AL
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due to spreading of AcN-2cN threshold
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« ACN

Our results suggest that AcN interactions are spin-independent
and Ac-nuclei spectrum could be simple
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