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-- How to explore single hadron spectroscopy --
v Hadron scatterings and multi-hadron systems
v’ Potentials from LQCD simulations
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v Summary



Lattice QCD -- a brief introduction --
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Lattice QCD -- a brief introduction --

1 _
Lqcp = —EtrF,wF‘“’ + Y (ivy* D, — m)y

=> Monte Calro simulations in Euclidean space-time
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e.g.) meson masses (C(r)) =) (0|g(@)@(0)|0) ¢(x) = q(=)Tq(x)
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Hadron spectroscopy with light quarks

e Lattice QCD simulations for low-lying hadrons on physical point
Acki et al. (PACS-CS), PRD81, 074503, (2010),
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= Gauge-invariant, non-perturbative & model-independent
Numerical Experiments from LQCD can be possible



Hadron spectroscopy in charm sector

f» Charm quark from Relativistic Heavy Quark action@physical point
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Namekawa et al. (PACS-CS), PRD87, 0943512 (2013),
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= LQCD can predict undiscovered hadron properties (=cc*, Qcc, ... )

v How can we study properties of bound/resonant multi-hadrons?




Structure of bound/resonance state

T-matrix in formal scattering theory (N/D method)

Ri 1 /p(sl)
T (V5) = Z\/. Wi tan ). " ds
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interaction part is Not aeterminea within scattering theory

| --> interactions faithful to phase shift from Lattice QCD |




Structure of bound/resonance state

T-matrix in formal scattering theory (N/D method)

R 1 [°° s’
T '(/58) = Z : -+ — ds’ fj( )
~Vs=W; 2w /,, s — &8
eracuon part i1 not aetel €a within scattering tmeon

(—-> interactions faithful to phase shift from Lattice QCD)

=1 Bound states (physical sheet)
=¥
'E' * binding energy --> T-matrix pole position
= * coupling --> residue of pole

p 4 e Size --> mean-square radii

Re|p]
>  Resonance/Virtual states (unphysical sheet)
% % ® Ahalytic continuation of I-matrix

* resonance energy --> T-matrix pole position
* coupling --> (complex) residue of pole?
e Size --> compositeness??




Hadron scattering on the lattice
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Hadron scattering on the lattice

L0 - Ldscher’s finite size formula 11
2 interaction energy --> phase shift keotd (k) = B §rek2 + oee
&)
O Llscher, NPB354, 531 (1901). r

- Guaranteed to be the same
Kurth et al.. JHEP 1312 (2013) 015.
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Hadron scattering on the lattice

.-"/ED“.\\ , “_&a.ttﬂﬂnm a‘ng‘gl S
(o) - Llscher’s finite size formula 1 1
2 interaction energy --> phase shift keotd (k) = B Efrek? + oo
@)
e isc 991). y N

- Guaranteed to be the same
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o NBS wave function

v LQCD potentials can be applied to...
Properties of hadrons & Nuclei, construction of EOS, etc.



Topics covered : Exotic candidates

Possible candidates of multi-quark hadrons in quark models
1) H-dibaryon : I1(JP)=0(0%)

v’ No Pauli blocking in flavor singlet baryon-baryon channels
v Attractive color magnetic forces
R. L. Jaffe. PRL38 (1977).

v Attractive color magnetic forces
v “Good diquark” picture?

H. J. Lipkin, PLB172 (1986).
S. Zouzou et al.. Z. Phys. C30 (1986).

Predicted B.E. and structures highly depends on model parameters
--> Lattice QCD study of hadron interactions is performed



Scattering on the lattice

Key quantity : Equal-time Nambu-Bethe-Salpeter (NBS) wavefunction
(i T) = Z<0|¢1(a’f + 7, 7)ba (&, 7)T ' (T = 0)[0)
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Scattering on the lattice

Key quantity : Equal-time Nambu-Bethe-Salpeter (NBS) wavefunction
P T) =S (0161 (F + 7, 7)a(E, 7)T (T = 0)]0)
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- NBS wave func. in QFT ~ wave func. in Q.M.
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Scattering on the lattice

Key quantity : Equal-time Nambu-Bethe-Salpeter (NBS) wavefunction
(i T) = mel@ + 7, 7)ba (&, 7)T ' (T = 0)[0)

\

Z Awac)exp[ W(k)f] Vw &) (7) ¢W(k)("")_Z(0|¢1($+7’)¢2(i’)|w(k) B, J")
W(k) )

A
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- NBS wave func. in QFT ~ wave func. in Q.M.

¢ Temporal correlation, W(k) : phase shift (Luscher’s formula) an
M. Lischer, NPB354, 531 (1991).

¢ Spacial correlation, y(r) : potential --> observable =~~~ L ] 83 OO 0100 007).




Lattice QCD potential -- HAL QCD --

Full details, see, Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Helmholtz equation of NBS wave function:
( (VP4 E)yw (@) =0 (r>R) )
Half off-shell T-matrix in interacting region:

(V2 + E)yw (7) = 2uKw (7) (r <R) |

W (k) = \/m? + k2 + \/m3 + k2




Lattice QCD potential -- HAL QCD --

Full details, see, Aoki, Hatsuda. Ishii, PTP123. 89 (2010).

Helmholtz equation of NBS wave function:
( (V2 +E)yw(@ =0 (r>R) )
Half off-shell T-matrix in interacting region:

(V2 + §)yw (7) = 2uKw (7) (r < R))

W (k) = \/m? + k2 + \/m3 + k2

Energy-independent potential faithful to phase shift inelastic: Win=MB1B:
Wi dw
U(F, ™) = / o Kw (7)), (7) elastic: B1+B;
x CWATIFYWNTJ |

above Wi: coupled-channel analysis



Lattice QCD potential -- HAL QCD --

Full details, see, Aoki, Hatsuda. Ishii, PTP123. 89 (2010).

Helmholtz equation of NBS wave function:
( (VP4 E)yw (@) =0 (r>R) )
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Lattice QCD potential -- HAL QCD --
Full details, see, Aoki, Hatsuda, Ishii, PTP123. 89 (2010).

Helmholtz equation of NBS wave function: W) = \/m3 + k2 + \/m3 + &2
( (VP4 E)yw (@) =0 (r>R) )

Half off-shell T-matrix in interacting region:

(V2 + E)yw (7) = 2uKw (7) (r <R) |

Energy-independent potential faithful to phase shift inelastic: Win=MB1B:
Win dW
U(7, ™) / — Kw (7)), (7) elastic: B1+B:
™

above Win: coupled-channel analysis

Such potentials satisfy Schrodinger-type equations :

(V2 + B ooy oy (7) = 200 | AU, 7 )by iy ()

Technical thing to be solved for multi-hadron systems :

identifying single-energy states in simulations is very tough



Multi-hadron systems : challenge
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Multi-hadron systems : challenge

= » 2 - ® - - - ® s - . -~

= momentum excitations of systems
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e Large L limit : dense spectrum --> momentum excited state contaminations




Multi-hadron systems : challenge

. »
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BINAIe-SIaie iInN Im =Naqaron SiT ATIONS

= momentum excitations of systems

. 27 il 42 1.
B = % SW = % T (O(1)) = Z Ay exp(—W(kn)T)
W (k) N
Win
W (ky) J
> n
oW Win

e Large L limit : dense spectrum --> momentum excited state contaminations

* Signal becomes rapidly bad for multi-hadrons : :
i

v plon: §/N ~ const.
v nucleon: S/N ~ exp[—A(mn — 3/2my)T]

1350 |
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Solution = energy-independent kernel

v Definition of energy-independent potential (below inelastic threshold):
¢W(,;) (7) = (0|1 (7 + £)¢2(£)|W(1‘5)> Aoki. Hatsuda, Ishii. PTP123. 89 (2010).

(B2 + V) ) (1) = 20 [ dPO @by () | WR) = \/md + 52+ /g 1 B




Solution = energy-independent kernel

v Definition of energy-independent potential (below inelastic threshold):
"L'W(E) () = (0|1 (7 + ;E’)¢2(5;’)|W(f5)> Aoki, Hatsuda. Ishii, PTP123. 89 (2010).

(B2 + V) ) (1) = 20 [ dPO @by () | WR) = \/md + 52+ /g 1 B

v Extract energy-independent potential from time-dependent Schrédinger-type eq.

Ishii et al.(HAL QCD). PLB712, 437(2012).

R(7,7) = (7, 7)el™TmIT (£ > 1)

5 = my — M2
—8r +V*/2u + 07/8p + 0(6”>] R(7,7) = / &' U (7, ™) R(#, T) ™+




Solution = energy-independent kernel

v Definition of energy-independent potential (below inelastic threshold):
'vL'W(E) (7) = (0|1 (7 + ;;3*)¢)2(5,»)|W(E)> Aoki. Hatsuda. Ishii, PTP123. 89 (2010).

(EZ + VZ)QPW(E) (7) = 2p / dfFvU("?v ?)ww(k’) (7:') W(k) = \/m% + k2 + \/m% 4 k2

v Extract energy-independent potential from time-dependent Schrédinger-type eq.

Ishii et al.(HAL QCD). PLB712, 437(2012).

R(7,7) = (7, 7)el™TmIT (£ > 1)

mi — MMy
mi + ma

§ =
[_37 V2 /20 + 02 /81 + o<«52>] R, 7) = [ arU@EPRE,7)

v Velocity expansion:

U(F,7) = V(F, V)é(F — ) (LO) (NLO)
) V(7 V) = Vo() + a1 - 02Va (7) + S12Ve(F) + L+ SVis(F) + O(V?)

./ Calculate observable: phase shift, binding energy, ...

Advantage: We can obtain potentials w/o identifying single-energy state




NN potential from HAL QCD method

Central force of singlet NN system Ishii et al.(HAL QCD). PLB712, 437(2012).
_ HyR(7t) @8 B} 1 (8/8t)*R(,1)
Vo(r) = R(7,t) ot log (7 ¢) + 4My  R(7, 1)

Examine source operator dependence: possible contaminations are different
f(z,y,2z) =1+ a(cos(2rz/L) + cos(2wy/L) + cos(2wz/L))

| o Ni=2+1 full QCD : my~0.7GeV, L=3 fm
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NN potential from HAL QCD method

Central force of singlet NN system Ishii et al.(HAL QCD), PLB712, 437(2012).
__HoR(#,t) 8 . 1 (8/0t)?R(¥,t)
Ve(F) = R(7. 1) B log R(7,1t) + M R0

Examine source operator dependence: possible contaminations are different
f(z,y,2z) =1+ a(cos(2rz/L) + cos(2wy/L) + cos(2wz/L))

4 N=2+1 full QCD : mn~0.7GeV, L=3 fm

40 : Ty ‘ (LA S S SN S S S S SN S S S ]
af ¢ : fF 4 -

3 af: i} 1stterm ok i Total central force
g wof 5 s wf |
Z 2 : | ” :
8 = 0 :._ ........... Y e venensssnnmmensyesniols : ..':'
= T R - ‘ :
k- s SR :
) 20 F :
30 F =0.08 E

_40:.‘AA1.AALL.‘AAL.AA‘FQ-O.OAA'AL:

0 0.5 1 1.5 2 2.5

r [fm] r [fm]

Source operator dependence disappears
Single-energy-state saturation is not a question!!



Generalized BB force :

fate of H-dibaryon

n(udd) p(uud) n(udd) p(uud)

> *(uus) X 2-(dds) > *(uus)

=-(dss) Z=9(uss) =-(dss) Z=9(uss)

=274+ 84 1+10+ 10+ 8



Generalized BB potentials in SU(3)r limit

*» Full QCD [SU(3)F] : mn~0.47-1.17GeV, L=3.9 fm
Inoue et al. (HAL
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QCD), PRL106 (2011), NPAB81 (2012).
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27-plet: NN (So), 10*-plet: NN (3So), 1-plet: H-dibaryon channel
No Pauli-blocking, attractive color-magnetic force



Structure of bound H-dibaryon

Bound state energy £, [MeV]

v Definition of LQCD potentials * Full QCD [SU(3)F] : mn~0.47-1.17GeV, L=3.9 fm

Yy (7) = (0|1 (7 + &) pa(F)|W (k)
(B + V) by i) (F) = 2p ] di'U (7, ™) by i) ()

v Solve Schrédinger equation
» binding energy

» mean-square radius

0 - - ~ - - -
Mes = 1171 [MeV] ++ g
' H-dibaryon
-10 o ry
Wee = 072 IMeV] -8
20 [ My = 469 [MeV] r—a—
.30 F = - }
-40 }
i

<60

. 0.7 08 09 1.0 11 1.2 1.3 1.4 15
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/ ° 2\ @)

@
\9 @y' % Q) |

1900t H binding energy [MeV]
1200 | ©49.1(3.4)(5.5)
1000 | E ©372(3.7)(24)
S 8
S s0| W ©37.8(3.1)(4.1)
D
e 2 ©33.6(4.8)(3.5)
S 600 &, 132(18)(4.0)
- ©26.0(4.4)(4.8)
400
= HAL .
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Structure of bound H-dibaryon

v Definition of LQCD potentials * Full QCD [SU(3)r] : mx~0.47-1.17GeV, L=3.9 fm
&) () = (0|1 (7 + &) pa(8)|W (K
Yw &) (F) = (0] ( )2 (E)|W (k)) 1400 | Y pinding energy [MeV]
(kz + Vz)iﬁw(g)("?) = zﬂfdva(Fa fv)¢w(é)(fv) 1200 | ®49.1(3.4)(5.5)
1000 + g & 372(37)(24-)
v Solve Schrédinger equation % ol o 378(3.14.1)
= O
» binding energy « 2 ©33.6(4.8)(3.5)
< 600 5, 132(1.8)(4.0)
» mean-square radius n ©26.0(4.4)(4.8)
400
Mps = 1171 [MeV] #vdpurert H-dibaryon 200 HAL e
%' -10 f ] NPL A
% 20| u;teq jMW]’. S | 0 200 400 600 800 1000 1200 1400
Mz [MeV]
% il ‘ OO 0O dlo z al. \.
8 sl
Tos 07 08 0 10 11 12 13 14 15 » Coupled-channel HAL QCD approach
/ \ Root-mean-square distance \.{z\ [frn)] / \
90 (@9 -
Q) % N Aoki et al. (HAL QCD), Proc. Jpn. Acad., Ser. B, 87 (2011).
10 )\

e @/ EIE2NM2.S1AME (RID.



Coupled-channel hyperon potentials

% N=2+1 full QCD @mn~0.87GeV, L=2 fm  Sasaki. (HAL QCD). PTEP 2012, 01A105 (2012).
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» Coupled-channel calculation on the lattice is quite tough, but now is possible
» N= channel is the most attractive
» Large channel coupling effect




AA-N= phase shifts & H-dibaryon

% Nf=2+1 full QCD @m«~0.41-0.70GeV, L=2.9 fm
*my =700 MeV

oMy = 570 Me\( * My = 410 MeV

: .,‘ ............. L'L ...........
3 NX NX 1 3 NX
2t 2
B E: E 1
O o o Y
T — - T — oﬁ!kﬁ"'
A 1
1 1
0 5 10 15 20 25 30 5 10 15 20 25 30 0 5 10 15 20 25 30
NS - 2M\ [Im] VS - 2M\ [lm] Vs - 2M\ l'ml

Argand diagram for Strangeness S=-2 1SO(I=0) channel

» H-dibaryon is bound @m»=700MeV 2 ———

- H-dibaryon resonance

» H-dibaryon becomes resonance @mn»=410, 570MeV .| ~ N\

N
l’/ .“\l‘

my = 410 MeV

0.5 | \ > / -

NZ threshold "
/7

1 - n cos 20

see also, extrapolation to physical point

Shanahan, 1homas. Young. arXiv:1308.

H-dibaryon is unlikely bound state... C nema



Tetraquark : Tcc in I(J7)=0(1%)




S-wave DD* potential : Tcc in I1=0

% Nf=2+1 full QCD@mn~0.41-0.70GeV, L=2.9 fm

* Relativistic heavy quark (RHQ) action is employed for charm quarks

100

-100 |
-200 |

-300 | ¢
-400 .

V(r) [MeV]

-500 |* ]
‘ . M. =410MeV —o—
-600 |+ -80 | . M.=570MeV — + -
| M. =700MeV -
-700 i _100 1 r | ! A I A A
0O 02 04 06 08 1 12 14
_800 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

r [fm]

e Entirely attractive S-wave potentials
* Small quark mass dependence
* Check whether bound Tcc exist or not --> phase shift analysis



S-wave DD* phase shift: Tcc in I1=0

* solve Schrodinger equation --> phase shift

D-D* phase shift

25 t [{llida33% ¢ {# ¢ } * 3 | ] ;
ISESEBRE (] | | & & F
=) il 1 B 118110 e : 1 i
) (RS qYARET T T 9 P o d b g g
O, 1848 [l 1] A ‘ o | i
© Al A A :
i
l M,=700MeV
M, =570MeV e -
L - M;=410MeV +—s—
50 100 150 200

Wem. - Mp - Mp. [MeV]

e Attraction is not strong enough to generate bound state

* Rapid increase at threshold of DD* phase shift --> effect of virtual state?

= perform analytic continuation of Lippmann-Schwinger equation
= examine pole position



1=0 DD* T-matrix on complex energy plane

e mw =410 MeV

T(2)

L p
- D e e e e e s e
P i it 00
- e i -
e g A A e e
: e e,
o - et -
- = :
- =

0
Im[Z] (MeV)

______

~———A00

0
Im[Z] (MeV)

e Virtual pole on the DD* unphysical energy plane

* Origin of rapid increase of scattering phase shift



e Search for exotic hadrons on the lattice from HAL QCD method

= Full QCD simulation (light quark)
= Charm quarks: Relativistic Heavy Quark action

Energv-independent potentials are derived from time-dependent
Schrodinger equation of Nambu-Bethe-Salpeter wave functions

v Property of bound H-dibaryon @mn=0.47-1.17GeV in SU(3)r limit
v H-dibaryon resonance @mn=0.41-0.70GeV w/o SU(3)r symmetry

v Tcc (1=0) : S-wave DD’ potential is attractive,
but not strong enough to form bound state @m«=0.41-0.70GeV

o Future direction:
= Physical point simulations of hadron potentials







LQCD@physical point

& Quark mass ( mq => Mphys. )
& Lattice spacing (a -> 0)
& Lattice volume (1/L->0)

* Physical point = physical quark mass

1500 ==
‘ — | ] ]
I~ ~z [EHa
[+}] 8 A
1000 - "
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Lattice QCD simulation with
physical quark masses, finer lattice,
large volume is desirable
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10fm3, phys. point, full QCD gauge configuration by PACS-CS Coll.

Performance of over 10 Peta
EY floating point number operations per second

(10 Peta=10,000,000,000,000,000)

» 4th strongest in the world

K gt




Nambu-Bethe-Salpeter wave function

Full details, see, Aoki, Hatsuda, Ishii, PTP123, 89 (2010).
Equal-time Nambu-Bethe-Salpeter(NBS) amplitudes (e.g., spin-less, equal-mass)

(W (Z,,t; Tz, t) = (0|d(z1)d(z2)|W(K);in)

L = wW(E’)(megiW(z)t (C.M. frame)

Klein-Gordon equations at large r (r>R):

(87 — VI +m?)¢(&;,t) =0 (i =1,2)
> (V2 + k) i) (7) =0 )

¢ Spatial correlation y(r) is NBS wave function and satisfies Helmholtz equation

¢ Asymptotic form of NBS wave function:

o901 (k)
'!P‘(/:;) ) ~ = sin(kr + 8;(k) — I /2) faithful to scattering phase shift

W (k) = 2\/m2 + k2

~

\_

NBS wave functions in quantum field theory

~ wave functions in quantum mechanics



HAL QCD & Lischer’s methods

o[°]

I=2 mrr S-wave phase shift from HAL QCD & Luscher’s methods

20 U

® »® A N O
=  .§ 80— B

ol
A2 |
14
16 |
18

T. Kurth et al., JHEP 1312 (2013) 015.

N , | % Quench QCD
S | mn ~ 940 MeV, a=0.115 fm
NN VxT=(16°, 24%, 32, 48°) x 128
V=(1.84 fm): »--'\ - )
veerem = | 4 Liischer’s method (points)

V=(3.7 fm)® —a—
V=(5.5fm)® —=— | 1 1

0 éo 160 1150 260 2150 30\ 3150 400
" 4 HAL QCD (red band)

{—a, +V2/2u + 82/8u| R(7, 7) = V(M R(7, 7)
A

Both HAL QCD and Liischer’s finite size methods agree




NN potential

parity-odd sector

I iv:1
Ni=2 full QCD, my~1.1 GeV
3P, nuclear forces ' QCD, M
400 | | % ' 18 - - . . v .
16 b =i <
' R _1a} (b) o E‘z :
200 | X g 12 } mixing garameter ——
. % S o1 . F2 (EXP) ——
23 %, 3 EXP
= o . M = 8t mixing parameter (EXP) —y
= s =2 —
> 7 Veso 3 4| L
-200 | Vs, —— - § 21/ et .
/ =1 0 ‘Q""""'.'..Oooo.o....0!!'!0.o..llo..on
/ 9 VIT —_— 2} S e —————
g : v=1 4 o o 2 a 2
i B : = : 0 50 100 150 200 250 300 350
0 1” ] 2 E,as = 2 K2/my, [MeV]
rym
€ LS potential has great influence on
the shell model and the magic number of nuclei.
15 km 107 g/cm? :
g/ 3Crystallme
T : 14 km™ 10" g/em?  Mantle
€ Qualitative behaviors are reproduced.
10 kmp 10" g/cm?

But the strength is not enough.

Superfluid
3 ' Neutron
€ Attraction in 3P2 channel Li:uid

=» P-wave neutron superfluid in neutron star

1 kmy10*° g/cm?



Three-body potentials (3NF)

Doi (HAL QCD Coll.), PTP127 (2012).
N=2 full QCD, my~1.1 GeV

100 T T j ' ' '
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» 3-body NBS wave function is calculated in the linear setup (not for potential)
» Short-range repulsive 3NF is observed



Generalized BB potentials in SU(3)r limit

% Full QCD in SU(3)F limit : my~0.47GeV, L=3.9 fm
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NN channels 1-plet: H-dibaryon channel
No Pauli-blocking, attractive color-magnetic force



YY potential & H-dibaryon

Inoue, [HAL QCD Coll.]. PRL106 (2011).
Ns=3 full QCD Inoue, [HAL QCD Coll.], PTEP 2012, 01A105 (2012).
40 :
| 1400 1 Y blndlng energy [MeV]
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4 glet p F mpBR /
» Entirely attractive (No Pauli blocking) Zone?
B d H dlb f d my= = 2260MeV
P Boun =aiparyon roun My Gowed)
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» Fate of H-dibaryon off SU(3)r limit 5



Coupled-channel formalism

. SU(3)lat ™) Physical point
Coupled channel extension for

AA _ NE r ZZ | ! myy = 2380MeV
is possible by employing the triple
my= = 2260MeV
(0| AGE)AG)| n,in) &
¥ (x-y)=| (O|NEE®F) n,in)
(0|Z(®)X(F)|n,in) E=2m + 7,
= \/mi, g ﬁis T \/mg + 52\3

= 2\/m,2_. + Pis

Argument parallel to the single-channel NN case leads a coupled-channel Schrodinger eq.

B [_)3/- K i [S.Aoki et al., Proc.Japan Acad.B87(2011)5089.]
Tk Y (73m)
\zﬂm 2/‘,\.\ / i - - B Y
7 o 2% ) Unaan(Fs7) Upynz(F,7) Uy (FSF) V’M(F';n)
ZII)-:E ¥ 2u 'V.-vs(;" n) = I d’r’ Uyzan(F57) Upznz (7T ") Uyzsx (7,7 D | V’,vs(F "sn)
s e By Up s GoF) Upre®F) U @F) || Wi@in)
T B o | | L ;
( 4 Wy (i)
2yy  2Uyy ) (Derivation is parallel, but notation is quite lengthy.)




vV Mev) VMev)

vV Mev]

s BERBENE BEEBBEES .

V (MeV]

V [MeV)

v P

(A

<Y’\"‘

(NZ]

Vv [MeV)

ma= 701 MeV
: ma= 570 MeV
' ma= 411 MeV

<y B =13
WO S

—
-
-

VE -5 (27]
Vi JE ] el
8 20 (1]




YN potentials

Nemura, [HAL QCD Coll.]. PTEP 2012, 01A105 (2012).
Ni=2+1 full QCD, mn~700 MeV
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» Effective AN potential (ZN is renormalized)
» 381 channel is more attractive than 'S at simulated my

inelastic : ZN

elastic : AN




NQ potential & phase shift

V(r) [MeV]

100

S
! % 2+1 flavor full QCD
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F. Etminan et al. (HAL QCD), arXiv:1403.7284[hep-lat].
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e Attractive S-wave potential in I(J?)=1/2(2*) channel

e ang = -1.28(0.13) fm, re = 0.50(0.03) fm

e Bound state is found with B.E.=18.9(5.0) MeV



Lattice QCD Setup : charm quarks

* Tsukuba-type Relativistic Heavy Quark (RHQ) action

Leading cutoff errors, O((mq a)”) and O(aAacp), are removed
by adjusting RHQ parameters, {mo, v, s, Cg, Cg}.

SR = " g(x) Dz,yq(y)

LY
D, = mg + voDo + vv;D; — aryD; — arsD] — aCgoo;Fo; — aCpoijF;;

*» We are allowed to choose ri=1 (c.f. Wilson parameter)

e We are left with O((aAqcp)?) error (~ a few %)

Mnc=3024(1), 3005(1), 2988(2) [PDG:2981]
Myw=3142(1), 3118(1), 3097(2) [PDG:3097]
Mp=1999(1), 1946(1), 1912(1) [PDG:1865 (D?)]
Mp+=2159(4), 2099(6), 2059(8) [PDG:2007 (D*)]




Scattering lengths : 1=0 channel

Scattering lengths
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e stat. & syst. errors are included

= DD* scattering length becomes more attractive, as decreasing mq



Nucleonic EOS from Lattice QCD

% Full QCD in SU(3)F limit : my~0.47-1.17GeV, L=3.9 fm

p 28*1, = 18, 381-°D1 NN potentials employed
» Briuckner-Hartree-Fock many-body theory
Nuclear matter Neutron matter ) Tolman-Oppenheimer-Volkoff equation

[ Mps =171 [M v1 ------------ 00 [ Mps = 1171 [M \/]
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S 20 S 40 o6 \[psl 117l1 [Me\l/] ............
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I Mps = 837 [MeV] --------- ]
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20 Weizsacker "
mass formula

.......................................
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» EOS becomes stiff as decreasing mq
» Saturation point is found
» Y-mixing is on-going




