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My target
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Motivation
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* There have been different model calculations in the J=0 channel

YT,
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interaction energy

AMQQ o EQQ — 2MQ = —166MeV

3) Chiradl k |
(SU(3) Chiral Quark Model) Eoo = 21/k2 + M&

[Z.Y.Zhang et al. Phys.Rev.C .61, 065204]
[F.Wang et al. Phys Rev C. 51, 3411]
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Introduction

Q=-1 Q=0 Q=+1 Q=+2

My target $=0 @1 (AE @3 /@ﬁ 1232MeV

()-Q) interaction z\ & F/z

S —

or A

1530MeV
Motivation
- Omega baryon is stable in QCD - JeTZMeY
* There have been different model calculations in the J=0 channel B
- 6—‘\] .6‘.\3
Y ) oS NCYAN 2

interaction energy

AMQQ . EQQ — 2MQ = —166MeV AMQQ = EQQ - 2MQ = 43 + 18 MeV

(Quark Disloc./Color-screen Model)

[Z.Y.Zhang et al. Phys.Rev.C .61, 065204]
[F.Wang et al. Phys Rev C. 51, 3411]

(SU(3) Chiral Quark Model) Eao = 2\/k2 + M3
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Motivation

1672MeV

- Omega baryon is stable in QCD

* There have been different model calculations in the J= annel
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\/
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interaction energy

AMaao = Fgg — 2Mqg = —166MeV AMaoo = Foao — 2Mqg = 43 += 18MeV

(Quark Disloc./Color-screen Model)

[Z.Y.Zhang et al. Phys.Rev.C .61, 065204]
[F.Wang et al. Phys Rev C. 51, 3411]

(SU(3) Chiral Quark Model) Eao = 2\/k2 + M3
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Introduction

Report from another group (Lattice QCD simulation)

Lischer’s method [Liuscher CMP105(86)153, NPB354(91)531]

Buchoff et al. : L=3tm  Q=1628[MeV]

J=0: weak repulsion  a=-0.16 £ 0.22 fm e

J=2 : strong repulsion
J.Wasem @Lattice2012
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Introduction

Report from another group (Lattice QCD simulation)

Lischer’s method [Liuscher CMP105(86)153, NPB354(91)531]

Buchoff et al. : L=3tm  Q=1628[MeV]

J=0: weak repulsion  a=-0.16 £ 0.22 fm  wxwnims
J=2 : strong repulsion /

J.Wasem @Lattice2012

no definite conclusion, attraction or repulsion

determine a nature of J=0 Omega-Omega
iInteraction, attractive or repulsive
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Construction of the potential

[S. Aoki,etal. Prog. Theor. Phys., 123:89]
Basic |dec| Schrodinger eq [N.Ishizuka,arXiv:0910.2772.]

Commonly used method in Quantum mechanics

Potential(Given) wave function(result)

via Schrodinger eq
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Construction of the potential

Basic Idea

Commonly used method

Potential(Given)

HAL method

Potential(Res_

We can get

Schrodinger eq

via Schrodinger eq

via Schrodinger eq

[S. Aoki,etal. Prog. Theor. Phys., 123:89]
[N.Ishizuka,arXiv:0910.2772.]

in Quantum mechanics

wave function(result)

wave function

Given by Lattice QCD calculation
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Construction of the potential

Q.What is the wave function in QCD ?




Construction of the potential

Q.What is the wave function in QCD ? A. Nambu-Bethe-Salpeter(NBS) wave function

Q interpolating filed

v _
P (r) = (0] 2(r)Q2(0) [U(K)U(—K); in)

same quntum number Q-0
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Construction of the potential

Q.What is the wave function in QCD ? A. Nambu-Bethe-Salpeter(NBS) wave function

Q interpolating filed

) .
Yr(r) = (0| Q(r)Q2(0) [Q2(k)Q(—EK); in)

same quntum number Q-0

Because

NBS wave has the same asymptotic form of the

scattering wave In quantum mechanics. SIn(k'r _ l_1r + @
Yr(r) =~

Wave function—phase shiftoS-matrix

[C.-). D Lin et al., NPB619(2001)467.]

Energy independent potential U(r,r’) is defined from NBS wave function.
because of

2
(- + %) (r) = [ @rUe s yna)

This potential reproduces the phase shift faithfully

we can extract an interaction kernel (potential) which is defined through the NBS wave function which gives the correct scattering phase shift at asymptotic state.
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Construction of the potential

Extraction of the NBS wave from Lattice QCD

Caa(T, Y, t, to) = (0| T, )Y, 1)Q(0,t0)2(0, to) |0) Image

= Z(om(w )Y, t) [n) e FrE7t0) (n| ©(0,10)Q(0, to) |0)

-----------------

- -

- -~
e” -

~
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______
----------

4444

_____

L} ~ ;
o~ ~
~

Excited states are suppressed exponentially at large ¢ -t
We can get the NBS wave at ground state
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Construction of the potential

Extraction of the NBS wave from Lattice QCD

CQQ( L t tO) — (OI Q( €Zr t)ﬂ( Yy ’t)ﬂ(o tO)Q(O tO) |O> Image
'''''' = in) (nl
= Z(om(w )Y, t) [n) e FrE7t0) (n| ©(0,10)Q(0, to) |0)
_______ PEERR A
i Pn (T — T yn) A,

~ -
.. —‘
- -
______
----------

4444

Excited states are suppressed exponentially at large ¢ -t
We can get the NBS wave at ground state A

[ ]
4

o« . o« L. 24
An origin of large statistical errors -~
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HAL QCD method

[N.Ishii et al.,PLB712(2012)437.]

Time dependent Schrodinger-type equation

| -

1 92 0
v2—- YR = [ d&r'U(r,»)R
[(4m3t2+m 8t) /r (ry 7) ]
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HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

q
R-correlator is defined as W, = 2\/'m2 + k % —2m

| -

1 8?2 0
v2— —)R= [ dr’U(r,7')R
[(4m8t2+m at) /r (r,7) ]
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HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

R-correlator is defined as W, = 2\/m2 + ?% —2m
= 20T =3 pa(re Ve ®
- /_\
—ER = W,pn(r)e "Vt = Z(E — Kz)(ﬁn(r)e—Wnt
ot —~ —~ m 4m

| -

1 8?2 0
vi—- —)YR= [ dr'U(r,7)R
[(4m8t2+m at) /r (r, ) ]
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HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

—
R-correlator is defined as W, = 2\/m2 + k ,,21 —2m
T
8 W. ?2 W2 W, t
__R p— Wn n - nt — _n —_— e - - n
5 R = 2 Wadn(r)e S = o )on(r)e
(1)  From identity
K2 W2
W, =—n»_ _n
m 4m

w2 1 o —
== 4m(4m2+4ki+4m2 — 8m\/m? + k2)

am
-, -
1 82 1 9 =2m+ =2 —2\/m2 + &3
—Vz——R=/d'r'Urr'R m
[(4m8t2+m 8t) (1) j T2
_ S,
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HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

—
R-correlator is defined as W, = 2\/m2 + k ,,21 —2m
R = :’_(:::t) = Zd)n(r)e—w"t @
o (\?2 w2 Wt

—aR= 2 Wypepn(r)e™ 7" = Zn:(; - R)ﬁbn(r)e "
—_—
k;, 1 07 Wt
1 1 02

= ( mV2 - 8t2)R + /dr'U(r, )R

@ NBS wave function satisfies Schorodinger eq.

1 9% 1 s, 2
[(4m szt B / dr'U(r, r')Rj G-t o) = [ @rUG s yn(a)
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Time depend method

. . . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-like equation

4 )
1 02 1 O
L —v?2 R = [ dr'U YR
(4m Jt? m Bt) / ru(rnr)
\_ J
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Time depend method

[N.Ishii et al.,PLB712(2012)437.]

Time dependent Schrodinger-like equation

4 )
1 2 1 O
| v 2 R = | dr'U YR
(4m Ot? m Bt) / rU(r,r)
\_ J

We can calculate energy independent non-local potential
without relying on the ground state saturation!
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Symmetry of Q-Q

() operator is defined as

ﬂ - €acha(C’)’k)8bSc blue is spinl index, red is spmzlndex

We treat spin 3/2 made from spin 1 and spin 1/2 linear combination
by using highest weight construction

3
*one () case( sping )

- 1 ® - 1 - 3 @ - 1
spin— ® spinl = spin— @ spin—
p > p P > p >
*consider two () case ( Q-Q interaction)

3 3
sping X sping = spin3d @ spin2 @ spinl G spinld
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Symmetry of Q-Q

Conserved quantity J, J., P

cparity p = (—1)%

- quantum spin (—1)° 11
fermionic condition

(=)t x (=1)°T! = —1 « P12 = —P2ihn

Which L ,S is allowed at J¥

P=+ P=-
]TO S$=0 L=0 , S=2 L=2 S=1 L=1 ,S=3 L=3
J=1 S=2L=2 S=1L=1,S=3 L=3
J=2 S=21=0,S=0L=2,5=2L=2,5=2L=4 $=1L=1,8=3L=1,8=1L=3,S=3L=3,8=3L=5
]=3 S=21=2,5=21L=4 S$=3L=1,S8=]1L=3 S=31=3 S=3L=5
J:4 S=21L=2 ,S=0L=4 ,S=21=4 S=21L=6 S=3 L=] ,S=1 L=3 ,5=3 L=3 S=] L=5 ,S=3 L=5 ,S=3 L=7
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P=+ P=-
]=O S=0L=0,5=21=2 S=l LE=1+;8=31=3
]=1 S=21=2 S=l'L=1:8=31=3
]=2 S=21=0.8=01=2: 822 =0 -S=21 =4 S=l L=l Se3 La] o S=FE=3":S=3T=3:.8=31=59
]=3 S=22=2.S=21L=4 S=3L=].S=11L=3,S=3L=3 S=3L=$§
]:4 S=21=2 ;S=01=4,8S=21=4,S=21=06 S=31=1,8=11=3,S=31=3 ,S=11=5,S=31=5,S=31=7
at source
at sink
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P=+ Pai
]=0 S0 1L=0 ,S=21=2 S=1I=1;S=3]=3
le S=0 =0 S=11=1,5=31=3
I=2 S lal) . S=01=2 S=21=0.S=21=4 Sell=] S=31L=].S=11L=3. 8S=3]=3.S=3]=5
]:3 S=21=2,S=21-=4 S$=31=1.8=11=3.S=31=3.S=31=5
]=4 S=21=2.5=01L=4 ,S=01=4,8=21=6 S=31=1.,S=101=3,S=31=3,S=11=5.S=31=5 _S=31=7
at source

=0 < We use wall source

at sink
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=+ P=-
J=0 TS0 120 .82 L2 S=1L=1,5=3 L=3
> T TEr —
J=2 S=d 1=l S=0L=2,85=2]1=2.5=21=4 Sl =] . S=31=].S=]1=3.8S=3]=3_S=3 =5
]:3 S=21=2  S=2L=4 S=3il=]  S=1L=3 S=jl=3 S=3L=S
]=4 S=21=2.S0f=4 . S=21=4,S=21=6 S=3 L=l ,S=] L=3,S=3123 ,S=1L=5,S=3L=5 ,S=3 L=7

at source

=0 < We use wall source
J=0 < S=0

at sink
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P=-
J=0 S=1L=1,8=3 L=3
J=1 S=1L=1,S=3L=3
]=2 S lal) . S=01=2 S=21=0.S=21=4 Sell=] S=31L=].S=11L=3. 8S=3]=3.S=3]=5
]:3 S=21=2,S=21-=4 S$=31=1.8=11=3.S=31=3.S=31=5
]=4 S=21=2.5=01L=4 ,S=01=4,8=21=6 S=31=1.,S=101=3,S=31=3,S=11=5.S=31=5 _S=31=7
at source

=0 < We use wall source
J=0 < S=0

at sink

We can extract S=0 =0 ,S=2 L=2
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e Formulation
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4. Potential
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Lattice set up B Las

Japan Lattice Oata Grid

[T. Ishikawa et al., Phys. Rev. D78 (2008)011502(R)]

®2+1 flavor full QCD gauge configurations
generated by CP-PACS/JLQCD collaboration

®RG improved gauge action & O(a) improved Wilson
qguark action

®(3=1.83

e [attice spacing a=0.1219(19) fm

o |attice volume 162 x 32 L~1.9 fm

® hopping parameters K, = 0.13710 K,q = 0.13760

gIivVing Mg = 2108 MeV M, = 875 MeV
e flat wall source(P=0)

Experiment value of Q mass is 1672 MeV BG/Q @ KE K
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http://arxiv.org/pdf/0704.1937
http://arxiv.org/pdf/0704.1937

Potential Q-Q

Friday, August 2, 13



Q-Q potential

Spin0 t=9 ——+— i i i . enlarged view
pin0 t=7 —%—

1000 [ s s T o Kk

B00 e o o A T e """""""" [7HL

002040608 1 12141618

200

t is relative time between source and sink

t =1t — tg Caa(T, Y t1,t0) = (0| (T, t1)2( Y, t1)2(0, t0)2(0, o) |0)
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Q QO potenhal

enlarged view

ShinQ t=9 —+—
S{Ein0 t=8 ——¢—
SEin0 t=7 F—%—

a=0.1209 [fm]
50 5

T R P PR PP PP PP PPEEE PP PP PP PPEEPPPEP IR RPERRPPRPEPTRSREEY FEPERPRPREP ¢ [N CPrry chppe BI B UIRR E T b SRS FEEEE SR ERET PP, LB AR

002040608 1 12141618

-200
0

o.?[fm]1

repulsive core

t is relative time between source and sink

t =1t — tg Caa(T, Y t1,t0) = (0| (T, t1)2( Y, t1)2(0, t0)2(0, o) |0)
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Q QO potenhal

enlarged view

ShinQ t=9 —+—
S{Ein0 t=8 ——¢—
SnO t—7 —%—

a=0.1209 [fm]

...................................................................................................................
,,,,,

...........................................................................................................................................................................

......
...........
‘‘‘‘‘‘‘‘‘‘‘

.........
,,,,,

AN

-200

0 0.2 0.4 0.6 0.8 1 1.4 1.6 1.8

repulsive core attractive pocket
t is relative time between source and sink depth 80 MeV

t =1t — tg Caa(T, Y t1,t0) = (0| (T, t1)2( Y, t1)2(0, t0)2(0, o) |0)
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Q QO potenhal

enlarged view

ShinQ t=9 —+—
Siiin0 t=8 ——¢—
ScnOt 7 —%—

a=0.1209 [fm]

R R R P PP PR P P PP PP PP PP PP S PP RPERRPPRPEPTRSRETY FEREPPRRE. & ¢

e ,|H lhz'
|iI ”I]V
N

[Mev]

might be appear
boundary effect

,,,,,,,,,,,,

L .‘- !!!!!!!!

AN

-200
0

0.2 0.4 0.6 0.8 1

1.4 1.6 . 1.8
: attractive pocket
repulsive core

t is relative time between source and sink depth 80 Mev

t =1t — tg Caa(T, Y t1,t0) = (0| (T, t1)2( Y, t1)2(0, t0)2(0, o) |0)
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ShinQ t=9 —+—

Q-0 potential

enlarged view

-200
0

repulsive core

t is relative time between source and sink

t =1,

—— ————7—— 7
1000 F 150 | r——————————)
: m,=380 MeV r—&— ;
$ : m,=529 MeV —&— ] ]
! 100 | o) m,=731 MeV —a—7] -
A 1
o a Azo -
t 50 a2 3]
500 | ° L R .
: e s, .‘> ........... ‘A o . $ QQ ; =
o of %4, ~aathbesesy
£ .5 o @ ]
‘_Q@-SO APl Bkl | PP e
a!
E 0.0 0.5 L350 7 250 1 | S W S
0 oo A ‘QQQQQQG&GOQ-
oo F A g S b g P R g R e e sy oA
0.0 0.5 110 1.5 2.0 R wET T L
r [fm]
5. The central potentials in the 'Sy channel for three different quark masses.

0.2 0.4 0.6 1.4 1.6

CQQ( T,

— to

a=0.1209 [fm]

might be appear
boundary effect

1.8

attractive pocket

depth 80 MeV

Ysti,to) = (0| (T, 1) Y, t1)2(0, £0)2(0, o) |0)
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1200

1000

800

600

V [Mev]

400

200

-200

Q-Q potential

1t09

This is 3 gauss fit o

In the interest of safety | adapt time 8 & 9

r [fm]

fit function form is little change but, not so change at each time slice
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Phase shift

- 3gauss fit

- solve Schrédinger equation

no bound sate
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Phase shift =8

—_
(&)
(@)

—_
(@)
o

4)
o

o
o

—_
(@)
o

ot [ereliminany]  Need more sorsics

-200 k A A
0 5 10 15

phase shift [degree]

35 40 45 50

Energy [MeV]
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Phase shift =8

—_
(&)
(@)

—_
(@)
o

4)
o

o
o

—_
(@)
o

ot [ereliminany]  Need more sorsics

-200 & A A
0 5 10 15

phase shift [degree]

35 40 45 50

Energy [MeV]
phase shift peak is much as large as 70degree
It suggests strongly attractive
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Phase shift =8

—_
(&)
(@)
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o
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150 [ -------------- Pl‘e|lm|nc|ry

phase shift [degree]

—_
(@)
o

-200 & A i
0 5 10 15

Eﬁerg;f[MeSVJ
phase shift peak is much as large as 70degree
It suggests strongly attractive

Friday, August 2, 13



Phase shift t=9

150 TR o o e -------------------- ------------------- -

phase shift [degree]
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'] '] '] '] '] '] '] ']
0 5 10 15 20 25 35 40 45 50
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Phase shift t=9

__________________ Prellmmary Needmore statistics

phase shift [degree]

" Energy [MeV]




- Hractive

Pre|iminary, ------------ Need more/statistics

phase shift [dearee]

" Energy MeV]




Conclusion &Future work

We extended HAL method to decouplet-
decouplet system.

J=0 Omega-Omega interaction is strongly
attractive but we can not decide whether the
bound state exists or not due to large errors.

Future studies: larger volumes and lighter quark
masses. bound state exist or not ?




Contact
E-mail: sinyamada@het.ph.tsukuba.ac.jp
web: http://www-het.ph.tsukuba.ac.jp/” sinyamada/index.himl
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Back up slide

comparison Luscher method, HAL method(phase shift Tr-1rchannel)

Potential -
0Or Luscher —s— -
5 L \"id\ ]
g arXiv:1305.4462v1[hep-lat]
-10 } 8
Thorsten Kurth|talked at 7/30
-15 }
_20 | L L | | L L L

0 50 100 150 200 250 300 350 400
EculMeV]

The result of phase shift have been found to agree well between the two methods!

It’s difficult to compare these methods without calculating finite volume method at large t and
more statics!
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potential finite volume
method

(our work) (Buchoff et al.)
fermion mass heavy(m1=875) |light(r=390)
Lattice volume 1.9[fm] 3.9[fm]
ground. sate not need need
saturation
results strongly attractive  |weakly repulsive

| think it’s important to check different two methods.
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Back up slide

Mass dependence (N-N interaction)

— T
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E 100 ® m,=731 MeV —a—"] | Ilgh'l' U,d
— R o 1 -
= @ L ‘er i
2 + 50 F 4P = &
500 | +° Z & 1
3: B %---;--g--g-a-a-s--s-&-@-w-e-. -
v b = 1 .
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0 —------------%--i---g---g---g---a---s---o---s---& LR
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Fig. 5. The central potentials in the 'Sy channel for three different quark masses.

We expect 0Q-Q is similar to N-N case [Sinya Aoki et al. Prog. Theor. Phys. 123 ,89]
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S=0 < a special circumstance in Q-Q system

* flavor is completely symmetry

- wall source

source operator

re) b SsagP
! =c¢ ac('YC)’YZﬁgfy

highest state in Q-Q (spin3)

5% (2)33 (2)5%1 ()31 ()53 (y)55 ()

We can make all state using lowering operator

spin3=spin2=>spin1=spin0

FOI" exam ple one term of spin2 state

5% (2)53 (2)5% (2)35 (¥)51 ()52 1 (v)

a,b,c: color index
«,B,y: spin index

For simply neglect €, yC

spin2 term is written by linear combination of these terms.
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§‘§ (w)?’% (a:)sl (w)s (y)s 1 (y)s<

wall source= (Zgg(m)) (ng(m')) (25‘5(“’”)) (Zﬁg(y)
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5% (2)53 (2)51 (2)35 (¥)51 ()52 1 (v)

wall source= (Zg‘;(:@) (Zg‘;(m')) (Zsﬁ(m)) (Z?‘;(y)) (25'1

\ fermionic /

<
) () () (0
0

Spin2 state should be 0

(

Eg(y)) (Z %(m')) (Z? (m”>) (Z %(a») ( H

y')) (Z B 3 (y”))
o
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5% (2)53 (2)51 (2)35 (¥)51 ()52 1 (v)

wall source= (Zgg(@) (Zg‘;(m’)) (Zs‘g(m”)) (23‘;(11)) (Z%(y’)) (Z?_%(y”))
@ x’ x” Y y’ y”

\ fermionic /

o) (Tei@) (Zeien) (Se10) (T (2

X,y are inner argumenfs

<
() () () () (1)
0

Spin2 state should be 0
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5% (2)53 (2)51 (2)35 (¥)51 ()52 1 (v)

wall source= (;5“(:::)) (;?(a) ) (Z*(m ) (;_‘}(y)) (;s*’
T~ fermionic _—

X,y are inner arguments

Spin2 state should be 0

(1) (510) (5 (530) (54
) () (o) () (5
0

(

y')) (Z B 3 (y” ))

Spin0 remain
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Existence of energy independent nonlocal potential

We assume linear independence of NBS wave function
There is a dual bases

/d3r1bka(r)¢k(r) = (27)°%8° (k' — k)
We define K
Ky (r) = (V2 + k) ¢r(r)

= [ Gk [ 1)

= /dST'{/ (f;rk);Kk'(T)Jk'("")}¢k(7")

If we define

d>k’ ~
)3Kk'(”’)1/)k'(”',)

Ur,r') = %/ (27

Then we have

Co () = [ @0 ()
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Phase shift t=7
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Phase shift t=7
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