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Low Lying Scalar Mesons =%

* Light scalar Mesons
o meson, [=0, JP¢ =0*":light o, ms ~m, Quark-model

— Nuclear force, important for low energy hadron physics
— re-identification of the o: “f,(600) of ” in PDG2002
existence of o pole: reanalysis of m-t scattering phase shift
Igi and Hikasa, PRD59(1999)034005
K meson, [ =1/2, JPF¢ = 0**: Mk ~800 MeV

* Nonet scalar states Y o = Uit
K”(df) K (Z/IE) a, uil-d (7

>
/ o fé(ss)\ _ L
d,(u’z_//\ & /a,/uu’)

_— K™ (su) K(sd)
‘? C. NONAKA (SCALAR Collaboration) SCGT2015
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What is the o ? = 3

44 meson? —
4444
v tetra quark?
=— mixing?
2
resonances: 7t-7t molecule?
glueballs

f:f:(:‘)w:)a “ mixing ?

Mass m = (400-550) MeV
Full width ' = (400-700) MeV
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Scalar Mesons in Lattice QCD =

))

guench
screening mass

N/
N/

*q°

mixing with glueball

dynamical

+glueball
My < Mg l?

disconnected diagram

disconnected diagram

v
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as Q@ meson

DeTar and Kogut, PRD36(1987)2828

Lee and Weingarten, PRD61(2000)014015

McNeile and Michael, PRD63(2001)114503

SCALAR ,NPProc.Suppl.106(2002)272

domain wall fermion, propagators in quench
Prelovsek and Orginos, NPProc.Suppl.119(2003)822

SCALAR,PRD70 (2004)034504

SCGT2015
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Sigma Meson as Two Quark State=»

SCALAR, Phys. Rev. D70 (2004)034504

o Operator (two ﬂavor)

de (z)de (x
ZZ \j_i a(2)da () Quark model

c=1 a=1
color Dirac

* Propagator

G(y,z) = —(TtW ™ (2, y) W™ (y, 2))

connected

+2((a(y) = {o(y)))(o(z) = (o(x))))

disconnected

4 Connected diagram\

J D|sconnected dlagram
\ q _/ \- Vacuum contribution)
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Simulation Setup =)

SCALAR, Phys. Rev. D70 (2004)034504

Full QCD, Hybrid Monte Carlo
Plaquette gauge action, Wilson Fermion

* =48 k=0.1846,0.1874,0.1891

CP-PACS, Phys. Rev. D60 (1999)114508

* Lattice size 83 x 16
* Disconnected diagrams

Z, noise method (humber of noise: 1000)

K 0.1846 | 0.1874 | 0.1891
statistics V) 1110 860 730
mx/m, 2 [0.8291(12)|0.7715(17)|0.7026(32) cp-PACS

. mx/m,® | 0.825(2) | 0.757(2) | 0.693(3)  ourresults
C. NONAKA (SCALAR Collaboration) SCGT2015




Disconnected Diagrams

* Propagators

107
10
107°
10°®
10”7
108

10°°
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= 3

SCALAR, Phys. Rev. D70 (2004)034504

lConnecI:ted Part '—@L' :

E. = Disconnected Part --{-{-- .
_
disconnected
©) @ ﬁ] - i -
T s
® PG B
@ i ]
connected B | |
O i .
0, §
0 1 2 3 4 5 6 7 8

Due to the existence
of disconnected
diagram,

m, becomes smaller.

SCGT2015
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Light Scalar Meson =)

SCALAR, Phys. Rev. D70 (2004)034504

* Propagators

i o
o L_B--l .

102+ O 7T NI

i o .

I S,
102 F & o o -

" @ o J mO’ ~Y mp
10 & & g e @ :

[ B § e C ]
sl ]
10° | E
10-7 b 1 1 ] ] ] 1 1 |

0 1 2 3 4 5 6 7 8
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Light Scalar Meson a3

SCGTIS

SCALAR,Phys. Rev. D70 (2004)034504

| | | | | om, —x— | * Only connected
25 | :Z o | diagrams
M2 G
| - Mme > 2m,
o 2m.a {%0.
E .l ~~ | * Disconnected diagrams
S T e
e B Elp Mg ~ Mp
p1 - PPe = o
""" * At chiral limit
05 o m72r i
ot me < My
° 5.—15 5.2 5.25 53 5.35 5.4 5.45
1/
K 0.1846 0.1874 0.1891
me/mp > 1.6(1) 1.34(8) | 1.11(6)
connect/mp 3) 240(2) 244(3) 248(4) SCGT2015
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Sigma Meson =)

Sigma meson as two quark state
SCALAR, Phys. Rev. D70 (2004)034504

For light sigma meson,
the disconnected diagram
Is important.

If the glueball states
‘b N

isconnected diagram were not heavy,_,

Q Q mixing with glueballs and tetra quarks....

&Vacuum contributionj qq—aqq

KM i
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Sigma Meson =)

Sigma meson as two quark state
SCALAR, Phys. Rev. D70 (2004)034504

For light sigma meson,
the disconnected diagram
Is important.

If the glueball states
‘b N

isconnected diagram were not heavy,_,

O Q mixing with glueballs and tetra quarks....

&Vacuum contributionj qq—aqq

m) Sigma meson as four quark state
SCALAR(+Wakayama), arXivi412.3909[hep-lat]

‘% C. NONAKA (SCALAR Collaboration) SCGT2015
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Scalar Mesons in Lattice QCD =

2004 |0 @ SCALAR, PRD70(2004)034504 Full QCD
2006 | O, K, a,: UKQCD,PRD74(2006)114505
@ @ UKQCD,PRD74(2006)014508
2007 (k: @ SCALAR, PLB652(2007)250
2009 | O, K, Q. S.Prelovsek et al, PRD79(2009)014503 connected
2010 @% S.Prelovsek et al, PRD82(2010)094507 | diagrams
2012 |K, dy: @ BGR,PRD85(2012)034508
2013 |K, a: @% ETM,JHEP1304(2013)137
2014 | O: @% SCALAR(+Wakayama), arXiv1412.3909[hep-lat]
KM i v connected + singly disconnected diagrams

A C. NONAKA (SCALAR Collaboration) SCGT2015
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% Molecule >~

e Operator (tWO ﬂavor) The lightest pseudoscalar mesons
Jaffe, Phys.Rept.409(2005) 1

Omlec(t) = % 0™ ()O™ (1) — O™ (HO™ (1) + O (O™ ()]
O™ (¢) Zd“ (t, x)vsu’(t,x) O™ ( Zu t, x)ysd*(t, x)

\/, Z “(t, x)y5u’(t, x) — d*(t, x)75d*(t, x)]

1 3
1
. Propagators G™O(t) = 5C(t) — 3A(t
_ Singly doubly
— connected diagrams disconnected diagram  disconnected diagram

A8 C. NONAKA (SCALAR Collaboration) SCGT2015
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% Molecule >~

e Operator (tWO ﬂavor) The lightest pseudoscalar mesons
Jaffe, Phys.Rept.409(2005) 1

Omlec(t) = % 0™ ()O™ (1) — O™ (HO™ (1) + O (O™ ()]
O™ (¢) Zd“ (t, x)vsu’(t,x) O™ ( Zu t, x)ysd*(t, x)

=7 Z ?(t, %) ysu®(t, x) — d*(t, x)ysd*(t,x)]
Gmolee () — 2 {D(t) +20(1) — 3A(1) + gV(t)]

Large Nc limit
D(t) C(t) A(t) PRD 88, 074506 (2013

Singly doubly

KB connected diagrams disconnected diagram  disconnected diagram
A8 C. NONAKA (SCALAR Collaboration) SCGT2015

* Propagators
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& Tetra =
e Operator (two flavor) The lightest diquarks
O*™2(t) = Y [ud)*(t)[ud)*(t)

ud)(t) = %Z e [T (t, %) Cys d°(t, %) — d0(t,%) Cys w(t, )]

xb,c

Jaffe, Phys.Rept.409(2005) 1

[ad)?(t) = —Z abe [@8(t,x) Crys d¥e(t,x) — d°(t,x) Cys @ °(t,x)]

* Propagators G () =2 2(D4(t) + Dy(t)) — 2 (A4 (8) + Ap(t) + A4(2) + A4(2))

+ (Vi) + V30 + Vi) + Vi) |

D'(t)

: Singly doubly

connected diagrams disconnected diagram  disconnected diagram
KM i
LHEY C. NONAKA (SCALAR Collaboration) SCGT2015
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& Tetra =
e Operator (two flavor) The lightest diquarks
O*™2(t) = Y [ud)*(t)[ud)*(t)

ud)(t) = %Z e [T (t, %) Cys d°(t, %) — d0(t,%) Cys w(t, )]

xb,c

Jaffe, Phys.Rept.409(2005) 1

[ﬂ(ﬂa(t) — _Z abc I t X) 075 CZTC(t X) Jb(t,x) C’75 ’L—LTc(tax)]
x b,c
* Propagators Gem()=2[2(Dj(t) + Dy(#)) — 2 (A4(¢) + A5(t) + Aj(t) + A4(1))
+ (Vi) + V30 + Vi) + Vi) |
Large Nc limit
D'(t) PRD 88, 074506 (2013)

: Singly doubly

connected diagrams disconnected diagram  disconnected diagram

=‘>II C. NONAKA (SCALAR Collaboration) SCGT2015



SCGTIS

Simulation Setup =l

arXivl412.3909[hep-lat]
e 2 flavor full QCD: cp-racs phys. Rev. D 63, 034502 (2001)

Hybrid Monte Carlo (HMC) with the clover Wilson action
Csyw = 1.68 (3 = 1.7 Latticesize: 83 x 16

* Heavy quark masses, large statistics
* Disconnected diagrams: Z, noise method with truncated

eigenmode approach noise: 120 X 16 eigenvector : 12
TABLE I: Masses of m and p and number of configurations.

K mya m, MeV m,a m, MeV configurations ¢
0.146 1.018(2) T47(27) 1.431(4) 1050(39) 16496
0.147 0.930(2) 682(25) 1.358(6) 996(38) 14344
0.148 0.827(4) 607(23) 1.304(10) 956(39) 11720

é? C. NONAKA (SCALAR Collaboration) v¢ — = 0.152(6), a = 0.269(9) fmy 12015
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Caveat =)

* “Molecule” contains mixing with tetra and two quark
state

e “Tetra” contains mixing with molecule and two quark
state

e Application of the variational method for the possible

interpolators is needed.

KM i
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Propagators of Molecule
arXivl412.3909[hep-lat]

10_2 k= 0.146
lf G™“(t)=2[D(t)+1/2C(t)-3A(t)] ¢ total
. D & 2 | Connected diagrams
10 | a2 2 S | D) ¢
g A Ac B W
6 | | . : :
10 ad 2o Singly disconnected diagram
cipd 2B A
10 8 = ﬂg . 3’W =]
= %’ o5 E — * Singly disconnected
10 | = ; = I diagram is dominant.
10 - _Cﬁ(;)(t) * Slopes (“masses) of them
‘ - are almost the same.
0 2 4 6 8 10 12 14 16
t/a
SCGT2015
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Propagators of Tetra

k= 0.146

L, Cm()=2203(0+D5(1)
2(A(t)+A () +A (1) +A s (1))]

' m -
- m o
E | € |
' a |
r - | i | -
M |
< il ! - ? -
, - N N . . Gtetra(t)
2 4D'(t)
1 1 . 1 1 1 2 _an(t)
0 2 4 6 8 10 12 14 16

t/a

C. NONAKA (SCALAR Collaboration)

SCGTIS

= 3

arXivl412.3909[hep-lat]

@ total

Connected diagram

D'(t)

X+

Singly disconnected diagran
A'(t)
A ©

Singly disconnected
diagram is dominant.

Due to the singly
disconnected diagram,
the mass of tetra becomes

smaller.
SCGT2015
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Effective Masses =)

arXivl412.3909[hep-lat]

k= 0.146
"Only connected diagrams | 2 miree a(t)
5 i tetra
Megtf con A (t) * Molecule
-Clear plateau
© 4 = - ~2m_
5 A z tetra -7t scattering state?
S3 .
Q g 2m7,a
Ez A K A B2 ] * Tetra
=T -No clear plateau
molecule
1 i
0

KM i
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Importance of Disconnected Diagrants

4

k= 0.146

:;-

LN

tetra

)
S 2=
£

molecule

A

molec
Mefr

tetra
Megr

a(t)
a(t)

Ah*ﬁ!

With disconnected diagram

A

0

KM i
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arXivl412.3909[hep-lat]

r=0.146

S mi s a(t)

7 Mitcon a(t)

Molecule

-same as that of

connected diagrams

- same as 2m_

TT-7t scattering state?
Tetra

- plateau ?

SCGT2015
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K Dependence of Effectwe Masses™

arXivl412.3909[hep-lat]

2.0 | 1 with disconnected diagran
| I
? ‘ mmo ec
= 1.5 ¢ S molec
:’ con
© 1.0+ connected diagram
—
S
é 0.5
00 —
1 6.6 6.65 6.7 6.75 6.8 6.85
1/kc 1/k e Tetra (plateau ?)
* Molecule _ - Disconnected diagram is
- Small effect of disconnected important.
diagram | - small overlap to
o~ U7 scattering state? ground state of molecule

>I‘ C. NONAKA (SCALAR Collaboration) SCGT2015
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Summary =3

* Scalar meson as two quark Phys. Rev. D70 (2004)034504
— For the light sigma meson, the disconnected diagram is
important.

— Mixing with glueballs and four quark state

e Scalar meson as four quark
. . arXiv1412.3909[hep-lat]
— The disconnected diagrams are important.
— “Molecule”: -t scattering state? 0

— “Tetra”: small overlap to the ground state

Future work
— Doubly disconnected diagram, lighter quark mass, larger lattice
— Variational method for possible interpolators
— Finite temperature

| — K,ag mesons
‘% C. NONAKA (SCALAR Collaboration) SCGT2015
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o Meson =)

44 meson? ——
| q4q4q
| tetra quark?
=— mixing?
2
resonances: 7t-7t molecule?

glueballs
mixing ? '

KM i
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Backup =)

KM i
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Order estimation in large N_ limit = 3

One loop of the color line contributes || One gluon coupling contributes
by the power of N by the power of 1/VN

D({) e
~ AR ~
s o () - oo
Replacement with

color lines C(t)

One quark line @ ~ O ((Nc)l X (\/iv—(:)()) ~ O(N)

l

One color line

One gluon line Au)@ ~ 0 ((Nc)l X (\/iv—)()) ~ O(N)
Two CO%OT lines
55 ol () - o

We neglect the doubly disconnected diagrams, because in PRD 88, 074506 (2013),
they suggest that the contribution of the doubly disconnected diagrams are N_ order
_smaller than one of the singly disconnected diagrams.




Quark Mass Dependence

SCGTIS

=3

o #=0.146 o K=0. 148
10 = ' mollec ' ' i ' 10 k molec
J? G™*(t)=2[D(t)+1/2C(t)-3A(t)] Py (t)= 2[D(t) +1 /2C(t) 3A(t)]
P 2 3 2 5
] i - 4 e .
B Az . s = 2 P
6 Ag = . - é’ . At -
107 | sl 2o 10 ad e
= & 2o = ﬁ; . QE =
10-8 1 S| ﬁ?- ﬁ?. £ 1n8 . ‘{E ﬁg ?
k= 0. 147
= AF otm 107 -
Bz i’ 6™ ()=2[D(t)+1/2C(t)-3A(1)] * G ()
10} R * * | ) 2D(t)
0 = S 2 g A
Bl - -6A(t)
. . .10 . Af_ At . : . . .
0 2 4 6 8 10 . P 0 2 4 6 8 10 12 14 16
B Az % E
t/a
t/a 10° = & 2 e /
B az 2 e
®
_ 5B
10 81 =R ® o
* Gmolec(t)
- © 2D(t
107 | O C(t())
A -6A(t)
KM ¢ 0 8 10 12 14 16
>II C. NONAKA (SCALAR __..___.__.._. t/a SCGT2015
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k= 0.148

G (1) =2[2(D'y(£)+D's(t))

“2(A'(t)+A(t)+A'3(t) +A'(t))]
-

|
;Eigﬁ-

. Gtetra(t)
4D'(t)
A _an(t)

8 10 12 14 16

t/a

2 4 6

10_2 x= 0.146
L_ G'(t)=2[2(D'y(t)+D'x(t)) 10
. 2(A () +A (1) +A5(1)+A4(1))] L
107} = = 10
6 =¥ | |
10 ¢ - | 6
- - 10
10° | = I "
» - 10
_10 S !If &
0 ; B 5 £=0.147 -10
10 ’ t;.tra ' '/ . / ’ 10 ]
W , W=D 04D50)
o2 - | 2RI (O+AO+A DAL
: 10° | = 10 |
o' - .-
0 2 4 6 8 10 12 4,6 w10 ¢
t/a S om - 0
-8
10 B .®
| &5t
10 : : 1
10-12 L 7S - 2S . Gtetra(t)
4D'(t)
i A aA(t)
10 14 . , . .
2 4 6 8 10 12 14 16

t/a

>II C. NONAKA (SCALAR LUIIOUUI alrull)
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Quark Mass Dependence
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=3

'Kl: 0.1'46 ' 6 x=0.148

+ A molec | _—

[ k=0.146 | Metreon 2(1) ©K=0.148 " mie a(t)
* 7 miiicon a(t) | " miioan a(t)
4 =

tetra ;
- =]
3 ° _ ) )
- 2 2m_a
2 S - S | ) l
&8, A " e -
molecule N
L k= 0.147
0 | " k=0.147 5 1 s o
0 1 2 3 4 5 6 15
t/a
t/a
47 =
3 - =
- ZTWa
2 1 = = = = ==
A = N
1 I 4
KM i 0 L . | | |
>II C. NONAKA (SCALAR Collaboratior 0 1 2 4 5 7 SCGT2015
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'Ii= 0.1'46 ' | | ' ' | 4 'r€= 0'1.48
o
3" u
2m_a 5 - " )
m_a
2 _‘—.A_.A_._‘ * s N A l 2 A A . l " [
1] T
k= 0.147 1 1
4 — . - . - A mmﬂ(_)lec a(t) n
A molec t - ietra
m!t!ﬂ; a( ) N 0 Megr a(t)
etra * * * * *
o'meffa(t)l | Y 0o 1 2 3 4 5 6 7
o 1 2 3 4 5 t/a
t/a . * 2m_a
2 A . A A A A 1 + l
1 L
[ o
A mer a(t)
= i ae -
KM i 0 1 2 3 4 5 6 7
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=3

°r ' ' ' my/my. at Chiral Limit +——+—
m,/my. at Chiral Limit +--x--
55 |- T My/Mice be-emet |
| | I 1
. S el |
o S — -
i ! ' !
a 15 i l i -
5 H I
N — bm R
1 : .
................................................................
0.5 : :
|
o ! ! ! ! . 1 !
635 636 637 638 6394 64 641 642 643
'/h, /‘
m/my. input m,/m« input hs 0.1566 0.1557 |[ 0.1563(3) | 0.1576(2)
1/hs 6.3857 6.4226 || 6.396(13) | 6.3452(80)
me/my- | 1.135(10) | 1.164(10) | 1.143D —
mk /mg- | 0.6086(79) | 0.6593(63) || 0.623(11) | 0.5556%
me/mi- | 1.92(61) | 1.84(43) | 1.89(55) | 2.00(80)
KM i
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Molecule & Tetra =)

e Molecule

% C(t) A(t) V(t)

e Tetra

ey Z V’@(t) G

KM i
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