Structure of the sigma meson
from lattice QCD

SCALAR Collaboration

M. Wakayvama (Nagova Univ.),

T. Kunihiro (Kyoto Univ.),

S. Muroya (Matsumoto Univ.),
A. Nakamura (Hiroshima Univ.),
C. Nonaka (Nagoya Univ.),

M. Sekiguchi (Kokushikan Univ.),
H. Wada (Kokushikan Univ.)

SCALAR Collaboration (Lattice 2013) 1/15




Structure of light scalar mesons?
e Particle Data Group (2012)

Light scalar mesons (J* = 0%) :

Y - ”l[_(;dd

4

K’(ds) K'(us) q,

/ o ,3(&3.)\ L *ocorfy(500):

_\ / I=0, mass = 400 - 550 MeV
K(514) k’(sd) *a,(980) :
I=1, mass =980 £ 20 MeV

What is the structure of
the light scalar meson?
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Motivation

Using Lattice QCD,
two-quark state ? @

1(‘1®q =1

G molecular state ?
, lgeq ® lgeq =

tetra-quark state ? @
3q2q ® 30 = 1 © 8

Structure of the sigma meson ?
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Previous works for the light scalar meson
from lattice QCD

two-quark state for 0 meson with full QCD
SCALAR Collaboration, Phys. Rev. D70 (2004) 034504

two-quark state for Kk meson
SCALAR Collaboration, Phys. Let. B652 (2007) 250

two-quark state for 0 meson with full QCD
UKQCD Collaboration, Phys. Rev. D74 (2006) 114504

two-quark state for k and a; mesons
BGR Collaboration, Phys. Rev. D85 (2012) 034508

tetra-quark state for g, k and a, mesons
S. Prelovsek et al, Phys. Rev. D79 (2009) 014503

molecular and tetra-quark state for k and a, mesons
ETM Collaboration, JHEP 1304 (2013) 137

two-quark, molecular, tetra-quark, mixing state ?
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Analysis method

For sigma meson,
we consider all combinations of them.

Source Variational method Sink
two : lgoqg = 1 = lgeq = 1 . two
3 ]_q@q X 1(—1®q =1 . molec

molec : 1ggq @ 1geq = 1
_ /a\

tetra : 3qoq ® 350 = 1P 8 3aqeq ® 3535 = 1 @ 8 : tetra

Prepared operators

» two-quark state : two-quark operator

» molecular state : two pion operators

» tetra-quark state : (anti-) diquark operator

SCALAR Collaboration (Lattice 2013) 5/15



two-quark operator lgog = 1

@ two-quark operator for o meson

0§°t) = Y Gtx)SP(xy)d(ty)
X,y a,ba
S%(x,y) : Smearing function at timeslice t

T.Burch et al, Phys. Rev. D73 (2006) 094505

S =1 = Point Source

S = 2 = Narrow Source

. (Gaussian shaped source)
S =3 = Wide Source
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molecular operator lgog ® logag = 1

® pion operator
OF (1) = — Y d*(tx)SPx ), y)

X,y a,b

05 (t) = Y a(t,x) %S (x,y)d(ty)
T
vl

OF (t) = Z{ (1, %955 (x y ) (1,5)

—d"(t,x)v55¢ (x, y)d°(t,y)

® molecular operator
@l () — % OF ()OF (t) - OF (1)0F (1) + OF (H)OF ()]
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tetra-quark operator 3,0 ®3geq = 168

. diquark operator for 0 meson
ludls(t) = 5 Z [ (t,x) Cys8( (%, y) d(t,y)

IS Th cd d
—d (t,X) C’Y5St (X7 y) u (tay)]
C' : Charge conjugate matrix

& anti- diquark operator for ¢ meson
adi(t) = 5 3 e [al(tx) CuSiixy) d(ny)

xybcd
~d’(t,x) CysS5%(x,y) ' (¢, Y)]

@ tetra-quark operator
oF™(t) = » [ud§(t)[ad)§(t)

a
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Propagators for sigma meson

Source Variational method Sink
two : lgogq = > =1 : two
molec : 150q @ laggq = =1 : molec
tetra : 3qzq ® 3505 = = 1® 8 :tetra

va;/osgtwo (t) 7 Gglloée;—molec (t) ’ Ggeltgz—tetra (t) 7 Gglloézc—tetra (t) 7 Gr‘s{lloézc—two (t) 7 G’fs?ltgz—two (t)

E.Q.
G350 (1) = (05°(H05°1(0)) = ~
— G (D) + QG%ing(t)@ﬁICUIt to evaluate!

Z, noise method with
(" Connected diagram " ( Disconnected diagram\ 2 :
q truncated eigenmode

Sl. ol & ® | approach (TEA)
b

]

_/ \- Vacuum contribution / thimal # of eigenmod@
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Optimal cost calculation

Variance — _— fi N f2(New) N : 3f of Noise
(Error estimate) Ney N Ngy : # of Eigen vector
Total Cost = Cy + C1Ney + Co(Ney) N

Constant : f1, Cy, C1
Function of Ng, : fo, C9

Contribution of TEA Contribution of Noise method

Optimal N_, under fixed Total Cost ? ( Input : N )

{ Total Cost = fixed

% [Variance] = 0

@

N = 1440 = Ng, = 12
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Simulation parameters
Gauge configuration

Two-flavor full QCD configurations by CP-PACS
(Phys. Rev. D65 (2002) 054505)
“* Renormalization-group improved gauge action

“* Mean field improved clover quark action

Lattice size = 123 x 24 a = 0.2150(22) [fm]
B=18 , k=0.143 mx/m, = 0.753(1)

Quark Propagator

** Clover fermion action

% Z, noise method with TEA (J.Foley et al, Comp. Phys.
# of Noise =5 x 4 x 3 x(2d)<| Time dilution | Comm.172 (2005) 145)

# of Eigenvector =12 The optimal cost calculation
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o’s connected part result

10°

10
10

4 [

For connected part, G55 ™°® = -Gg& 1)
Ggloézc_mdec(t) = 2 [D5152 (t) + %CSng (t)
# of Conf. = 136 D(t) : C(t)
¢ = . _Gconn(t) (point-point) ) & _ ///x
2D +1/2c] oop) | 7, X——~
.. | ®Two-quark state has
’ 4 .1 much larger error
. ' . than molecular state.
I . Two-quark : Excited state ?
Al P=(+1)(-1)(-1)
t7 | Molecular ; Ground state ?
, | - 2(.1\2(_1)\L
5 10 15 20 25 : P (+1)(1)(1)
t/a » Pion mass dependence
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Sigma meson result (1)

Gtwo-two ( t)

two—t di
Ggrg, (1) = —Ggg(t) + 2Gslf§2( )
lec—mol
GrélloSeQC molec (t) = 2 [D5152( ) -+ 05152 — 3A5152 + G5152
0.01 ‘ ‘ ‘ ‘ 1.5
0.008 | © G™™°(t) (point-point) 1 2[D+1/2C'3A+3/2G] (P'P)
0.006 | |
0.004 | * = 05 .
0.002 H ;- f ks
1 | % | } | | 2 00 |19
0.0 XHHH IHI h h{ g
-0.002 | ] o |
-0.004 | o 0511
-0.006 : 1.0 |
-0.008
-0.01 : : : : -1.5 - : : : :
0 5 10 15 20 25 0 5 10 15 20 25
t/a # of Conf. = 136 t/a
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Sigma meson result (2)

3323 ® 3393 — 3303 ® 3343

10'2 E3 D'l(t) (point—pOint)
FO r exa l I l | e - + -D’y(t) (point-point)
p y 10‘; . . o
10 ; Q ~
00, N ¢
ORTSUE s
5 . .
Q 1o .
10—12 Y .
10-13 i 4 O
10 ¢ . .
*
10—15 . .
10 .. |
0 10 15 20
t/a
10°
10" [~ ‘ -hat A(t) (point-point) ‘ ]
00 . g .
,6 [
~ 71 .
< 10
& 10°
= 10 i
10—10
10" H
10-12 ‘ ‘
0 10 15 20 25
t/a

check G(t)

Preliminary!

l303 ® 1393 — 3393 ® 333
10° -tilde C1(t) (point-point) !
10° I* + tilde C2(t) (point-point) | * 1
10”7 t‘ o) .
=) 9 M M
O 10 S o
Q 10-10 3 T .
= 10" Ce o
10 M .
10 : .
10 | oy .o
10—15 L ‘ : * : ‘ ‘ ]
0 5 10 15 20 25
t/a
3393 @ 3333 — 13z3
0.001
0.0008 check Gl(t) (pOint—pOint)
¢ check G,(t) (point-point)
0.0006 f
0.0004 I
0.0002 | % ]
00f p ﬂ hI} 3 % 1
0.0002 } I ]
0.0004 } } ]
0.0006 } G(1) ]
0.0008 @ D
-0.001 : : :
0 5 10 15 20 25
t/a

# of Conf. = 136
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Summary
@ Structure of the light scalar meson;

two-quark, molecular, tetra-quark state ?
@ 0’s connected part :

two-quark’s error > molecular’s error
two-quark state : Excited state ?

molecular state : Ground state ?

(more statistics, m_ dependence, variational method)
@ o0 : more statistics !

Future work

& Mixing angle from variational method
(m_ dependence)

2 K meson
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Optimal cost calculation

Variance — _— fi N f2(New) N : 3f of Noise
(Error estimate) Ney N Ngy : # of Eigen vector
Total Cost = Co + C1Ney + Ca(New) N Constant : f1, Cp, Cf,

f37 f47 a, b
Contribution of TEA Contribution of Noise method

Optimal N_, under fixed Total Cost ? ( Fixed : N )

Total Cost = fixed Approximately,
a]\af [Va’ria’nce] — O f2(N€’U) . f3 . f4Nev
ev a
@ C2(Ney) = N +b 7

_flaNQ ae (fle 2l f3aJ)NNev = (_f4bN Sl f301)N3v — f4C1Nélv — 0
N = 1440 = Ny = 12
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Sigma meson result (2)

1353 ® 1353 — 1353 ® 1343

e rene

3303 @ 3353 — 3323 ® 3353

% @Gm g E

1553 ® 1353 — 3323 ® 3543

®®@©

1393 ® 1393 — 1303
<> G(t)
A(t@ v
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