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m QCD Sum Rule (SR)
m Scalar meson nonet of mass <1GeV
m Our analysis

m Summary and Discussion



" I
QCD sum rule (S

R)

m Correlator of the interpolating current J. with
the quantum number of the hadron under

consideration

M(q*) =i[d*x e (0TI (03:(0)10

Nonperturbative QCD Vacuum

m Calculating it in deeply Euclidean region by the

perturbative OPE

HOPE( oy . Condensates from the
> nonperturbative vacuum



m [1°7°(g°) is related to physical region by the

dispersion relation ,
1=, , ImII. (S°)
OPE / 2\ 2 S
(7)== | ds® ==
T S —(
Narrow resonance approx. in the phen. side

03, ]S)=~2f M Quark-hadron duality
! t
IMTT, (s*) = 27 £ M{S(s* = M) +0(s” —s5) IMTTS™(s7)

L threshold

o IMIT(q*) =7 5(a” —m;X0] J5(0) [n)n] I¢(0)|O)




m Borel transform makes the contributions from
the continuum suppressed exponentially.

m QCD sum rules :

52 2 1\a2
ﬂoo ds’e™ '™ ImII™= (s°)

N

2 ~M2/M?
=2f;Mce ™

1, (M?): Must be POSITIVE

M : Borel Mass



m Mass of Particle can be determined by

M = /(@115 / 2[T)M?

m Generally, including all contributions from
OPE, the mass must be independent on the
Borel mass.

m Actually, we cannot do it. Up to a certain
energy dimension operators, mass plateau
appears in some region of the Borel mass.

=) Borel window
m Borel window must be opened in M <s, .
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Light scalar meson nonet
m Members : | =1 : a’,a;(980)

| =1/2 : k", x°,k°(800)
| =0 : 0(500), f,(980)

m Large decay widths :

I, =50~100MeV, ", =40~100MeV
I, =400 ~ 700MeV

Refs. : PDG, Chin. Phys. C, 38(2014) 09001



= S
qq Interpretation

m With ideal mixing : L=1 for P=+1
a; (980) =ud, a =i(uU—dcT), a; =dd

J2
k*(800)=uS, xk°=d3, K’ =sd, k¥ =SU
iz(umda ), ,(980)=s5

V2

m (?1)Decays of a, : fraction of SS?

&(600) =

I18,(980) »>n7]  _ 0.85+0.02 Amsler et al,
I'Ta,(980) —» 7+ KK] Phys. Rep.
384(2004)61




m (?2) Mass degeneracy in &, f,
1. From number of strange quarks
m, >m.>m_, m,
2. L=1 gives 400MeV more mass -
from the mass formula in a quark model
(Kochelev, H.—-J. Lee, Vento, PLB 594 (2004) 87),
for example : 1,(980)

M fo = Econf
1214 +2%x407-2+0+400=1425MeV

+2m +E. .. +E +E



"
[qql[aq] interpretation

m One gluon exchange & instanton

strongest attraction in two quarks
of 13.,3.,1) : scalar (S) diquark

In two antiquarks of |3¢.3:,1) © S antidiquark
—Jaffe & Wilczek, Shuryak & Zahed

m |n flavor space :
3, ®3, =3, ®6,, 3, ®3, =3, D6,

=3, ®3,=1®8
Explicitly

[ud], <>, [us], <> d, [ds], <> T

[Gd], < s, [0S], < d, [d5], < u



" A
m |n terms of S diquark & S antidiquark : L=0
a; (980) = [G8][us], a? == ([d5][ds] — [5][us]), a = [a5][ds]

J2
x*(800) =[ds][ud], «° =[TS][ud], ¥° =[ud][us], &~ =[Td][ds]

&(600) =[Td ][ud], f,(980)= % ([d5][ds] +[aS][us])

m Number of strange quark :

m; =m, >M.>M_ :Inverted mass spectrum

m Strange quark component in f;, a,

f,, a, > KK



" S
SRs tor light scalar nonet

m |nterpolating currents : energy dim.=6

o T N — TN
Jo = €apeCageltly, Cysd (U Csd,)
1 e |
J..f]j — T’EEHEJ-{'EH(;(' | Ly, ( V5 Se ) ”-:f( VaSe ) + Lt — ”r:l
Vo<
1 o .
J“g — Tﬁf-ufh{'ftuf:- \ “-li'lI ( V5 Se ) ”-:f( VS e ) — U — 'f‘?:l
Vo=
. T v T e =
JH+ — t.'mr,(.{mgf:i_ ”‘EJ (. I._;f}(.”_f “r( ; ,-_1-‘:,-_3

m After Borel transform
Energy dimension of the correlator =10
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Some details for sigma

m Vacuum expectation value of currents

o (0|TJE(2)J2"(0)]0)

= €abeCadeCallie Eardre ,(Tl[sbd (2, 2)T 285 (2, )T | Tr[SY,, (0,0)T 555857 (0,0)T'F |
—Tr[Spy(z, 2)Ts255! (0,2)TE 1S4(0,0)Ts 355 (2,0)TE,]
—Tr[SE (2, 0)Ts,35%% (0, G)PT S44(0,2)Ts2SET (2, 2)TF |




m Quark propagator :

Sh(x) = —i(0/Tqu()3(0)|0)

-

2 "{‘4

¢ & (qq) Xz : 2 2
= (o i — 2040 Ga) + iy (a0) (°CP)

- g n‘_j,y A m
—im 5 G P(:LJW + 0u),

= Ist: m 4th : ég

m’nd: o o

m 3rd M m oth ;




'_
m QCD SR for sigma :

MYE,  Z(GHMOE, . (qq)? (q9)i9:(q0 - Gq)

! M2E
29 . 576 210 . 376 1272 M7EL = 1272 0
('?39c<§5 ' G‘-’I>) JC<G2>< > .: —m2/M?
R T e N v 2 ffmie™/
o O &5 &
@) o a © (d-1) (d-2)

E 8D 5 EY

(e=1) (e=2) (e-3) (f-1) (f=2)



n_l";.:{iq, (-ﬂf j [J-I:]_Tc;-{‘vl“]

LHS of SRs with scalar Diguark

m Values of condensates and mass :
(i) = —(0.25)% GeV3, (5s) = f,(iu), (¢2G*) = 0.5 GeV*,

ig {ito - Gu) = 0.8 GeV¥iu), ig(50 - Gs) = fiig o - Gu),
m. = 0.15 GeV, f, =08

H.l;{_ M :l [1”—'.’(:'_:“‘_.— |_“.]
[, (M)| 10— l-\.-m.




" A
What we have seen---

m Large negative contribution from d=8 ops. :
=) NO physical meaning in SRK.

m Any other structure for the light scalar
mesons”?

m Effect from Instanton?
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m Generally, five types of relativistic currents

3 ®3 abc[ql bF q2 c]gade[qs dr q4 e]
6, ® 60 NE :{[ql,a : %,b] +(@< b)}{[q3,a isq4,b] +(@a<>h)}

with T =y, "y, and I} =-T7, I} =T

=Cy5(S), C(PS), Crey, (V)
7 =Cy,(AV), Co,,(T)

m General interpolating currents could be :

Jo=ad+ RIS +vI +v' I +1d!

Chen et al., Phys.Lett.B650:369-372,2007
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SR for sigma again

m ‘t Hooft instanton induced interaction for u,d :

G 2_';\'!":‘_1 .T — 2 'T1-"\,-' _.'1-3 J. T, _.'1-3
J{: a —']:[:_'n"l'r;-g - l)[ 2_"'\\":- ([:E.'I.}Tﬂ E‘I:] + [:EII 'I'FJT& E'Ijl ) + 51:_-"\"1-“ [:E-""J.I!'-""TT:I E"jl ]
1 Fierz trans
L = T CE: : CabcCade [{?’rhTF‘Jdrj (ﬁ-dr_ﬁfg) - (“‘j}TFFHdn:](ﬂdrpﬁ'fE:]]
ON_ (N, — 1)
(+

-+

WL poder) (@I 00 + (@ T L))

! ]
a=1 p=-1,v=0 v'=0,t=1/4 for N, =3

IN.(N. +1) (




m From PDG:

fo(500) DECAY MODES

Mode Fraction (I';/T)
[ T dominant
r 9 -} f':lr seen

m |nterpolating current of the tetraquark can
couple to the two pion state : Fierz transt.

1 . 3 T OB A9 E T OE A€ K T 5 e
JF = G {(n —0) ((a‘m Sd + dvPu)? — (iy°d — dyPu)? + (@ u — dn ’Jrf)z)
+(a + ) ((Hﬁ}--r‘qﬂ d+ dvPy,u)? — (7 .d — dyP ) + (a7 vy — rlf}--'gf}-#rf)Q)]

m \We need to modity the phenomenological
side.

o IMII;(q*) =7) 5(q° —m;)0] J5(0) [ n)n| I{(0)|O)



m Narrow resonance + two pion state
In the phen. side :

| | | hi
R o T T k-
| —+ e ] ] ] ) p - ‘_\
= e———— I + I + High dimension L N
Imll | {L} <;§7 OPE ‘L ,
| + 1 m-L="
| |

m PCAC gives :

1 27 2 6
il | _
T (@) 16° 7°

(a—ﬁ)z[

(q9)
41

y /1—4m”6?(q _4m?)
q

I

] +(a+p) ( ](q -2m;)°
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Instanton effects :

aZ_IBZ

~&

m QCD sum rules :

_/ dS E’_SEHJEIIHHGPE( )—I—B[HI+I(Q’)]

= foﬂ-m-fge ",

1

/M2

— ImIT9"E(4?) = (a® + B?)
T

+ (a? —

B

59[(:gqrr Gq))*

[1171(g) = (a® = B =55~

+ [19(a* + B?) — 6aB]

1 /53

29 . 3242

— ds? e
T Jamz2
(g*)* (¢*G*
7 6 I 5(q7)
| 275377 28 37
(q9)” 5 {qa)iggo - Gg)
1221 12772
o g G*Xqq)*
mif”) 25 23 2

’%211Lffp

g ;p jﬁ[

g
Maft 2 <~‘?f£f>

1877 4 ;p f{][ J

/ UEIH]H.ZTT( 2)

|

Hﬁ)]



m For a=—b=1, there could be stable result!

IU I I | I I I

08 """ T TT— -
r—-my =~ 800 MeV ~=

fy(600) T-MATRIX POLE /5
Note that [ ~ 2 Im(\/w).

DOCUMENT 1D TECN COMMENT

i(250-500) OUR ESTIMATE
Ve do not use the following data for averages, fits, limits, etc. o o o

(4417182727 3 o) 1 CAPRINI 06 RVUE 771 — 7

(470 £ 50)—i(285 + 25) 2 ZHOU 05 RVUE

(541 + 39)—i(252 + 42) 3 ABLIKIM 04A BES2 J/ih — wrt ™
(528 % 32)—i(207 = 23) 4 GALLEGOS 04 RVUE Compilation

(440 % 8)—i(212 % 15) 5 PELAEZ 04A RVUE 77 — 77

(533 + 25)—i(247 + 25) 5 BUGG 03 RVUE
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Other members with diguarks
mFor f0(980) and a0(980)

M"YE, ¢ <Gz> M°E;  m, (3s) MOFEs  myig (50 - Gs) M*E,
29 . Hyrb 210 . 3,6 25 . 37l 27 . 3t

LY (M) = (a® + %) (

msg? ((‘;2> (5s) M?E, M {gq)‘z (ss) (a? B m (qq) MCFy - (qq) (5s) M*E,
28 . 3t 0 /

myig (qo - Gg) M* P

(b)

3mespl - nefspe (49) (35) -
L_Inst (f'uf) _ (QQ - JZ)T%B[IB(Q” + (19&2 + 19,32 _ 60;3) ffPc \44) \ HB[ID(Q)]

fo,a0 s 18?r4-m;m;
4 /=02 . 8 6 /sl

(v — B g NeffPe \Ss) BII + o2 NeffPe \SS}B .

(= B) 1274m;2 Lo(@)] £ (= B) 3mOm2ms 90(Q)

Upper sign : f0(980)
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m Mass degeneracy in f0(980) and a0(980)

a=p

1.0 .

0.8+
06F

S 4~ 700MeV

m Mass fitting

fo,ao [GPV]

D2

0.6 0.7 0.8
M

Mass of fp(980), ag(980) from the QCD sum rule
with sg = 1.37 GeV.
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mFor kappa(800)

MYE, g¢*(G*)M°E; m,(3s)M°FE, N mgig(So - Gs)M*Ey

LOPE(M) = (a® + 3%) (

29 . 56 210, 376 26 . 374 28 . 3t
msg*(G?)(3s)M>Ey  ms(gq)*\ (a2 — 3?) ms(Gq)m°Ey  (qq) ((3q) + (3s)) M Ey
29 . 37 18 ' 25 . 374 2472
meig{go - Gg)M* — M?Ey . .. _ o o
_ mgig( . ) (E1 +Wy) + 20 3,0 ((qq)ig(So - Gs) + (3s)ig{go - Gq) + 2(qq)ig(go - Gq))
msgi(ﬁz", (A M2 1ala@m - Gavlial@a - Gab + 103 - (7&))
9t

PG IS s

, 16n7¢p2 me\ . . nefrpa(qq) m} .
Lfnsf M) = 2 SE effPe 1 q BII 2 32 effFe 19(3 29 q — BII,
K ( ) (‘l ) ?TE’HLEQ m? [ E(Q)] + (Q + ) 36?T4T?LEQ (55} + m? (Q‘:ﬂ [ D(Q)]

n (g m, . n 6(qq) -
~as "1 (e + 20 0 ) BU(Q)) - (0= B A5 2 Blan()
q ''s



" M

m With o= 3, mass fitting :

1.0

0.8F .
.--""'_'_-F_-_-_—-___ _____‘_-_-1-_'_“2-
. 06F

my [GeV]

' ~ /30MeV
0.4+

0.2

0.6 0.7 0.8
M

Mass of k as a function of M with sqg = 1.43 GeV
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Bound state of two psedoscalar mesons?

m For f0(980) : bound state of
S. AD6. 610 (2011)

Y.U. Surovtsev et al., Int. J. Mod. Phy
—From analysis of resonances appearing in

e — 7, KK, nn
JIy — o, KK

m [nterpolating current :

J = J,J, = o’ JgJs + 2aBJsJy + B°J1 ],
Js = i(uysu + dysd — 25v5s) , J1 = i(uysu + dysd + 5755)
0,= —11.5° |
s = uii + dd — 255, Y = ui + dd + S5
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m Left Hand side of SR

a: V0E (7
L DOPE(RH = (ﬁﬂfn—l— Y720+ )220 — 5)2 4 E(?n — s—\4\ M

O . . . .

- P

S u 1

> s0=1.37 GeV /’/
) 4+ -~ T

& ~

= i P |

2 2r " i

-

X i /-—f‘/ ]

—~ O —

5 - — — uptod=6 =

EE )R ———— uptod=38 .
c up tod =10

Q= p

I~

5, s (qq)* (5s) ‘ 4 s (5s)3
— = —13(2¢ — 5)" ————
12 (2c =) —03

— 4(c+ 5)%(2¢ — 5)
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Contributions from the instanton :

Lfn 3
_____ L!nn
- LIHM,S
Fig. 1. Diagranmy
effects. ¢,q can b 10 , . ! . ! g .
quark at the same 1.0 2 14 1.6 1.8

quark propagator
QCD vacuum. Li

propagators of the | ouan cu vae comvcvmvons

M[GeV]

2.0
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Another possibility :

m For f0(980) : bound state of two Kaons?

— Weinstein and Isgur, PRL 48, 659 (1982), PRD 27, 588 (1983)
. Using the color hyperfine and harmonic oscillator potentials.
— T. Branz, et. Al. , Eur. Phys. J. A 37, 303 (2008)
. Using a phenomenological Lagrangian.

m [nterpolating current :
1£0(980)) = a| K"K~ ) + BIK'K")
Jf = aJg+Jg- T BJgod go
= —[a(sysu)iyss) + B(5ysd)(dyss)]
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m Left hand side of SR :

3 T T T T T T T T T T T T
(a* + B° I ] 1°E»(M?)
mg )
+ 284 { (M?)
/o= A
]
6 )
o ‘ ) GeV g
>q.;a 4r | - ]
P'HD 5T | | | ] f .
= 27 1.1 1.2 13 1.4 15
- M (GeV) ]
2~ [~-FIG. 3 (color online). The fitted mass from the sum rule (8) as //:";/
°< _» > a function of M for 55 = 1.5 GeV. e
et LT _5£ ol e ]
0.6 0.8 1 1.2 0.6 0.8 1 1.2
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Contributions from the instantons :

—_——— e
——
—

&y

[ — HInst,:B
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summary and discussion

m fO(500) : S and PS diguark—antidiquark bound state?
800MeV

m Are other members diquark—antidiguark bound states?
— Mass splitting from sigma is too small.

f0(980), a0(980) : 700MeV , k(800) : 730MeV

m Can f0(980) be a bound state of two mesons?

— we could not see a signal which f0(980) is a bound
state of the two etas or the two kaons even if
contributions from instanton are included.

m Mixing tetraquarks and two quark state, or glueballs:--

Thank you! !
| could get near the sun mostly yesterday!!!
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fo(500) T-MATRIX POLE /s
Note that ' = 2 Im(\/W].

VALUE (MeV DOCUMENT 1D TECN  COMMENT

(400-550)-1i(200-350) OUR ESTIMATE

WE=to not use the following data for averages, fits, limits, etc. e o o

(440 £ 10)—i(238 <+ 10) 1 ALBALADEJO 12 RVUE Compilation
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