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QCD sum rules in heavy quark system

® Correlation function
' (q) =i fd4 x &' (T {jr(x) J'F(O)}>

® OPE part
In the large Q%(= —q*) region, we can expand the product of two

current operator to single local operator. @nit operaton) 1=0.

i j dx ¢ T(jp(2)jr(0) = CHI + 3 CH(@)O, W | On=mis. d-4,

n OG:G;:;.G;,V, d:4:

In heavy quark system, Or = gI'qglq, d=6,

— 1 o ’ A“

(ClAA|0) = — 0 =G4,G8 0>+... = mjo,, — qG*° =

k] 12mh< el O =M40ur 5 40k, 40,

Oy = furcG5 Gy G5, d =6

Mhp(q) = CE + C5 (82 G2, Go) + Ch3 (&2 /G, GE G ) + ..



QCD sum rules in heavy quark system

® Phenomenological part
By dispersion relation, II(q) is related to its imaginary part and
Imaginary part is related to spectral density.

- T
I, (q)= - f I (S) 45 TTIT(s) = i 8(s — ma) + 6(s — s0) InIT™Pe5(s)
TJdo S—q (resonance) (continuum)

® QCD sum rules in heavy quark system

GPE(?) Hth(f?)
r T EGa Ga T 3 acha b Gc _ l mImHT(S)
CI * CG2 (g ’ .UV)—E_ CG3 (g f Ha Gﬂ'ﬁ :3#)+ Tt s q_ ds
0 —

e T
We get information about properties of hadrons in terms of QCD
variables and condensates.




Charmonium and Sequential scenario

® Charmonium
mesons formed by a bound state of a charm quark and a charm anti-quark
P | nc(1S) 2980.3+1.2 MeV

V [ J/w(@S) |3096.916+0.011 MeV

S | xcO(1P) | 3414.75+0.31 MeV
A | xc1(1P) | 3556.20+0.09 MeV

® Sum rule in Vacuum(Shifman, Reinders et al)

Mass of charmonium is very well described by QCD sum rule including dim4
gluon condensates.

® Sum rule at Finite T

Using Lattice results of dim4 gluon condensates, temperature dependences of
some charmoniums are calculated using QCD sum rule.

® Sequential dissociation scenario

Lattice QCD expects that the charmonium ground state(S-wave) J/W¥ can survive
in a QGP up to 1.2Tc while the excited states(P-wave) x. and ¥’ are dissociated
just above Tc.



® Goals

> 1. Calculate all Wilson coefficients of gluon operators upto dimé.
» 2. Estimate the temperature dependence of dim6 gluon condensates.

» 3. Investigate temperature behavior of charmonium near Tc.



Dimension 6 gluon operators

Dim 6 gluon operators can be made up of

)3 X Gy
2)2 %D, and 2 X G,

Among them, 2-scalar*, 3-twist4, and 1-twist2 are independent by
iIndex symmetry and Bianchi identity. ( twist#, #=dimension-spin )

. £abc ~a b C a a
Scalar . f G’JV Gua Gva ’ Gua Gva;vu (‘.X) ();w|!n'i,‘n‘-1 — %(()}“, + ()W-‘) - %{};,p()““
. . f£abc ~a b C a a a a
Twist4 : f* G, Gop Gay » Gk Gyaak » Goa Grry
Twist2 : Gfu( 3,(;@5 u symmetric and traceless

Notation) Gj, Ggy.qp = GJiy D Da Giy

* S. Narison and R. Tarrach, Phys. Lett. B 125, 217 (1983) !



Dimension 6 gluon operators

Especially, in the heavy quark system(charmonium)
Scalar : f*** G}, Giig Gia s Glia: Ghauvul = Jf1 i)
Twist4 : fabc Gfmc G?:r,B ,?Bv J Gfm Gf’/’l.;/lK( = Jff Jf!) ’ fﬂa Gix;xv( = foﬂ:v J'E-)

Twist2 : G Gy

l Heavy quark system ex) (hh) ~ ! <

mp

%vacgy>

(s

Scalar : f**°G, Gp, Goy — G’

Twist4 : f** G, G2 GG, - G3

Twist2 : G/ Gyx.qp - Gy

where,
abc ~a C I
<g3 f ° Gua Ggﬁ G)Sv) =G3 (Uu Uy =% guv)
YL a a —_ L l
(i GuK VK;aB) =G4 (”u Uy Ug U+ 7g (8uv 8ap + Sua EvB + 8up Eva) — 3 (uyuy gap+ Uy ug gay

+Uy Uy gug+ (U © Q, v<—>ﬁ)))
uy =(1,0,0,0) : medium four velocity



Field Representations

® dimension 4

There are two independent dim 4 gluon operators and they can be
represented by color E and B fields,

scalar: GY,G¢, = 2(Bz—E2)

uv Cuv
. . _2({r2 . p2 & ~a a \ _ _ 1
twist2 : & = -3 (E +B ) where (H Gua Gva) = (uu Uy = % gw) Gy
0 EY By EY] [ 0 —B:/e —B,jJe —E./c]
o _ |=EY 0 B By Boje 0 -B. B, |__,
e\ Ey B2 0 by E,Jc B, 0o -B, | _
__Ez‘ Byj — b3 0 i | E./c —B, B, 0

® dimension 6

scalar : fG® = f?*<(3B%-(E° x E°) - B? (B® x B))
twistd : Gy = 1 f>(B7- (E>x E°) + B~ (B® x B°))
twist2 : G4 cannot be represented by E and B fields.



Temperature dependence of BEE and BBB

=
R e / We know the T dependence of
£ 0002 E % g2 s g2
= 0. -” —=FE?) and (=B?) from
c / n T T T
E 0 / lattice calculations.**
Q
m .0.002 ,
T (ocshr)lE: — **Phys. Rev. D79, 011501(2009) S.H.Lee and K.Morita
© (og/mB” ===
w -0.00453 0.9 1 1.1 1.2
T:"'I"E=

® Assumption
We assume that fields are isotropic and their angular correlations can be neglected.

(GeV9) - [—e—eBEE) (ﬂ; 32)1/2 (ﬂ; EZ)
' (0 BEE), > (¢?BEE),  ————"——
— (e BB} (= B2 (2 B,
Y0 OSSN SR oS SN (“’- 32)2;/2
: ! | : 3/2 3/2 -
Y1) SO SN S N (a's BBB ) r > (Gfs BBB ) T—0
[ : ; : : .




Temperature dependence of G,

® Assumption

We estimate order of ratio between G2 and G4 using gluon
distribution function G (x, u)*** and thermal gluon mass mg(T)****.

(bnz—G@MQAgEWMWIﬁ;:2Jth4GﬁJf)

Assume temperature behavior of G4 as,

G A
L —mz A4
(> A>
where 4,~0.02
A>~0.9

mg~0.6 GeV' near 7T,

*** PR.L 82 (1999) FKlingl, S.S.Kim, S.H.Lee, PMorath, and W.Weise
***% Phys.Rev. C57 1879 (1998) PLevai and U.W.Heinz



Applications to Charmonium Sumrules

IT' () = f d*x e (T{j' (x) /' (O)})

= Cpen + C2 (G*) + C 3 (fG’) + Cg, (Ga) +

Dim6 Twist operators’ Wilson coefficients

Cg; (G3) + Cg, (Gs)|:uptodim 6

where j' =¢Tc and T' = I(xeo), i¥5(0). YuJ /), (quqr /@ = gur) ¥ ¥s(Xe1)

1Sy | ne jP = ciysc 2980.3+1.2 MeV
SR jV = ey,c 3096.916+0.011 MeV
Po | X0 jS =éc 3414.75+0.31 MeV
PrxeT | 4 = e(quqv/q? — Gu)YyYsC | 3510662007 Mev

» Try1 : Moment sum rule (SVZ/RRY)
» Try2 : Perturbed Borel sum rule(Bertimann) for simple calculation
> Try3 : Borel sum rule

12



Moment sum rule

® Moments M, (Q%)
To pick out the lowest lying resonance, we define moments M,,.

IT (q) = i f d'x e (T {j' (x) /' (0)})

M@= -2 @) (@ =-a)

n! d Q3
9 . MJI;—I(QE] 5
mr = mm{ - }
M, (Q°)
® Parameters**** 0
S waves(£ = 1) P waves(£ = 2.5) («f = H]
m.=123GeV  m.=121GeV '
a, = (0.2] a, = 0.17

V5=38GeV  Vs,=38GeV
**xx% Phys.Rept. 127 (1985) Reinders, Rubinstein, Yazaki "



Moment sum rule Results(Vector)

S MY (4 m?
my =m1n{ 1;;.1(4 ;) —41113}
g Mvecor - MWOm)
. : ' N S
G T B L T
S S .
N A7 i
3-0'"_5____ .____; =~ ! TS ? ___________
o i LOAREE:. Sy : :

B . O .
DLt A e ikt S —
| i | i R
Fo i : : : ..ﬁ-

5 70 15 20 35 30"

[Phys.Rev. D93 (2016) no.1, 016001 H.Kim, K.Morita and S.H.Lee]

my = 3.09 GeV
---ze-- 08T, w/o d6
—e— 0.8T7.w/ d6
....... 1.0T. w/o d6
e 1.0T.w/ d6
---2--- 1.047. w/o d6
—— 1.04T, w/ d6
eemens 1.057, w/o d6
—+— 1.05T, w/ d6
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Moment sum rule Results
_QZ}

Mr 2
m? = min {M

Mpseudoscalar
T T

nc (P) 2.98 GeV

I (V) |3.09 Gev

xc0 (S) | 3.41 GeV

xc1 (A) | 3.51 GeV

---z---- 0.8T,. w/o db
—e— 0.8T.w/ d6
= 1.0T, wio d6
—=— 1.0T, w/ d6
---2=-= 1,047, w/o d6
—— 1,047, w/ d6
--=2---- 1.05T, w/o d6
—+— 1.05T] W/ d6




Criterion to determine valid n region

At low n, the whole spectrum(res+cont) contributes and
condensate corrections are too small.

At large n, the ground state dominant but condensate
correction become very large.

®nn. . ° continuum contribution from M,
min -

total perturbative part from M

<03

+ dim4 contribution from M
® Nmax - z
total M}

< 0.3

dim6 contribution from M,r

total M}

< 0.1



I\/Ioment sSUM rule Results

Pseudoscalar n ector
R . S G,

3.4]

nc (P) 2.98 GeV

W (V) |3.09 GeV
3.0

1 xc0 (S) |3.41 Gev

28
| 3.51 GeV

- 0.8T. w/o d6
0.8T. w/ d6
1.0T,. w/o d6

. : : : 6 . . ‘ ‘ % . 1.0T. w/ d6
S 10 15 20 25 30 35 40 5 10 15 20 25 30 --eeee- 1,047, wio d6
Psuedo Vector Scalar Axial —— 1.04T, w/ d6

dm4 103Tc 104Tc 104Tc 1.04Tc -zee 1,057, w/o d6

dimé 103Tc 105Tc 1.04Tc 1.04Tc —*— 1.05T] W/ d6




Borel sum rule

® Exponential Moments M (o) (Borel transformed moments)
IT' (g) = ifa” xe® (T {j"(x) j (0)})

2yn+1 d M .
M(o)= lim &) H(— )Hr(__Q')

n.O"— oo n! d QE
Q:;-"rzq'a o
) ) M' (o) : . .
My =~ min < — ( 1in the valid o region
L { M(o) } gion)

® Advantages of Borel sum rule
OPE side : convergence of the OPE I
Phenomenological side : lowest resonance’s contribution'

® parameters
For both S and P states, we use same parameters and less than Moment SR.

me, =127GeV, a; =03, Vsg =3.6GeV 8



R(o)=—

imp

Perturbed Borel sum rule Results

M(o) = et TA(0)|1 + s a(o) + b(o) (g7 G7) + c(o) (&7 fG) + ...
d

do

M' (o)
M (o)

log Mo ~ ;—ﬂ_ log[1l + f(o)] =

d f(o)
do

nc (P)

2.98 GeV

Iy (V)

3.09 GeV

xc0 (S)

3.41 GeV

xc1 (A)

3.51 GeV

dim4 0.8T,
dim6 0.87,
dim4 1.07,
dim6 1.07,
dim4 1.03T,
dim6 1.037,
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Borel sum rule Results

e, 2-8 |
1.5 2 0 2 5 .0 0.5
mA

3.7¢
3.6}
3.5
3.2}
3.1}

AP ) || I . T O
9380 05 10 15

Axial
3.50 GeV

1.0

15

Psuedo
3.0 GeV 3.08 GeV

05 1.0

Scalar
3.39 GeV

Vector

Mo gT,

nc (P)

2.98 GeV

Y (V)

3.09 GeV

xcO0 (S)

3.41 GeV

xc1 (A)

3.51 GeV

dim4 0.87,
— dim6 0.8T,
dim4 1.037,
dim6 1.037,
dim4 1.04T,
— dim6 1.04T,
dim4 1.057,
— dim6 1.057,
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Borel sum rule Results

m O max m O max
3_3_P 3.4.V

[
3.2} 3.3:- nc (P) |2.98 GeV
31 3.2 W (V) |3.09 Gev
3.0}- g; xc0 (S) | 341 GeV
o ol IS e xcl (A) | 351 Gev

2 AAAAAAAAAAAAAAAAA S, j‘f’.gz_ : : : 3 ¢ ]
6,0 05 10 15 20 25 8_0 1.9 1.0 1.5 2.0

mg O'max mA Omax "0 dim4 OSTC
| " | gg N 7 /i | |— dimeosT.
3.5, dim4 1.037,
34N dimé 1.03T,
< 3] SR o NI RV AN dim4 1.047,
~ ‘ 3.1} _ _ —— dim6 1.04T,

[ L s S ) p 0'3 t " P S R . e o2 .
00 05 10 15 80 05 10 15 dim4 1.057¢
Psuedo Vector Scalar Axial — dim6 1.057

dmé 1.04Tc 1.05Tc 1.04Tc 1.04Tc 21




Conclusions

We calculated and completed OPE for heavy quark S, PV, and A
currents upto dimension 6 with nonzero spin operators.

We estimate temperature dependence of dimension 6 gluon
condensates based on the temperature dependence of dimension 4 E
and B condensates extracted from lattice gauge theory.

We improved the previous QCD sumrules for charmonium near Tc
based on dimension 4 operators, by including contribution of
dimension 6 operators.

All sum rule method well describe mass of charmonium at vacuum.

Moment sumrule improved vector current’s stability upto 1.05 Tc but
pseudo scalar current looks too unstable in this sum rule.

Perturbed borel sumrule is not good to investigate T dependence.

We found an enhanced stability from Borel sumrule at T=1.05Tc for the
vector current and T=1.04Tc for others. We could not find remarkable
difference between S and P states.



Thank you for your listening!!
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