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1. Looking at the world with operators

2. Light quark system – QCD sum rule constraints

- quark operators
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QCD is non-perturbative in vacuum

Chiral symmetry breaking y y g
(mass generation)

Confinement

QCD is non-perturbative up to 3 Tc

F. Karsch hep-lat/0106019
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1. Looking at the world with operatorsg p

1. Model independent property of the vacuum and medium

2. Can link different physics through same operator

3 Li ht k t <E2> <G2>3. Light quark operators,  <E2>, <G2>non-perturbative
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Finite temperature

Quark condensate – Chiral order parameter

Lattice gauge theoryFinite temperature

0/ =><>< TT qqqq

Lattice gauge theory
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T/Tc
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Finite temperature

Quark condensate – Chiral order parameter

Lattice gauge theoryFinite temperature

0/ =><>< TT qqqq

Lattice gauge theory
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2 quark

More Quark operators – chiral or non chiral

2-quark

>< qq aτγ 0
d iti>< qq τγ

>< qDq νμγ

densities

Quark part of energy momentum tensor

4 k

qqγ Quark part of energy momentum tensor

4-quark

{ }( )2{ }( )ψγγψ μβμααβ
2

5, QFDigg ∗=Ω

( )
( )( )

V FDQg μβμααβ ψγψ 22 ],[=Ω
J-Lab 12 GeV
upgrade higher 
twist effect

( )( )aaA iQiQg βααβ ψλγγψψλγγψ 55
2=Ω

( )( ) aaaa VVgQg βαβα ψλγψψλγψ 222       ==
twist effect
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Lowest dimensional - Gluon operators

0
2 GG =

α

• Two independent operators

Gluon condensate 2Eα
0GG

π

Twist-2 Gluon 24
1 GguuGGs ⎟

⎠
⎞

⎜
⎝
⎛ −= αββαβμαμα

or 
E

π

2Bsα

At fi it  t t   f  

24 ⎠⎝π π

( ) ( )GG α38• At finite temperature:  from ( ) ( )pGpG +=−−= ε
π
αε 20      ,3

9
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( )( ) ( )4
00 MeV 189

84
9B ≈−
⋅

−= GTG c

<α/π B2 >T
G0

84

<α/π E2 >T
G2
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<E2>, <B2>   vs confinement potential

Time

• Local vs non local behavior

W(ST)=
exp(-σ ST)

S

OPE for Wilson lines: Shifman NPB73 (80)T

Space 

Space
S

W(S-T) = 1- <α/π E2> (ST)2 +…

W(S-S) = 1- <α/π B2> (SS)2 +…
W(SS)= 

exp(-σ SS)p

• Behavior at T>Tc

W(SS)= exp(-σ SS) <α/π B2 >T

W(ST)= exp(- g(1/S) S)
<α/π E2 >T

8



Linear density approximation

Operators in  at finite density and hadronic phase

N
N

N mG
m

MeV 750   N|(Chiral)T|N              ,N|Op|N
2

Op    Op 0
00

→=∝Δ+=
ρ μ

μρ

• Linear density approximation

NN mxdxxGmG  0.9               ),(2                                                                        2
2 →∝ ∫ μ

• Condensate at finite density

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−= 0

0
00 0.061-1 
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ρρρ GmGG N
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ρ

ρ

−×=Δ sB( ) ρ
π
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sG −=
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π
α

π
α
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≈×=
• At ρ = 5 x ρ n.m.
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Gluon condensate – Non perturbative

( ) 44
0

2 TagTGG +=
α

• Lattice calculation (Lee 89) 

Non-perturbative Gluon condensate ; ( ) ....0 TagTGG +
π

Non zero above Tc

Non perturbative Gluon condensate ;

( ) ( )06.0 00 =×≈ TGTG

H t d  Ad i  B  (90) 

( ) ( )00

M it  L   (08) • Hatsuda, Adami, Brown.. (90) • Morita, Lee  (08) 

<α/π B2 >T

<α/π E2 >T
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2. Light quark system

1. Nucleon

2. Vector meson

3 Phi3. Phi meson
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Nucleon

)(, ** μ
ρ

μ
ω

μμ
δσ Σ±Σ−=Σ±Σ+= kkmm pnpn

• Nucleon in matter : RMFT  

Average potential )(   , ,, ρωδσ Σ±ΣΣ±Σ+ kkmm pnpn

Symmetry Energy (Greco et al)

g p

δρ Σ+Σ−≈ *

*
0

*

21 f
sym

mk
E

• QCD sum rules

y y gy ( ) δρ **6 FF
sym EE

( ) ( ) ( ) uk
OPEikx ukxdxik Π/+Π/+Π⎯⎯ →⎯=Π ∫ 10e ηη

1( ) ( ) ( )ssV

Phen
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μ
μμ γ

1

qq
Ms Δ−=Σ 2

28π dduu
M

−=Σ 2

28π
δ

Cohen, Griegel, Furnstahl 92 Jeong, Lee 11
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Light vector meson  

• Hatsuda and Lee (92)

Correlation function ( ) ( ) ( ) ( )( )qqqqJxJdxik pert
OPEikx ΓΓ+Π⎯⎯ →⎯=Π ∫ 0e μ

μ

QCD sum rules ( ) ( )∫ −=Π sds Ms ρ
2/OPE eBT

( ) ( ) ( ) ( )( )qqqqpert∫ μ

( ) ( ) contmsf V +−= 2s δρ( ) ( )∫ ρe

( )( ) 2qqqqqq ∝ΓΓ⎟⎟
⎠

⎞
⎜⎜
⎝
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−= VV n

nmm 2.010
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nmn
nmm 05.010φφ

• Asakawa, Ko (93)

( ) ( ) cont
sms

f

V

+
Γ+−

=
222

sρRho modified by pion through delta hole
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Light vector meson – QCD sum rule constraints

• Leupold, Peters, Mosel (98)

Mass and width ( )( ) 2qqqqqq ∝ΓΓ( ) ( ) contf
+= 2sρ

QCD sum rule constraint ( ) ( )∫ −=Π sds Ms ρ
2/OPE eBT

( )( ) qqqqqq( ) ( ) cont
sms V

+
Γ+− 222

sρ

( ) ( )∫ ρe

Vacuum Nuclear matter

Width
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Light vector meson – QCD sum rule constraints

• Momentum dependence (Lee 98)

In medium ( ) ( ) ( ) L
L

T
T PkPkk μνμνμν ωωω ,,, Π+Π=Π

momentum

( ) ( ) ( )LT μνμνμν ,,,

( ) ( ) ( ) .., 21
,

0
, kk TLTL ωωω Π+Π=Π

( ) ( )∫ −=Π sds TL
Ms

TL
1

,
/1

,
2

eBT ρ

( ) ( ) ( ),,

Dominant OPE Assuming no k dependence on width

( )( ) 4

2       

−∝ΓΓ

−∝

Twistqqqq

TwistqDq νμγ
Tρ Lρ

g p

( )( ) 4∝ΓΓ Twistqqqq

Vm
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3. Heavy quark system

1. Charmonium system

2. Panda
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Heavy quark system – QCD sum rule constraints

• Morita and Lee (08 present)

In medium ,,,/ ccJ χηψ

In Vacuum

,,, cc χηψ

( ) ( )4430,3872 ZX ( ) ( )
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Mass shift:  QCD  2nd order Stark Effect : Peskin 79 ε > Λ qcd

OPE for bound state:  m infinity

( ) )(         ||         ),(      16/ 2422
0 mgOkmgOgNm c →→=

r
πε

q
c

)1()( 324
2 Omgmgg →

c c
=

c
)1(    

))()(( 2244 O
mgmgmg

g →

c c
=

Attractive for ground state <α/π B2 >T

<α/π E2 >T

∫∑ ×==Δ 2
2/32

0

2

1128 ExdxanzEi
m α
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Other approaches for mass shift in nuclear matter

Quantum 
numbers

QCD 2nd

Stark eff.
Potential 
model

QCD sum 
rules

Effects of 
DD loop

ηc 0-+ –8 MeV –5 MeV
(Klingl, 

SHL ,Weise, 
Morita)

No effect

J/ψ 1-- –8 MeV
(Peskin, Luke)

-10 MeV
(Brodsky et al).

–7 MeV
(Klingl, 

SHL ,Weise, 
Morita)

<2 MeV
(SHL, Ko)

0 1 2++ 20 MeV 15 MeV No effect χc 0,1,2++ -20 MeV -15 MeV
(Morita, Lee)

No effect 
on χc1

ψ(3686) 1-- -100 MeV < 30 MeVψ(3686) (SHL, Ko)

ψ(3770) 1-- -140 MeV
(SHL, Ko)

< 30 MeV
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Observation of Δm through p-A reaction

e+

4 to 6 GeV/ck =

ψ
Anti 

proton
Heavy nuclei

ψ
e−

Heavy nuclei

3 2

1 1.2
0.17 5

fm
fm fm− =

×

Can be done at J-PARC

Expected luminosity at GSI 2x 1032cm-2s-1
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Expected luminosity at GSI 2x 1032cm-2s-1



4. η’ meson

1. Witten – Veneziano formula

2. At finite temperature and density
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Witten-Veneziano formula

• Correlation function ( ) ( ) ( )∫−= 0~,~e GGxGGdxikP ikx

• Purge glue case                                    with massless quarks ( ) 000 ≠=kP ( ) 00 ==kP

• Large Nc argument
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⎜⎜
⎛ π

• Constraint

( )0
4 02' P

g
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=⎟⎟
⎠

⎜⎜
⎝

πη
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Witten-Veneziano formula in medium

• Large Nc counting ( ) ( ) ( )
m

ikx
m GGxGGdxikU ∫−= 0~,~e

2
cN 2

cN cN

• LET at finite temperature for S(k): Ellis, Kapusta, Tang (98) 
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• LET at finite temperature for P(k)  : Lee, Zahed (01) 

• W-V formula at finite temperature: 

veperturbatiNon
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+= 2442
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Summary

1 One can look at the world with Operators1. One can look at the world with Operators

2. Light quark system – QCD sum rule constraint

3. Heavy quark system - <E2>

4. η‘ mass - <G2> non perturbative
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Summary

1 Operators1. Operators

2. Light quark system – QCD sum rule constraint

3. Heavy quark system - <E2>

4. η‘ mass - <G2> non perturbative

Ul i hUlrich,    
Thank you for your inspiring works,              please keep on inspiring us…
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