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(Bali et al.  2001)
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STRUCTURES yet to be DISCOVERED
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Glueball Spectrum
from 

Lattice QCD

GLUEBALLS

QCD predicts existence of 
GLUON-rich states
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QCD predicts quark-antiquark states 
with “excited” GLUE

HYBRIDS

(Morningstar et al. 1999)

Projects: GlueX / Hall D (Jefferson Lab)   

Question:
How do these IDEALIZED pictures translate into actual OBSERVABLES ?

   FAIR (Darmstadt) ,



I. INTRODUCTION

Nf = 2 QCD can provide fundamental insight into the mechanism of confinement. A

schematic view of the phase diagram is shown in Fig. 1 [1]. The quark masses are assumed

to be equal for the sake of simplicity: mu = md = m; µ is the baryon chemical potential.

Consider the plane µ = 0. As m → ∞ quarks decouple and the system tends to the

quenched limit. There the deconfining transition is well understood: the transition is an

order-disorder first order phase transition, the symmetry involved is Z3 and the Polyakov

line 〈L〉 is an order parameter. In the presence of quarks Z3 is explicitely broken and 〈L〉 is

not a good order parameter. Empirically, however, it works as an order parameter at quarks

masses down to m % 2.5 − 3 GeV.

At m % 0 a chiral phase transition takes place at Tc % 170 MeV, from the low temperature

phase where chiral symmetry is spontaneously broken to a phase in which it is restored: the

chiral condensate 〈ψ̄ψ〉 is the corresponding order parameter. At some temperature TA ≥ Tc

also the UA(1) symmetry, which is broken by the anomaly, is expected to be effectively

restored.

It is not understood what the chiral transition has to do with the deconfining transi-

tion, but empirically the Polyakov line has a rapid increase at the transition temperature,

indicating deconfinement.

More generally the transition line in Fig. 1 is defined by the maxima of a number of
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FIG. 1: Schematic phase diagram of Nf = 2 QCD.
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CONFINEMENT  and  QUARK MASSES

Qualitative difference between HEAVY and LIGHT QUARKS

temperature

first order 
phase transitioncross-over



MASS  SPLITTINGS  of 
SINGLET and TRIPLET states

Spectroscopic patterns:       LIGHT versus HEAVY 
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2.
CONFINEMENT

and
CHIRAL SYMMETRY 

BREAKING

Chiral Effective Field Theory
and 

Selected Applications



2 QCD with two flavours

In this section, I discuss the flavour symmetries of QCD.

2.1 Symmetry of the lagrangian

The lagrangian of QCD is

L = − 1

2g2
〈GµνG

µν〉c + Lud , (2.1)

where

Lud = ū $Du + d̄ $Dd − muūu − mdd̄d

= (ū d̄)
( $D − mu 0

0 $D − md

)(
u
d

)
; $D = iγu(∂µ − iGµ) .

Gµν denotes the field strength associated with the gluon field Gµ, and 〈A〉c stands for the
color trace of the matrix A.

It is useful to introduce left- and right-handed spinors,

uL =
1

2
(1 − γ5)u , uR =

1

2
(1 + γ5)u ,

Lud = (ūL d̄L)
( $D 0

0 $D
)(

uL

dL

)
− (ūL d̄L)

(
mu 0
0 md

)(
uR

dR

)
+ L ↔ R .

QCD makes sense for any value of the quark masses. For mu = md = 0, the lagrangian
(2.1) is invariant under U(2) rotations of the left- and right-handed fields,

(
uI

dI

)
⇒ VI

(
uI

dI

)
; VI ∈ U(2) , I = L, R . (2.2)

In other words, gluon interactions do not change the helicity of the quarks, see Fig. 1. On
the other hand, the terms proportional to the quark masses are not invariant under the
transformations (2.2), see Fig. 2.

Figure 1: Gluon interactions do not change the helicity of the quarks

5

ψR =
1

2
(1 + γ5)ψ ψL =

1

2
(1 − γ5)ψ

ψR,L → exp

[
i
θa

R,Lτa

2

]
ψR,L

CHIRAL SYMMETRY

QCD with N  = 2 MASSLESS QUARKS f

... invariant under  

LQCD = ψ̄R iγµD
µ ψR + ψ̄L iγµD

µ ψL + LGLUE

spin  

momentum  

gluon  gluon  

righthanded  lefthanded  

L R SYMMETRY  CHIRAL  SU(2)  x SU(2)  

qR qR qL qL



LOW - ENERGY  QCD

Physics in the HADRONIC (low T) phase of QCD

   Spontaneously broken CHIRAL SU(2) x SU(2) SYMMETRY

GOLDSTONE BOSONS (PIONS)
   ... interact weakly at low energy / momentum

   non-trivial VACUUM   

+ + + ...

π π π πN N

Z = tr exp

[
−

HQCD

kBT

]
=

∑
n

〈n|e−En/kBT |n〉

CONFINEMENT

Eigenstates |n〉 are (colour-singlet) HADRONS

T < Tcritat :

|0〉

CHIRAL (QUARK) CONDENSATE 

low-mass collective excitations 

:

:

〈ūu〉 = 〈d̄d〉 #= 0



CHIRAL EFFECTIVE FIELD THEORY

  Interacting systems of PIONS coupled to BARYONS

Leff (U, ∂U, ..., N, ...); U(x) = exp[iτaπa(x)/fπ]

+ + ...

π πN N

   (Weinberg;  Gasser & Leutwyler)

 LOW-ENERGY QCD:  Effective Field Theory of 
weakly interacting  GOLDSTONE BOSONS (PIONS) 

Low-Energy Expansion:  CHIRAL  PERTURBATION  THEORY

“small parameter”:  
energy / momentum / pion mass

mass gap of order 1 GeV   

+

π π

∈ SU(2)

   (Weinberg (’68);  modern developments: Ecker et al. (’94), Bernard, Kaiser, Meissner (’95) + many others)

p

4π fπ
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Chiral behaviour of mπ and Fπ

SU(2) ChPT predicts

m2
π = M2Rπ, M2 = 2Bm

Rπ = 1 +
M2

32π2F 2
ln(M2/Λ2

π) + . . .

where, in real-world QCD,

ln(Λ2
π/M2)

∣∣
M=140 MeV

! 2.9 ± 2.4

Gasser & Leutwyler ’84

⇒ Rπ ! constant = 0.956(8) in
the range M = 200− 500 MeV

32 · 243 lattice
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32 · 243 lattice
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Used tadpole-improved PT for ZA and

applied 1-loop ChPT finite-volume correction

For Fπ we expect

Fπ = F − M2

16π2F
ln(M2/Λ2

F ) + . . .

ln(Λ2
F/M2)

∣∣
M=140 MeV

" 4.6 ± 0.9

This fits the last three points

⇒ Fπ|M=140 MeV = 80(7) MeV

Within errors and up to mπ ∼ 500 MeV,
the data are compatible with 1-loop ChPT

15

Example I:  
GOLDSTONE  BOSON  in  LATTICE  QCD

m2
= −

2mq

f2
〈q̄q〉

Rπ = 1 +
1

2

(
m

4π f

)2

ln

(
m2

Λ2

)
+ ...

mq

f

fπ = f −

(
m

4π f

)2

ln
m2

Λ2

m
2

π
= m

2
Rπ

quark mass

Lattice QCD data compatible 
with   -loop ChPT 

up to m       500 MeV
1

π
!

M. Lüscher,  Lattice Conf., Dublin, July 2005

(Gell-Mann, Oakes, Renner)

PCAC:

ChPT correction:
pion mass

pion decay constant



lattice
(CP-PACS, JLQCD, QCDSF)

physical point

Masse des Nukleons
[GeV]

25 50 75 100 150

Quarkmasse  [MeV]

ORIGIN of MASS
HOW does the rest mass of the PROTON arise ?

QCD

quark mass   [MeV]

nucleon mass
[GeV]

physical point

theory

(D. Leinweber et al.  2004)

u + u + d = proton

mass : 3 + 3 + 6 != 938 !

mu ! 3MeV md ! 6MeV

M. Procura,  Th. Hemmert,  W. W.
Phys. Rev. D69 (2004) 034505

answer: 
mostly  GLUONS 

LATTICE QCD  
and

CHIRAL EFFECTIVE FIELD THEORY

(CP-PACS, JLQCD, QCDSF)

(see also:  Adelaide / JLab group,  
D. Leinweber,  A.W. Thomas et al.)

... at the same time:

MN ∼< q̄q >



3.3 Numerical analysis and contact with lattice QCD
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Figure 3.9: Best-fit curves based on the formula at order ε3 in manifestly covariant SSE,
with cA = 1.5 as input parameter [118]. For comparison, we plot also the
O(p4) 68% error band of Fig.3.8, where the ∆ (1232) is not an explicit degree
of freedom.

The parameter ∆ has been chosen equal either to 271.1 or 293 MeV. The former value
corresponds to the real part of the ∆ (1232) pole in the complex W -plane, the latter to
the Breit-Wigner mass of the ∆ (1232) resonance, see Sec.2.9.2. We identified ∆ as the
physical delta-nucleon mass splitting since lattice data show an almost parallel running
of MN and M∆ with mπ [113].

Table 3.3: Fit results for MN (mπ) at leading-one-loop order, including explicit ∆ (1232)
degrees of freedom. Here λ = 1 GeV.

M0 [GeV] c1 [GeV−1] ẽr
1/ ėr

1(1 GeV) [GeV−3] χ2/d.o.f.

Fit delta I 0.894 ± 0.004 −0.76 ± 0.05 4.5 ± 0.1 0.19
Fit delta II 0.873 ± 0.004 −1.08 ± 0.05 2.8 ± 0.2 0.43
Fit delta IIa 0.881 ± 0.004 −0.95 ± 0.06 2.0 ± 0.2 0.34

We fix the regularization scale λ = 1 GeV. Both Eqs.(3.41) and (3.44) are scale
independent.

The O(ε3) non-relativistic SSE result cannot provide a satisfactory interpolation be-
tween lattice data and physical point. Compared to O(p3) HBChPT, the inclusion of

75

Lattice QCD

physical point
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Figure 11: MN (mπ, L) evaluated at several box sizes L, with parameters from the fit to
finite volume lattice data
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Figure 12: L dependence of the fit function and error bands at the pion masses of the two
volume groups. The shapes and colors of the lattice points correspond to those of figure 10.
The horizontal dashed line is the infinite volume limit of the fit function. The bent dashed
lines represent the O(p3) contribution to the finite volume correction.
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infinite volume

O(p4)
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Example II:  Chiral Extrapolation of NUCLEON MASS

+ + . . .nucleon

pion

M. Procura, B. Musch, 
T. Hemmert,  W. W.  (2005)

MN = M0 + c m2
π + d m4

π +
3π

2
g2

A mπ

(
mπ

4πfπ

)2 [
1 +

m2
π

4M2
0

]
+ O(m6

π)

pion

Parameters consistent with
ChPT analysis of low-energy
pion-nucleon scattering

finite volume effects

O(p4)



Example III:  
COMPTON  SCATTERING

on PROTON and DEUTERON

Goal: determine PROTON and NEUTRON e.m. POLARIZABILITIES

Use CHIRAL EFFECTIVE FIELD THEORY for 
NUCLEON and DEUTERON

Analyze detailed ENERGY DEPENDENCE of amplitudes: 
separate PARAMAGNETISM                   from DIAMAGNETISM(∆(1230))

dσ

dΩ
−

(
dσ

dΩ

)
point

= −

e2

4πM
ω ω′

[
αE + βM

2
(1 + cos θ)2 +

αE − βM

2
(1 − cos θ)2

]



 COMPTON  SCATTERING
on PROTON and DEUTERON

- contd. -

R. Hildebrandt, H. Grießhammer, T. Hemmert, D. Phillips: 
Nucl. Phys.  A 748 (2005) 573

α
p
E = (11.0 ± 1.4) · 10

−4
fm

3

β
p
M = (2.8 ∓ 1.4) · 10

−4
fm

3

POLARIZABILITIES:
proton neutron

γ p → γ p

γ d → γ d

∆

α
n

E = (11.6 ± 2.1) · 10
−4

fm
3

βn
M = (3.6 ∓ 2.1) · 10

−4
fm

3



Example IV:  TENSOR STRUCTURE FUNCTION  
           of the DEUTERONb1

Deep-inelastic scattering from a POLARIZED DEUTERON (spin-one) target

Sensitive to TENSOR component of GOLDSTONE BOSON (pion)
exchange between PROTON and NEUTRON

b1(x,Q2) =
1

2

∑
q

e2
q

[
qm=0(x,Q2) − q|m|=1(x,Q2)

]

HERMES data:  
C. Riedl et al. (2005)

THEORY (prediction):  
J. Edelmann, G. Piller, W. W.

Phys. Rev. C 57 (1998) 3392

Physics at the 
interface between

partons and 
hadrons / nuclei



Field Strength Correlation Length

3.
CORRELATIONS

and 
QUASI-PARTICLES

in QCD

Quasiparticles:
Nambu & Jona-Lasinio Model

Diquarks and related



Figures
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Fig.1. Dlat
|| /a4 = D + D1 + z2∂D1/∂z2 and D⊥/a4 = D + D1 versus z. The

lines correspond to the best fit to (2.14) (from [69]).

71

D⊥(z)

D‖(z)

G0 ≡ 〈
2αs

π
Tr GµνGµν〉 ∼ 1.6 GeV fm−3

D(x, y) ≡ 〈
2αs

π
Tr Gµν(x)S(x, y)Gµν(y)S†(x, y)〉 ∼ G0 exp(−|x − y|/λ)

Gluon Condensate: 

Field Strength Correlation Function: 

(                   )

correlation length 

A. Di Giacomo,
 H. Panagopoulos:  

Phys. Lett. 
B 285 (1992) 133

A. Di Giacomo et al.:  
Phys. Reports 

372 (2002) 319

Gµν ≡

λa

2
G

a

µν

GLUONIC FIELD STRENGTH CORRELATIONS
from LATTICE QCD

G0 exp(−|x − y|/lc)

lc ≤ 0.2 fm



A  SCHEMATIC  MODEL:  
 NJL

Y.  Nambu, G. Jona-Lasinio:  Phys. Rev. 122 (1961) 345

... updates with applications to HADRON PHYSICS:
 U. Vogl,  W. W.;  Prog. Part. Nucl. Phys. 27 (1991) 195
  T. Hatsuda, T. Kunihiro; Phys. Reports 247 (1994) 221

 Assume: short correlation range for “color transport” between quarks 

QUARK COLOUR CURRENT: J
a

µ(x) = ψ̄(x)γµ
λa

2
ψ(x)

quark quark 

glue 

 < 0.2 fm 
L = ψ̄(x) (iγµ∂µ − m0) ψ(x) + Lint

Lint = −Gc J
a
µ(x)Jµ

a(x)

LOCAL SU(N  ) gauge symmetry of QCD c

GLOBAL SU(N  ) symmetry of NJL model 

lc

Gc ∼ g2 l2
c

c



via Fierz transform to ... 

QUARK-ANTIQUARK channels 

Lqq̄ = G
[
(ψ̄ψ)2 + (ψ̄iγ5#τψ)2

]
+ ...

+  vector  
+  axial vector 

+ colour octet terms 
DIQUARK channels 

Lint = −Gc J
a
µ(x)Jµ

a(x)

from local interaction of quark colour currents ...

Lqq = H(ψ̄ Γ† ψ̄T )(ψT Γ ψ) + ...

from (light) current quarks to (massive) CONSTITUENT QUARKS

M = m0 − 2G〈ψ̄ψ〉

spontaneous Chiral Symmetry Breaking

 pseudoscalar meson spectrum incl.  GOLDSTONE PIONS 

NEW developments:  

( +  instanton-induced  interaction)

synthesis  NJL & POLYAKOV LOOP  (confinement)

modeling  QCD THERMODYNAMICS

(gap equation)



QCD  THERMODYNAMICS

Phases of QCD

PNJL model at finite temperature and chemical potential
The thermodynamic potential of the system is:

where are the Matsubara frequencies for fermions and

The mass matrix is defined as

and
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T !GeV"

0.2
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1 m#m0 !"#

Quark Gluon Plasma and Heavy Ion Collisions - Frascati, 09/06/2005 18

〈ψ̄ψ〉T
〈ψ̄ψ〉T=0

POLYAKOV LOOP

CHIRAL CONDENSATE

0
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Ψ##
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Nf%2 "Nt%4#

Nf%2&1 "Nt%4#
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Lattice:  
G. Boyd et al., Phys. Lett. B349 (1995)170

PNJL  
(Synthesis NJL & Polyakov/Wilson)
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Μq !GeV"
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T
!G
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‘‘Data’’ #therm. fit$
Lattice QCD
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Critical Point

(Fodor & Katz)

RHIC

SPS

GSI

(C. Ratti et al.)

CHIRAL and DECONFINEMENT
 transitions (almost) coincide !

PHASE  DIAGRAM

quark chemical potential

C. Ratti, 
M. Thaler,  

W.W.  
(2005)

 BCS-type pairing of quarks into 
DIQUARKS  at low T,  large µq

(Rajagopal, Wilczek, ...  Colour superconductivity)



the quest for DIQUARKS

T K K T
= +

Bethe-Salpeter Equation in DIQUARK channels:

quark

quark

Scalar Diquarks:

with NJL constituent quark masses  M     = 0.35 GeV,   M  = 0.55 GeV:u,d s

M(ud-du) = 0.3 GeV M(us-su) = 0.6 GeV

[ ]1S0
q q

SCALAR - ISOSCALAR

strongly attractive correlations

U. Vogl,  W. W.:   Prog. Part. Nucl. Phys.  27 (1991) 195

Origin of Jaffe - Wilczek interpretation of the [ud]2s̄ pentaquark
R. Jaffe, F. Wilczek:  Phys. Rev. Lett. 91 (2003) 232003



Correlations and Quasiparticles in DIS ?

in the VALENCE QUARK region x → 1

SU(6) quark model

DIQUARK dominance of 
 nucleon wave functions

F
neutron
2 /Fproton

2



4.
SUMMARY

Confinement:  “hidden” phenomenon,  but: 
resulting symmetry breaking patterns govern LOW-ENERGY QCD

Change of Paradigm in Hadron Physics;
from naive quark-antiquark mesons and 3-quark-baryons to: 

HADRONS as MANY-BODY systems 

QCD  VACUUM STRUCTURE  and  THERMODYNAMICS:
Condensed Matter Problem

Spontaneously broken CHIRAL SYMMETRY implies:
 PIONS as long-wavelength constituents of nucleons (and other hadrons)

... also implies strong pairing correlations between quarks:  DIQUARKS 


