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UnitsUnitsUnitsUnits

System of size R: System of size R: System of size R: System of size R: System of size R: System of size R: System of size R: System of size R: 



IIIIIIII--------OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD OVERVIEW OF QCD 



11111111--------QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge QCD as a SU(3) gauge theorytheorytheorytheorytheorytheorytheorytheory

violatesviolatesviolatesviolates Pauli Pauli Pauli Pauli principleprincipleprincipleprinciple

Hadrons are « white »= « color singlet »
MathematicallyMathematicallyMathematicallyMathematically: H invariant : H invariant : H invariant : H invariant underunderunderunder permutation of quark permutation of quark permutation of quark permutation of quark colorcolorcolorcolor

V :  SU(3) matrix generated by eight generators:

Gauge Gauge principleprinciple: invariance of the : invariance of the theorytheory
((lagrangianlagrangian) ) underunder a local a local transformtransform

Introduce 3 colors: each quark exists with three color states (1,2,3)=(r,y,b)

Dynamical theory for color: SU(3) gauge field theory
Fondamental Fondamental Fondamental Fondamental objectobjectobjectobject: Dirac : Dirac : Dirac : Dirac fieldfieldfieldfield for for for for eacheacheacheach colorcolorcolorcolor

HistoricalHistoricalHistoricalHistoricalHistoricalHistoricalHistoricalHistorical introduction: the introduction: the introduction: the introduction: the introduction: the introduction: the introduction: the introduction: the rationalerationalerationalerationalerationalerationalerationalerationale for QCDfor QCDfor QCDfor QCDfor QCDfor QCDfor QCDfor QCD
In the standard model, there are 6 species (flavors) of quarks. 

In the 60th:quark model: Baryon=QQQ, Mesons= QQ, but conceptual problems

TTTTaaaa= = = = λλλλaaaa / 2   a=1,..,8/ 2   a=1,..,8/ 2   a=1,..,8/ 2   a=1,..,8
DetDet V=1V=1



SU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) group

GeneratorGeneratorGeneratorGeneratorGeneratorGeneratorGeneratorGenerator of the of the of the of the of the of the of the of the 
SU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) groupSU(3) group

TheyTheyTheyTheyTheyTheyTheyThey satisfysatisfysatisfysatisfysatisfysatisfysatisfysatisfy the Lie the Lie the Lie the Lie the Lie the Lie the Lie the Lie algebraalgebraalgebraalgebraalgebraalgebraalgebraalgebra

ffabcabc are the structure constants of SU(3), are the structure constants of SU(3), 
fullyfully antisymmetricantisymmetric underunder permutation permutation 

SU(3) transformation: SU(3) transformation: SU(3) transformation: SU(3) transformation: SU(3) transformation: SU(3) transformation: SU(3) transformation: SU(3) transformation: 

GeneratorGeneratorGeneratorGenerator of the of the of the of the 
SU(2) groupSU(2) groupSU(2) groupSU(2) group



Start with a free fermion theory
Discretize the theory on a lattice (spacing a)

But not « gauge invariant » due to « non locality » !

To cure the problem introduce linklinklinklinklinklinklinklink variablesvariablesvariablesvariablesvariablesvariablesvariablesvariables (SU(3) matrices)
with Invariant if Invariant if 

8 Gauge 8 Gauge 8 Gauge 8 Gauge 8 Gauge 8 Gauge 8 Gauge 8 Gauge fieldsfieldsfieldsfieldsfieldsfieldsfieldsfields

Dynamic of the link variables:  gauge invariant
« PlaquettePlaquettePlaquettePlaquettePlaquettePlaquettePlaquettePlaquette term »

Building of the gauge Building of the gauge Building of the gauge Building of the gauge theorytheorytheorytheory



The QCD The QCD The QCD The QCD LagrangianLagrangianLagrangianLagrangian

From link to gluon field gauge transformation

Lagrangian

f=u,d,s,…

mmmmmmmmuuuuuuuu= 4 MeV,  m= 4 MeV,  m= 4 MeV,  m= 4 MeV,  m= 4 MeV,  m= 4 MeV,  m= 4 MeV,  m= 4 MeV,  mdddddddd=8 MeV,   m=8 MeV,   m=8 MeV,   m=8 MeV,   m=8 MeV,   m=8 MeV,   m=8 MeV,   m=8 MeV,   mssssssss=150 MeV,      =150 MeV,      =150 MeV,      =150 MeV,      =150 MeV,      =150 MeV,      =150 MeV,      =150 MeV,      mmmmmmmmc,b,tc,b,tc,b,tc,b,tc,b,tc,b,tc,b,tc,b,t >> 1 >> 1 >> 1 >> 1 >> 1 >> 1 >> 1 >> 1 GeVGeVGeVGeVGeVGeVGeVGeV

Back to continuum Back to continuum Back to continuum Back to continuum Back to continuum Back to continuum Back to continuum Back to continuum limitlimitlimitlimitlimitlimitlimitlimit: a     0: a     0: a     0: a     0: a     0: a     0: a     0: a     0

8 gluons: 8 gluons: 8 gluons: 8 gluons: 8 gluons: 8 gluons: 8 gluons: 8 gluons: 



2222---- SymmetriesSymmetriesSymmetriesSymmetries of QCDof QCDof QCDof QCD

SymmetriesSymmetriesSymmetriesSymmetriesSymmetriesSymmetriesSymmetriesSymmetries

-Gauge (color) symmetry

-Light quark sector (mu,md small)

- No scale in the QCD 
Lagrangian (scale invariance)

- Invariance under global    
« chiral » transformations

-Center symmetry (pure gauge)

ObservationnalObservationnalObservationnalObservationnalObservationnalObservationnalObservationnalObservationnal factsfactsfactsfactsfactsfactsfactsfacts

-All the observed hadrons are 
compatible with QQQ and QQ
color singlet states

(color confinement)
- MH~1 GeV, RH~ 1 fm
- Exception mπ

-Light hadrons classified in isospin 
multiplets with no degenerate parity
partners

-Nuclei are made of « packages 
of nucleons »

-At high T: Deconfinement and 
chiral restoration (Lattice + RHIC)



BreakingBreakingBreakingBreakingBreakingBreakingBreakingBreaking of of of of of of of of scalescalescalescalescalescalescalescale invariance: running invariance: running invariance: running invariance: running invariance: running invariance: running invariance: running invariance: running couplingcouplingcouplingcouplingcouplingcouplingcouplingcoupling constantconstantconstantconstantconstantconstantconstantconstant

•In the light quark sector the QCD lagrangian is «« classicallyclassically » » scalescale invariantinvariant
•However in a QFT the existence of quantum fluctuationsquantum fluctuationsquantum fluctuationsquantum fluctuationsquantum fluctuationsquantum fluctuationsquantum fluctuationsquantum fluctuations of arbitrary size 
breaks scale invariance

•The QFT must be formulated atatatatatatatat eacheacheacheacheacheacheacheach scalescalescalescalescalescalescalescale µµµµµµµµ or at each resolution a=1/µ

•Quark-quark scattering

q+k

k

q

first order

The exchanged gluon
may fluctuate

•Formulate the theory at scale µ: all the all the all the all the all the all the all the all the highhighhighhighhighhighhighhigh momentummomentummomentummomentummomentummomentummomentummomentum fluctuations k>fluctuations k>fluctuations k>fluctuations k>fluctuations k>fluctuations k>fluctuations k>fluctuations k>µ µ µ µ µ µ µ µ are      are      are      are      are      are      are      are      
includedincludedincludedincludedincludedincludedincludedincluded in the in the in the in the in the in the in the in the definitiondefinitiondefinitiondefinitiondefinitiondefinitiondefinitiondefinition of the of the of the of the of the of the of the of the degreesdegreesdegreesdegreesdegreesdegreesdegreesdegrees of of of of of of of of freedomfreedomfreedomfreedomfreedomfreedomfreedomfreedom ((((((((fieldfieldfieldfieldfieldfieldfieldfield variables) and variables) and variables) and variables) and variables) and variables) and variables) and variables) and 
parametersparametersparametersparametersparametersparametersparametersparameters ((((((((couplingcouplingcouplingcouplingcouplingcouplingcouplingcoupling constant)constant)constant)constant)constant)constant)constant)constant)

gggg(µ + δµ(µ + δµ(µ + δµ(µ + δµ)             g()             g()             g()             g(µµµµ):):):): the fluctuations between µ and µ+δµ are now included
in the definition of g(µ)

•The evolution of g(µµµµ) can be calculated if we know 



ΛΛΛΛΛΛΛΛQCDQCDQCDQCDQCDQCDQCDQCD isisisisisisisis the the the the the the the the fundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamental scalescalescalescalescalescalescalescale of QCDof QCDof QCDof QCDof QCDof QCDof QCDof QCD

•The QCD pb is to find the numerical constants C

•Lattice calculation: µµµµ=1/a=1/a=1/a=1/a: check the scaling law and extract C

•From data ΛQCD=200 MeV

β

g

?> 0

Q<Q<Q<Q<Q<Q<Q<Q<ΛΛΛΛΛΛΛΛQCDQCDQCDQCDQCDQCDQCDQCD NON  NON  NON  NON  
PerturbativePerturbativePerturbativePerturbative QCDQCDQCDQCD

β(g) is an intrinsic property of the theory: it can be calculated in the small g domain
perturbative QCD

Increasing µµµµ,  g decreases to a minimum value g=0 obtained for large momentum
scale. g=0 is an attractive ultraviolet fixed point
QCD is an asymptotically free theory: ASYMPTOPTIC FREEDOM

Lets us calculate an observable  O with dimension D (hadron mass D=1)

Q>>Q>>Q>>Q>>Q>>Q>>Q>>Q>>ΛΛΛΛΛΛΛΛQCD QCD QCD QCD QCD QCD QCD QCD PertubativePertubativePertubativePertubativePertubativePertubativePertubativePertubative QCDQCDQCDQCDQCDQCDQCDQCD



Trace Trace Trace Trace Trace Trace Trace Trace anomalyanomalyanomalyanomalyanomalyanomalyanomalyanomaly and gluon and gluon and gluon and gluon and gluon and gluon and gluon and gluon condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate

•Scale transformation

•The variation of the action and trace of the stress tensor

•Explicit variation of the (effective) action taken at scale µ

•QCD vacuum

Gluon condensate:
QCD sum rule
(hadron spectral Function)

EnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergy densitydensitydensitydensitydensitydensitydensitydensity of  QCD vacuumof  QCD vacuumof  QCD vacuumof  QCD vacuumof  QCD vacuumof  QCD vacuumof  QCD vacuumof  QCD vacuum

•QCD action



SomeSomeSomeSome consequencesconsequencesconsequencesconsequences for the for the for the for the nucleonnucleonnucleonnucleon structurestructurestructurestructure
MIT bag picture: nucleon = bubble of perturbative vacuum with freely moving current
quarks (m=0)

Alternative picture: non perturbative vacuum fluctuations  expelled from a much smaller
domain:

Constituant quark with size

At the endpoint of strings

Evidence for diquark formation 

RRRRRRRR



IIIIIIIIIIIIIIII-------- SU (SU (SU (SU (SU (SU (SU (SU (NNNNNNNNffffffff))))))))LLLLLLLL X  SU(X  SU(X  SU(X  SU(X  SU(X  SU(X  SU(X  SU(NNNNNNNNffffffff))))))))RRRRRRRR

CHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRYCHIRAL SYMMETRY

NNNNffff=2  :  u, d=2  :  u, d=2  :  u, d=2  :  u, d
NNNNffff=3  :  =3  :  =3  :  =3  :  u,d,su,d,su,d,su,d,s

mmmmmmmmu,du,du,du,du,du,du,du,d ~  5 MeV~  5 MeV~  5 MeV~  5 MeV~  5 MeV~  5 MeV~  5 MeV~  5 MeV
mmmmmmmms s s s s s s s ~ 150 MeV~ 150 MeV~ 150 MeV~ 150 MeV~ 150 MeV~ 150 MeV~ 150 MeV~ 150 MeV to to to to to to to to bebebebebebebebe comparedcomparedcomparedcomparedcomparedcomparedcomparedcompared withwithwithwithwithwithwithwith MMMMMMMMH H H H H H H H ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 GeVGeVGeVGeVGeVGeVGeVGeV



1111---- VectorVectorVectorVector, axial and chiral , axial and chiral , axial and chiral , axial and chiral symmetrysymmetrysymmetrysymmetry
QCD Lagrangian
without glue

VectorVectorVectorVectorVectorVectorVectorVector symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry L L almostalmost exactlyexactly invariant  invariant  
underunder the SU(2) transformationthe SU(2) transformation

•Conserved charge (isospin)
Very small breaking

•Quantum states transform as

Multiplet structure
(with given, P,J)

True because

Axial Axial Axial Axial Axial Axial Axial Axial symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry L almost exactly invariant  under

•Conserved axial charge

mmmmmmmmuuuuuuuu= 4 MeV= 4 MeV= 4 MeV= 4 MeV= 4 MeV= 4 MeV= 4 MeV= 4 MeV
mmmmmmmmdddddddd= 8 MeV= 8 MeV= 8 MeV= 8 MeV= 8 MeV= 8 MeV= 8 MeV= 8 MeV



QCD Lagrangian almost exactly invariant (m~7 MeV) under transformations  in 
the light quark sector (u-d) acting separately on left and right quarks

kindkindkindkindkindkindkindkind of «of «of «of «of «of «of «of « doublingdoublingdoublingdoublingdoublingdoublingdoublingdoubling » of isospin » of isospin » of isospin » of isospin » of isospin » of isospin » of isospin » of isospin symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry

Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry

2 degenerate L and R  worlds: Two sets of  independant identical multiplets
or

Vector symmetry (isospin) multiplets +degenerate partners with opposite parity

OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!OBVIOUSLY NO !!!



2222---- SpontaneousSpontaneousSpontaneousSpontaneous breakingbreakingbreakingbreaking of chiral of chiral of chiral of chiral symmetrysymmetrysymmetrysymmetry

[H, Qk]=0 and Qk |0>=0                  Isospin multiplets

[H, Q5
k]=0 but    QQQQ5555

kkkk |0> ≠ 0  and |0> ≠ 0  and |0> ≠ 0  and |0> ≠ 0  and 

The vacuum does not have the symmetry
This is the This is the This is the This is the spontaneous   breakingspontaneous   breakingspontaneous   breakingspontaneous   breaking of of of of chiralchiralchiralchiral (axial) symmetry(axial) symmetry(axial) symmetry(axial) symmetry

Since the axial charge commutes with H, its action on the vacuum should 
gives states having the same energy. 

GoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstone theoremtheoremtheoremtheoremtheoremtheoremtheoremtheorem

No Chiral No Chiral partnerpartner multipletmultiplet

This implies the existence of soft (i.e. soft (i.e. soft (i.e. soft (i.e. masslessmasslessmasslessmassless) modes: THE PION ) modes: THE PION ) modes: THE PION ) modes: THE PION 

Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation Basis for chiral perturbation theorytheorytheorytheorytheorytheorytheorytheory Low energy pion do not (or weakly)  interact

Explicit chiral Explicit chiral Explicit chiral Explicit chiral Explicit chiral Explicit chiral Explicit chiral Explicit chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry breakingbreakingbreakingbreakingbreakingbreakingbreakingbreaking mπ=140 MeV

Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral 
limitlimitlimitlimitlimitlimitlimitlimit ::::::::
m=0m=0m=0m=0m=0m=0m=0m=0



OrderOrderOrderOrderOrderOrderOrderOrder parametersparametersparametersparametersparametersparametersparametersparameters : Charged pion decay

fπ=94 MeV, pion decay constant

The GOR RelationThe GOR RelationThe GOR RelationThe GOR RelationThe GOR RelationThe GOR RelationThe GOR RelationThe GOR Relation

•Operatorial identity
•Insert a complete set of states
Energy weighted sum rule

•Single pion dominance 

Microscopic (Quark)                     Macroscopic (Hadron)

Explicit breaking mπ

Order parameter fπ

m= 6 MeV
ScalarScalarScalarScalar densitydensitydensitydensity of quarksof quarksof quarksof quarks

Quark  Quark  Quark  Quark  Quark  Quark  Quark  Quark  condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate



Order parameter: not invariant under the symmetry group: it should vanish in the 
symmetric phase

Heisenberg Heisenberg Heisenberg Heisenberg Heisenberg Heisenberg Heisenberg Heisenberg ferromagnetferromagnetferromagnetferromagnetferromagnetferromagnetferromagnetferromagnet

B=0: H B=0: H B=0: H B=0: H rotationnalrotationnalrotationnalrotationnal invariant but invariant but invariant but invariant but 
non non non non vanishingvanishingvanishingvanishing orderorderorderorder parameterparameterparameterparameter

Spontaneous breaking
Ground state infinitely degenerate

In presence of B: magnetization along the magnetic field

Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry of QCDof QCDof QCDof QCDof QCDof QCDof QCDof QCD
m=0: H m=0: H m=0: H m=0: H chirallychirallychirallychirally invariant but invariant but invariant but invariant but 
non non non non vanishingvanishingvanishingvanishing orderorderorderorder parameterparameterparameterparameter

Chiral transformation 

Vector transf. α=β:   Μ   invariant 

Axial transf. α=−β: not invariantnot invariant



CorrelatorsCorrelatorsCorrelatorsCorrelatorsCorrelatorsCorrelatorsCorrelatorsCorrelators and hadron spectral and hadron spectral and hadron spectral and hadron spectral and hadron spectral and hadron spectral and hadron spectral and hadron spectral functionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctions

Correlation function: correlators between two currents or two fields with
given quantum numbers characteristic of a hadron

Dispersive analysis
and spectral and spectral functionsfunctions

-ResponseResponseResponseResponse to a probe to a probe to a probe to a probe whichwhichwhichwhich couples to a couples to a couples to a couples to a currentcurrentcurrentcurrent
J(x) J(x) J(x) J(x) carryingcarryingcarryingcarrying the quantum the quantum the quantum the quantum numbersnumbersnumbersnumbers of a hadron. of a hadron. of a hadron. of a hadron. 

----Accessible Accessible Accessible Accessible experimentallyexperimentallyexperimentallyexperimentally atatatat energyenergyenergyenergy momentummomentummomentummomentum
transfertransfertransfertransfer ((((ωωωω,q,q,q,q))))

qω,
r

0

f
J



Fluctuation currents
Hadrons

CorrelationCorrelationCorrelationCorrelationCorrelationCorrelationCorrelationCorrelation functionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctions associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated withwithwithwithwithwithwithwith chiral chiral chiral chiral chiral chiral chiral chiral partnerspartnerspartnerspartnerspartnerspartnerspartnerspartners

Axialvector / Vector in Vacuum

pQCD
continuum

Jπ=1-,   I=1 (rho)(rho)(rho)(rho) Jπ=1+,  I=1   (a(a(a(a(a(a(a(a11111111))))))))

Vector and axial-vector spectral functions accessible from
τ τ τ τ decay with even and  odd number of pions

Very different at low energy rho peak and a1 bump:
Spontaneous breaking of chiral symmetry

Become identical at high energy: quark hadron duality:
High momentum quarks decouple from the condensate

Chiral symmetry breaking is a non
perturbative low energy phenomena



ALEPH dataALEPH dataALEPH dataALEPH data VectorVectorVectorVectorVectorVectorVectorVector Axial Axial Axial Axial Axial Axial Axial Axial VectorVectorVectorVectorVectorVectorVectorVector

V +AVV +AVV +AVV +AVV +AVV +AVV +AVV +AV VVVV---- AVAVAVAV



3333---- Explicit Explicit Explicit Explicit realizationrealizationrealizationrealization : the : the : the : the NambuNambuNambuNambu----JonaJonaJonaJona----LasinioLasinioLasinioLasinio modelmodelmodelmodel
PPPP<ΛΛΛΛ

G1

Quartic chiral invariant interaction (P<ΛΛΛΛ~1 GeV) simulating
non pertubative QCD: (3 parameters: G1, Λ, m)

The broken vacuum is made of interacting quark-antiquark pairs;
the (BCS type) ground state wave function is: 

SpontaneousSpontaneousSpontaneousSpontaneous symmetrysymmetrysymmetrysymmetry breakingbreakingbreakingbreaking; the quarks acquire a mass M~350 MeV

•Basis of the modelBasis of the modelBasis of the modelBasis of the model

••SpontaneousSpontaneousSpontaneousSpontaneousSpontaneousSpontaneousSpontaneousSpontaneous breakingbreakingbreakingbreakingbreakingbreakingbreakingbreaking of chiral of chiral of chiral of chiral of chiral of chiral of chiral of chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry: constituants quarks: constituants quarks: constituants quarks: constituants quarks: constituants quarks: constituants quarks: constituants quarks: constituants quarks

Mean-field



Mesons generated as collective excitations, i.e., the unitarized
interaction is mediated by the corresponding meson exchange

qq

Pion decay constant

+T = 2
B

2
B

mq

g

−
≈

2

q q

q q π,σπ,σπ,σπ,σ

Adjust fππππ mππππ ,           :  ,           :  ,           :  ,           :  >< qq
2
π

22
σ1

22
ππ m4Mm   ,/MGmgm   ,gfM +===

•MesonsMesonsMesonsMesons; ; ; ; GoldstoneGoldstoneGoldstoneGoldstone theoremtheoremtheoremtheorem

••Effective Effective Effective Effective Effective Effective Effective Effective potentialpotentialpotentialpotentialpotentialpotentialpotentialpotential:      :      :      :      integrate out quarks in the Dirac sea
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χχχχm

1.0           T/Tc

‹qq›- lattice
QCD

4444---- Chiral Chiral Chiral Chiral restorationrestorationrestorationrestoration

LatticeLatticeLatticeLattice resultsresultsresultsresults
Hadronic matter heated or compressed
quarks «percolate» / liberated

SuddenSuddenSuddenSudden change of change of change of change of energyenergyenergyenergy densitydensitydensitydensity
Sharp Sharp Sharp Sharp decreasedecreasedecreasedecrease of the quark of the quark of the quark of the quark 
condensatecondensatecondensatecondensate

DECONFINEMENTDECONFINEMENTDECONFINEMENTDECONFINEMENT
ANDANDANDAND

CHIRAL RESTORATIONCHIRAL RESTORATIONCHIRAL RESTORATIONCHIRAL RESTORATION‹qq›-

WhatWhatWhatWhat are the are the are the are the mechanismmechanismmechanismmechanism of chiral of chiral of chiral of chiral restorationrestorationrestorationrestoration, , , , interplayinterplayinterplayinterplay withwithwithwith confinement ?confinement ?confinement ?confinement ?
WhatWhatWhatWhat about about about about finitefinitefinitefinite densitydensitydensitydensity ((((finitefinitefinitefinite chemicalchemicalchemicalchemical potentialpotentialpotentialpotential, , , , lowlowlowlow T) ?T) ?T) ?T) ?

(F. Karsch et al)



Partial Partial Partial Partial restorationrestorationrestorationrestoration of chiral of chiral of chiral of chiral symmetrysymmetrysymmetrysymmetry

The quark condensate, i.e., the scalar density of the QCD vacuum is
negative. The hadrons have a positive scalar density originating from
valence constituant quarks (scalar field) and pion cloud

with Scalar charge
of the hadron h 

Introduce the sigma commutator of the hadron

Assuming the GOR valid

••Dropping of the quark Dropping of the quark Dropping of the quark Dropping of the quark Dropping of the quark Dropping of the quark Dropping of the quark Dropping of the quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate

••The quark The quark The quark The quark The quark The quark The quark The quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate fromfromfromfromfromfromfromfrom the the the the the the the the equationequationequationequationequationequationequationequation of stateof stateof stateof stateof stateof stateof stateof state

Feynman-Hellmann
theorem



Chiral Chiral Chiral Chiral restorationrestorationrestorationrestoration and hadron structureand hadron structureand hadron structureand hadron structure

Only the lightest hadrons contribute,
heavy hadrons (with large momenta
valence quarks) decouple from the 
condensate

“Data”: lattice [Bowman Bowman Bowman Bowman etaletaletaletal ‘‘‘‘02]02]02]02]
Curve: Curve: Curve: Curve: InstantonInstantonInstantonInstanton ModelModelModelModel

[[[[Diakonov+PetrovDiakonov+PetrovDiakonov+PetrovDiakonov+Petrov ’’’’85, 85, 85, 85, ShuryakShuryakShuryakShuryak]]]]

••LeadingLeading orderorder in T (pion in T (pion gasgas))
••DiluteDilute nuclearnuclear mattermatter ((nucleonsnucleons))

Possibility of quarkyonic matter at high density and low T where chiral symmetry is restored but 
confinement still there;



••AnnexAnnexAnnexAnnexAnnexAnnexAnnexAnnex: the pion: the pion: the pion: the pion: the pion: the pion: the pion: the pion--------nucleonnucleonnucleonnucleonnucleonnucleonnucleonnucleon sigma sigma sigma sigma sigma sigma sigma sigma termtermtermtermtermtermtermterm fromfromfromfromfromfromfromfrom latticelatticelatticelatticelatticelatticelatticelattice
MMMMNNNN,,,,σσσσNNNN obtainableobtainableobtainableobtainable in in in in principleprincipleprincipleprinciple fromfromfromfrom latticelatticelatticelattice, but , but , but , but latticelatticelatticelattice data data data data avalaibleavalaibleavalaibleavalaible onlyonlyonlyonly for for for for 
mmmmππππ> 400 MeV               > 400 MeV               > 400 MeV               > 400 MeV               Use Use Use Use ChiPTChiPTChiPTChiPT to to to to extrapolateextrapolateextrapolateextrapolate

But extrapolation of But extrapolation of But extrapolation of But extrapolation of ChiPTChiPTChiPTChiPT
atatatat orderorderorderorder mmmm3333

ππππ failsfailsfailsfails:  :  :  :  

1- Use Use Use Use HigherHigherHigherHigher orderorderorderorder ChiPTChiPTChiPTChiPT 2- Use chiral model to Use chiral model to Use chiral model to Use chiral model to 
extrapolateextrapolateextrapolateextrapolate latticelatticelatticelattice datadatadatadata

(Procura et al)(Procura et al)(Procura et al)(Procura et al)

(Thomas et al)(Thomas et al)(Thomas et al)(Thomas et al)



Fluctuations of the Fluctuations of the Fluctuations of the Fluctuations of the Fluctuations of the Fluctuations of the Fluctuations of the Fluctuations of the condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate and chiral and chiral and chiral and chiral and chiral and chiral and chiral and chiral susceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilities

•ScalarScalarScalarScalar susceptibilitysusceptibilitysusceptibilitysusceptibility : : : : from the scalar correlator i.e. the correlator of the scalar
quark density fluctuations

•Compare Compare Compare Compare susceptibilitiessusceptibilitiessusceptibilitiessusceptibilities associatedassociatedassociatedassociated withwithwithwith chiral chiral chiral chiral partnerspartnerspartnerspartners
ScalarScalarScalarScalar (sigma) :(sigma) :(sigma) :(sigma) : PseudoscalarPseudoscalarPseudoscalarPseudoscalar (pion) :(pion) :(pion) :(pion) :

AtAtAtAt finitefinitefinitefinite densitydensitydensitydensity a a a a strongstrongstrongstrong contribution ofcontribution ofcontribution ofcontribution of lowlowlowlow energyenergyenergyenergy nuclearnuclearnuclearnuclear excitationsexcitationsexcitationsexcitations isisisis expectedexpectedexpectedexpected

( ( ( ( ObtainableObtainableObtainableObtainable fromfromfromfrom the EOS )the EOS )the EOS )the EOS )



PSEUDOSCALAR

SCALA
R

PSEUDOSCALAR

SCALAR



CorrelatorCorrelatorCorrelatorCorrelator mixingmixingmixingmixing

Vector and axial-vector
correlators

and the corresponding
spectral functions (known
from data in the vacuum)

From chiral symmetry alone to order T2 (chiral limit), the only medium 
effect is the « mixing » of the correlators (no mass shift)

The mixing is driven by the pion scalar density

This This This This axialaxialaxialaxial----vectorvectorvectorvector mixingmixingmixingmixing drivendrivendrivendriven by by by by inininin----medium pion medium pion medium pion medium pion looplooplooploop effectseffectseffectseffects
cancancancan bebebebe generalizedgeneralizedgeneralizedgeneralized for for for for finitefinitefinitefinite densitydensitydensitydensity and and and and 

isisisis atatatat the the the the heartheartheartheart of the of the of the of the interpretationinterpretationinterpretationinterpretation of the of the of the of the dileptondileptondileptondilepton data (NA60)data (NA60)data (NA60)data (NA60)



Chiral Chiral Chiral Chiral symmetrysymmetrysymmetrysymmetry breakingbreakingbreakingbreaking: a : a : a : a lowlowlowlow energyenergyenergyenergy long range long range long range long range phenomenaphenomenaphenomenaphenomena

VacuumVacuumVacuumVacuum

InInInIn----mediummediummediummedium

Pole Pole Pole Pole Pole Pole Pole Pole ansatzansatzansatzansatzansatzansatzansatzansatz

Vacuum:Vacuum:Vacuum:Vacuum: (KSFR relation)

InInInIn----mediummediummediummedium

The The The The centroidscentroidscentroidscentroids mρρρρ
*2 (T) andandandand mA

*2 (t)  becomesbecomesbecomesbecomes identicalidenticalidenticalidentical atatatat full full full full restorationrestorationrestorationrestoration

Weinberg Weinberg Weinberg Weinberg sumsumsumsum rulesrulesrulesrules



AxialAxialAxialAxial----vector / Vector in Vacuumvector / Vector in Vacuumvector / Vector in Vacuumvector / Vector in Vacuum

pQCD
continuum

)T(f
Mqdxd

dN Bee
23

2

44 ππππ
αααα−−−−==== ImΠΠΠΠem ~ [ImDρρρρ+ImDωωωω /10+ImDφ φ φ φ /5]

• LowLowLowLow----Mass Mass Mass Mass DileptonDileptonDileptonDilepton Rate:Rate:Rate:Rate:
ρρρρ -mesonmesonmesonmeson

dominated!dominated!dominated!dominated!

• AxialvectorAxialvectorAxialvectorAxialvector ChannelChannelChannelChannel: ππππ±γγγγ invariant mass-spectra ~ Im Da1(M) ?!

AxialAxialAxialAxial----vector / Vector near vector / Vector near vector / Vector near vector / Vector near TcTcTcTc

Axial-vector / Vector at finite 
density

Axial =Axial =Axial =Axial =VectorVectorVectorVector + 1 pion + 1 pion + 1 pion + 1 pion fromfromfromfrom the mediumthe mediumthe mediumthe medium

But But But But wewewewe do not know the scenario !do not know the scenario !do not know the scenario !do not know the scenario !



OPERATIONAL APPROACHESOPERATIONAL APPROACHESOPERATIONAL APPROACHESOPERATIONAL APPROACHES

AND EFFECTIVE THEORIES AND EFFECTIVE THEORIES AND EFFECTIVE THEORIES AND EFFECTIVE THEORIES 

FOR LOW ENERGY QCDFOR LOW ENERGY QCDFOR LOW ENERGY QCDFOR LOW ENERGY QCD



11-- Chiral perturbation Chiral perturbation Chiral perturbation Chiral perturbation Chiral perturbation Chiral perturbation Chiral perturbation Chiral perturbation theorytheorytheorytheorytheorytheorytheorytheory
ConstructConstructConstructConstruct an an an an «««« exactexactexactexact »»»» copy of QCD in the copy of QCD in the copy of QCD in the copy of QCD in the lowlowlowlow energyenergyenergyenergy sectorsectorsectorsector for light for light for light for light particlesparticlesparticlesparticles whereaswhereaswhereaswhereas heavyheavyheavyheavy
particlesparticlesparticlesparticles are are are are frozenfrozenfrozenfrozen or or or or takentakentakentaken as as as as staticstaticstaticstatic sources.sources.sources.sources.
Possible Possible Possible Possible sincesincesincesince theretheretherethere isisisis a a a a clearclearclearclear separationseparationseparationseparation (mass gap) (mass gap) (mass gap) (mass gap) Λ=4πΛ=4πΛ=4πΛ=4πffffπ π π π betweenbetweenbetweenbetween light light light light particlesparticlesparticlesparticles
((((GoldstoneGoldstoneGoldstoneGoldstone bosons) and bosons) and bosons) and bosons) and heavyheavyheavyheavy particleparticleparticleparticle ((((ρρρρ, , , , σ, ωσ, ωσ, ωσ, ω,,,,…………).).).).

The QCD The QCD The QCD The QCD lagrangianlagrangianlagrangianlagrangian isisisis replacedreplacedreplacedreplaced by an effective one by an effective one by an effective one by an effective one 
involvinginvolvinginvolvinginvolving the U the U the U the U matrixmatrixmatrixmatrix representingrepresentingrepresentingrepresenting the pionsthe pionsthe pionsthe pions

Expansion of the Expansion of the Expansion of the Expansion of the lagrangianlagrangianlagrangianlagrangian in in in in powerspowerspowerspowers of of of of derivativesderivativesderivativesderivatives (pππππ/ΛΛΛΛ) and in power and in power and in power and in power 
of the quark mass or the pion massof the quark mass or the pion massof the quark mass or the pion massof the quark mass or the pion mass (mππππ/ΛΛΛΛ)

- Only colorless state (hadrons)  +  Chiral symmetry breaking
- Dynamical modes: fluctuations of the chiral condensate in 

the bottom of the chiral effective potential

THE CHIRAL CIRCLE

-In ChiPT,  S frozen to is vacuum value 
on the « chiral circle »

- U has well defined chiral properties



••LeadingLeadingLeadingLeadingLeadingLeadingLeadingLeading termtermtermtermtermtermtermterm

The first term is highly constrained by symmetry (QCD LσM, NJL): f=fπ,
The « mass » term is not universal and depends on the (chiral symmetry breaking) 
QCD dynamics. 

(GOR relation)

••FourthFourthFourthFourthFourthFourthFourthFourth orderorderorderorderorderorderorderorder termtermtermtermtermtermtermterm

+

The unknown coefficients are fixed phenomenologically
(no real matching of the EFT to QCD) 
- ππ, KK (SU(3) extension) scatterings many successes
- Unitarized χPT
- Confirmation of the strong condensate scenario (validity of GOR)



••Inclusion of baryonsInclusion of baryonsInclusion of baryonsInclusion of baryonsInclusion of baryonsInclusion of baryonsInclusion of baryonsInclusion of baryons

ggggAAAA=1.27,  c=1.27,  c=1.27,  c=1.27,  c1111 relatedrelatedrelatedrelated to to to to σσσσNNNN= 50 MeV = 50 MeV = 50 MeV = 50 MeV whichwhichwhichwhich
isisisis the pionthe pionthe pionthe pion----nucleonnucleonnucleonnucleon sigma sigma sigma sigma termtermtermterm

-The structure and the size of the The structure and the size of the The structure and the size of the The structure and the size of the nucleonnucleonnucleonnucleon isisisis hiddenhiddenhiddenhidden: relative : relative : relative : relative rolerolerolerole of the  of the  of the  of the  
pion pion pion pion cloudcloudcloudcloud vs vs vs vs scalarscalarscalarscalar fieldfieldfieldfield not not not not knownknownknownknown

- The The The The scalarscalarscalarscalar radial radial radial radial fieldfieldfieldfield isisisis frozenfrozenfrozenfrozen: : : : ChiPTChiPTChiPTChiPT has has has has littlelittlelittlelittle to to to to saysaysaysay for mass for mass for mass for mass evolutionevolutionevolutionevolution, , , , 
inininin----medium medium medium medium scalarscalarscalarscalar polarizationpolarizationpolarizationpolarization of the of the of the of the nucleonnucleonnucleonnucleon, , , , mechanismsmechanismsmechanismsmechanisms for chiral for chiral for chiral for chiral restorationrestorationrestorationrestoration

---- UnitarizationUnitarizationUnitarizationUnitarization ((((accountaccountaccountaccount of of of of resonancesresonancesresonancesresonances) by hand ) by hand ) by hand ) by hand destroyingdestroyingdestroyingdestroying power power power power countingcountingcountingcounting

••Limitations of Limitations of Limitations of Limitations of Limitations of Limitations of Limitations of Limitations of ChiPTChiPTChiPTChiPTChiPTChiPTChiPTChiPT

ManyManyManyMany successfullsuccessfullsuccessfullsuccessfull applicationsapplicationsapplicationsapplications

---- ThresholdThresholdThresholdThreshold pion photo et pion photo et pion photo et pion photo et electroproductionelectroproductionelectroproductionelectroproduction, Compton , Compton , Compton , Compton scatteringscatteringscatteringscattering on on on on nucleonnucleonnucleonnucleon
---- PionPionPionPion----nucleonnucleonnucleonnucleon scatteringscatteringscatteringscattering
---- KN KN KN KN scattering,couplingscattering,couplingscattering,couplingscattering,coupling to to to to resonancesresonancesresonancesresonances via via via via unitarizedunitarizedunitarizedunitarized coupledcoupledcoupledcoupled channelschannelschannelschannels
---- NN interaction NN interaction NN interaction NN interaction 
-



2- InInInIn----medium Chiral perturbation medium Chiral perturbation medium Chiral perturbation medium Chiral perturbation theorytheorytheorytheory

ThreeThreeThreeThreeThreeThreeThreeThree looplooplooplooplooplooplooploop approximationapproximationapproximationapproximationapproximationapproximationapproximationapproximation (Kaiser et al)(Kaiser et al)(Kaiser et al)(Kaiser et al)

+E/A= TE/A= TE/A= TE/A= T + +

+ 23.4 +18.2            -68.3                     +11.5

No shortNo shortNo shortNo short----range range range range correlationscorrelationscorrelationscorrelations but but but but dependdependdependdepend on one on one on one on one 
cutoffcutoffcutoffcutoff parameterparameterparameterparameter ΛΛΛΛ

The The The The bulkbulkbulkbulk of the attraction of the attraction of the attraction of the attraction comescomescomescomes fromfromfromfrom twotwotwotwo----pion pion pion pion 
exchange exchange exchange exchange throughthroughthroughthrough a contact a contact a contact a contact cutcutcutcut----off off off off dependentdependentdependentdependent termtermtermterm

GivesGivesGivesGives a correct a correct a correct a correct asymetryasymetryasymetryasymetry aaaa4444=34 MeV but inclusion =34 MeV but inclusion =34 MeV but inclusion =34 MeV but inclusion 
ofofofof ∆∆∆∆(1232) improvesimprovesimprovesimproves isospin isospin isospin isospin propertiespropertiespropertiesproperties

But the spinBut the spinBut the spinBut the spin----orbitorbitorbitorbit not not not not reproducedreproducedreproducedreproduced

ππππNNNN interaction interaction interaction interaction fromfromfromfrom ChiPTChiPTChiPTChiPT + expansion in + expansion in + expansion in + expansion in mmmmππππ and kand kand kand kFFFF~2 ~2 ~2 ~2 mmmmππππ diagrdiagrdiagrdiagr.  .  .  .  looplooplooploop expansion expansion expansion expansion 



DensityDensityDensityDensityDensityDensityDensityDensity functionalfunctionalfunctionalfunctionalfunctionalfunctionalfunctionalfunctional theorytheorytheorytheorytheorytheorytheorytheory
Relativistic mean field (σ+ωσ+ωσ+ωσ+ω) givesgivesgivesgives the correct (the correct (the correct (the correct (enhancedenhancedenhancedenhanced) spin) spin) spin) spin----orbitorbitorbitorbit

HohenbergHohenbergHohenbergHohenbergHohenbergHohenbergHohenbergHohenberg--------KohnKohnKohnKohnKohnKohnKohnKohn energyenergyenergyenergyenergyenergyenergyenergy densitydensitydensitydensitydensitydensitydensitydensity functionnalfunctionnalfunctionnalfunctionnalfunctionnalfunctionnalfunctionnalfunctionnal ((((FinelliFinelliFinelliFinelli et al)et al)et al)et al)

Pion Pion Pion Pion loopsloopsloopsloops ((((ChiPTChiPTChiPTChiPT))))

FromFromFromFrom scalarscalarscalarscalar and and and and vectorvectorvectorvector meanmeanmeanmean fieldsfieldsfieldsfields

ConstrainedConstrainedConstrainedConstrained by by by by lowlowlowlow energyenergyenergyenergy QCD !QCD !QCD !QCD !
( QCD ( QCD ( QCD ( QCD sumsumsumsum rulesrulesrulesrules and and and and condensatecondensatecondensatecondensate evolutionevolutionevolutionevolution)

But the pion But the pion But the pion But the pion cloudcloudcloudcloud contribution tocontribution tocontribution tocontribution to σσσσN shouldshouldshouldshould bebebebe removedremovedremovedremoved sincesincesincesince itititit cannotcannotcannotcannot
contributecontributecontributecontribute to the to the to the to the scalarscalarscalarscalar selfselfselfself----energyenergyenergyenergy, , , , i.ei.ei.ei.e., to the mass ! ., to the mass ! ., to the mass ! ., to the mass ! 

≈-1



-The The The The GroundGroundGroundGround state state state state densitydensitydensitydensity isisisis buildbuildbuildbuild withwithwithwith auxiliaryauxiliaryauxiliaryauxiliary single single single single particleparticleparticleparticle orbitalsorbitalsorbitalsorbitals in a selfin a selfin a selfin a self----
consistent local consistent local consistent local consistent local potentialpotentialpotentialpotential builtbuiltbuiltbuilt fromfromfromfrom the the the the functionnalfunctionnalfunctionnalfunctionnal
----The The The The KohnKohnKohnKohn----ShamShamShamSham equationsequationsequationsequations are are are are solvedsolvedsolvedsolved in an in an in an in an equivalentequivalentequivalentequivalent point point point point couplingcouplingcouplingcoupling model model model model 
whichwhichwhichwhich reproducesreproducesreproducesreproduces the selfthe selfthe selfthe self----energiesenergiesenergiesenergies resultingresultingresultingresulting fromfromfromfrom EEEEHHHH(r) et (r) et (r) et (r) et ExcExcExcExc(r(r(r(r)

PracticalPracticalPracticalPracticalPracticalPracticalPracticalPractical solution / solution / solution / solution / solution / solution / solution / solution / KohnKohnKohnKohnKohnKohnKohnKohn ShamShamShamShamShamShamShamSham DFTDFTDFTDFTDFTDFTDFTDFT

IsotopicIsotopicIsotopicIsotopicIsotopicIsotopicIsotopicIsotopic chainschainschainschainschainschainschainschains

RRRRRRRRnnnnnnnn--------RRRRRRRRpppppppp

Influence of theInfluence of theInfluence of theInfluence of theInfluence of theInfluence of theInfluence of theInfluence of the ∆∆∆∆∆∆∆∆

SpinSpinSpinSpinSpinSpinSpinSpin--------orbitorbitorbitorbitorbitorbitorbitorbit spacingsspacingsspacingsspacingsspacingsspacingsspacingsspacings

DeformedDeformedDeformedDeformedDeformedDeformedDeformedDeformed
nucleinucleinucleinucleinucleinucleinucleinuclei

AAAAAAAA



Relate the hadron spectral Relate the hadron spectral Relate the hadron spectral Relate the hadron spectral functionfunctionfunctionfunction (ρ,ω,φρ,ω,φρ,ω,φρ,ω,φ) to quarks (and gluons) to quarks (and gluons) to quarks (and gluons) to quarks (and gluons) condensatescondensatescondensatescondensates

CurrentCurrentCurrentCurrent----currentcurrentcurrentcurrent correlationcorrelationcorrelationcorrelation functionfunctionfunctionfunction fromfromfromfrom itsitsitsits spectral spectral spectral spectral representationrepresentationrepresentationrepresentation

CurrentsCurrentsCurrentsCurrents withwithwithwith quantum quantum quantum quantum 
numbersnumbersnumbersnumbers of the hadronof the hadronof the hadronof the hadron

For large For large For large For large spacespacespacespace----likelikelikelike momentamomentamomentamomenta (Q(Q(Q(Q2222====----qqqq2222>0), use >0), use >0), use >0), use «««« OPEOPEOPEOPE »»»» (FT of Taylor (FT of Taylor (FT of Taylor (FT of Taylor 
expansion expansion expansion expansion aroundaroundaroundaround x=0)x=0)x=0)x=0)

CCCCiiii~condensates~condensates~condensates~condensates

Spectral Spectral Spectral Spectral functionfunctionfunctionfunction

ProblemProblemProblemProblem: OPE : OPE : OPE : OPE validvalidvalidvalid atatatat large Qlarge Qlarge Qlarge Q2222 wherewherewherewhere manymanymanymany resonnancesresonnancesresonnancesresonnances contributecontributecontributecontribute to the to the to the to the 
dispersive dispersive dispersive dispersive integralsintegralsintegralsintegrals

33333333-------- The QCD The QCD The QCD The QCD The QCD The QCD The QCD The QCD sumsumsumsumsumsumsumsum rulesrulesrulesrulesrulesrulesrulesrules (QCDSR)(QCDSR)(QCDSR)(QCDSR)(QCDSR)(QCDSR)(QCDSR)(QCDSR)
Basics of QCDSRBasics of QCDSRBasics of QCDSRBasics of QCDSRBasics of QCDSRBasics of QCDSRBasics of QCDSRBasics of QCDSR



The trick: Borel The trick: Borel The trick: Borel The trick: Borel transformtransformtransformtransform: Q: Q: Q: Q2222 MMMMBBBB

ChoiceChoiceChoiceChoice for Mfor Mfor Mfor MBBBB: convergence of the : convergence of the : convergence of the : convergence of the integralintegralintegralintegral and OPE: 1 and OPE: 1 and OPE: 1 and OPE: 1 GeVGeVGeVGeV< M< M< M< MBBBB<1.5 <1.5 <1.5 <1.5 GeVGeVGeVGeV

Application: Application: Application: Application: Application: Application: Application: Application: vectorvectorvectorvectorvectorvectorvectorvector mesonsmesonsmesonsmesonsmesonsmesonsmesonsmesons in vacuumin vacuumin vacuumin vacuumin vacuumin vacuumin vacuumin vacuum

=Pole Pole Pole Pole ansatzansatzansatzansatz:

High part of the High part of the High part of the High part of the spectrumspectrumspectrumspectrum exponentiallyexponentiallyexponentiallyexponentially supressedsupressedsupressedsupressed: : : : favorizefavorizefavorizefavorize lowlowlowlow energyenergyenergyenergy resonancesresonancesresonancesresonances



AnalysisAnalysisAnalysisAnalysisAnalysisAnalysisAnalysisAnalysis of the X(3872):of the X(3872):of the X(3872):of the X(3872):of the X(3872):of the X(3872):of the X(3872):of the X(3872): ManyManyManyManyManyManyManyMany new «new «new «new «new «new «new «new « exoticexoticexoticexoticexoticexoticexoticexotic » » » » » » » » charmoniumcharmoniumcharmoniumcharmoniumcharmoniumcharmoniumcharmoniumcharmonium states states states states states states states states recentlyrecentlyrecentlyrecentlyrecentlyrecentlyrecentlyrecently
discovereddiscovereddiscovereddiscovereddiscovereddiscovereddiscovereddiscovered: not (: not (: not (: not (: not (: not (: not (: not (easilyeasilyeasilyeasilyeasilyeasilyeasilyeasily) ) ) ) ) ) ) ) explainableexplainableexplainableexplainableexplainableexplainableexplainableexplainable by quark by quark by quark by quark by quark by quark by quark by quark modelsmodelsmodelsmodelsmodelsmodelsmodelsmodels ((((((((BaBarBaBarBaBarBaBarBaBarBaBarBaBarBaBar, Belle), Belle), Belle), Belle), Belle), Belle), Belle), Belle)

X(3872) X(3872) X(3872) X(3872) X(3872) X(3872) X(3872) X(3872) mostmostmostmostmostmostmostmost probablyprobablyprobablyprobablyprobablyprobablyprobablyprobably
a a a a a a a a molecularmolecularmolecularmolecularmolecularmolecularmolecularmolecular statestatestatestatestatestatestatestate

NielsenNielsenNielsenNielsenNielsenNielsenNielsenNielsen
NavarraNavarraNavarraNavarraNavarraNavarraNavarraNavarra
SH LeeSH LeeSH LeeSH LeeSH LeeSH LeeSH LeeSH Lee



InInInInInInInIn--------medium hadrons medium hadrons medium hadrons medium hadrons medium hadrons medium hadrons medium hadrons medium hadrons 

In the In the In the In the In the In the In the In the stronglystronglystronglystronglystronglystronglystronglystrongly interactinginteractinginteractinginteractinginteractinginteractinginteractinginteracting medium (medium (medium (medium (medium (medium (medium (medium (finitefinitefinitefinitefinitefinitefinitefinite ρρρρρρρρ or T) or T) or T) or T) or T) or T) or T) or T) the the the the the the the the fundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamental QCD QCD QCD QCD QCD QCD QCD QCD 
condensatescondensatescondensatescondensatescondensatescondensatescondensatescondensates are are are are are are are are modifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodified::::::::
The QCD The QCD The QCD The QCD The QCD The QCD The QCD The QCD GroundGroundGroundGroundGroundGroundGroundGround state state state state state state state state isisisisisisisis modifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodified (change in the (change in the (change in the (change in the (change in the (change in the (change in the (change in the symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry pattern of QCD):pattern of QCD):pattern of QCD):pattern of QCD):pattern of QCD):pattern of QCD):pattern of QCD):pattern of QCD):
wewewewewewewewe thusthusthusthusthusthusthusthus expectexpectexpectexpectexpectexpectexpectexpect thatthatthatthatthatthatthatthat the the the the the the the the elementaryelementaryelementaryelementaryelementaryelementaryelementaryelementary excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the excitations (hadrons) of the changedchangedchangedchangedchangedchangedchangedchanged vacuum vacuum vacuum vacuum vacuum vacuum vacuum vacuum 

are are are are are are are are alsoalsoalsoalsoalsoalsoalsoalso modifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodifiedmodified: : : : : : : : change of mass, change of mass, change of mass, change of mass, change of mass, change of mass, change of mass, change of mass, widthwidthwidthwidthwidthwidthwidthwidth, , , , , , , , couplingcouplingcouplingcouplingcouplingcouplingcouplingcoupling constants,…constants,…constants,…constants,…constants,…constants,…constants,…constants,…

On the On the On the On the On the On the On the On the otherotherotherotherotherotherotherother hand inhand inhand inhand inhand inhand inhand inhand in--------medium changes of hadron (medium changes of hadron (medium changes of hadron (medium changes of hadron (medium changes of hadron (medium changes of hadron (medium changes of hadron (medium changes of hadron (associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated correlationcorrelationcorrelationcorrelationcorrelationcorrelationcorrelationcorrelation functionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctionsfunctions))))))))
are are are are are are are are usuallyusuallyusuallyusuallyusuallyusuallyusuallyusually calculatedcalculatedcalculatedcalculatedcalculatedcalculatedcalculatedcalculated withinwithinwithinwithinwithinwithinwithinwithin hadronichadronichadronichadronichadronichadronichadronichadronic manymanymanymanymanymanymanymany--------body body body body body body body body approachapproachapproachapproachapproachapproachapproachapproach, , , , , , , , i.ei.ei.ei.ei.ei.ei.ei.e; ; ; ; ; ; ; ; chiral chiral chiral chiral chiral chiral chiral chiral dynamicsdynamicsdynamicsdynamicsdynamicsdynamicsdynamicsdynamics

The central question The central question The central question The central question The central question The central question The central question The central question isisisisisisisis thusthusthusthusthusthusthusthus to to to to to to to to makemakemakemakemakemakemakemake a a a a a a a a connectionconnectionconnectionconnectionconnectionconnectionconnectionconnection betweenbetweenbetweenbetweenbetweenbetweenbetweenbetween the (the (the (the (the (the (the (the (observedobservedobservedobservedobservedobservedobservedobserved or or or or or or or or 
calculatedcalculatedcalculatedcalculatedcalculatedcalculatedcalculatedcalculated) ) ) ) ) ) ) ) inininininininin--------medium changes of hadronsmedium changes of hadronsmedium changes of hadronsmedium changes of hadronsmedium changes of hadronsmedium changes of hadronsmedium changes of hadronsmedium changes of hadrons and (and (and (and (and (and (and (and (precursorprecursorprecursorprecursorprecursorprecursorprecursorprecursor) ) ) ) ) ) ) ) effectseffectseffectseffectseffectseffectseffectseffects of of of of of of of of chiral chiral chiral chiral chiral chiral chiral chiral 
symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration

Use Use Use Use QCD QCD QCD QCD sumsumsumsum rulesrulesrulesrules generalizedgeneralizedgeneralizedgeneralized atatatat finitefinitefinitefinite densitydensitydensitydensity
BottomBottomBottomBottom to top attitude: to top attitude: to top attitude: to top attitude: followfollowfollowfollow the the the the evolutionevolutionevolutionevolution of the hadron spectral of the hadron spectral of the hadron spectral of the hadron spectral functionsfunctionsfunctionsfunctions
and relate and relate and relate and relate itititit to the to the to the to the evolutionevolutionevolutionevolution of the QCD of the QCD of the QCD of the QCD propertiespropertiespropertiesproperties ((((condensatescondensatescondensatescondensates))))



Pion propagation in Pion propagation in Pion propagation in Pion propagation in Pion propagation in Pion propagation in Pion propagation in Pion propagation in nuclearnuclearnuclearnuclearnuclearnuclearnuclearnuclear mattermattermattermattermattermattermattermatter

••PionPionPionPionPionPionPionPion--------nucleonnucleonnucleonnucleonnucleonnucleonnucleonnucleon pppppppp--------wavewavewavewavewavewavewavewave
couplingcouplingcouplingcouplingcouplingcouplingcouplingcoupling

CouplingCouplingCouplingCoupling totototo ∆∆∆∆ statesstatesstatesstates

••InInInInInInInIn--------medium pion medium pion medium pion medium pion medium pion medium pion medium pion medium pion propagatorpropagatorpropagatorpropagatorpropagatorpropagatorpropagatorpropagator
AtAtAtAt highhighhighhigh energyenergyenergyenergy the the the the strengthstrengthstrengthstrength functionfunctionfunctionfunction isisisis dominateddominateddominateddominated
by by by by twotwotwotwo (collective) excitations(collective) excitations(collective) excitations(collective) excitations
----The The The The pionicpionicpionicpionic branchbranchbranchbranch ΩΩΩΩ1111
----The Delta The Delta The Delta The Delta branchbranchbranchbranch ΩΩΩΩ2222

(Torino,Lyon,…)

SofteningSofteningSofteningSoftening of the of the of the of the 
pion dispersion pion dispersion pion dispersion pion dispersion 
relationrelationrelationrelation

Shift of the Shift of the Shift of the Shift of the strengthstrengthstrengthstrength
((((3333He,T), SATURNEHe,T), SATURNEHe,T), SATURNEHe,T), SATURNE

vacuum



ScalarScalarScalarScalarScalarScalarScalarScalar--------isoscalarisoscalarisoscalarisoscalarisoscalarisoscalarisoscalarisoscalar modes (modes (modes (modes (modes (modes (modes (modes («««««««« sigma sigma sigma sigma sigma sigma sigma sigma mesonmesonmesonmesonmesonmesonmesonmeson »»»»»»»»)  )  )  )  )  )  )  )  atatatatatatatat finitefinitefinitefinitefinitefinitefinitefinite densitydensitydensitydensitydensitydensitydensitydensity

••Original Original Original Original Original Original Original Original ideaideaideaideaideaideaideaidea: : : : SofteningSofteningSofteningSoftening of the pion dispersion relation of the pion dispersion relation of the pion dispersion relation of the pion dispersion relation 
Modification of the Modification of the Modification of the Modification of the twotwotwotwo----pion pion pion pion propagatorpropagatorpropagatorpropagator and the and the and the and the unitarizedunitarizedunitarizedunitarized

pionpionpionpion----pion interaction            modification of pion interaction            modification of pion interaction            modification of pion interaction            modification of twotwotwotwo pion states :pion states :pion states :pion states :
correlatorcorrelatorcorrelatorcorrelator in the  sigma   in the  sigma   in the  sigma   in the  sigma   mesonmesonmesonmeson and  rho and  rho and  rho and  rho mesonmesonmesonmeson channelschannelschannelschannels

••ScalarScalarScalarScalarScalarScalarScalarScalar--------isoscalarisoscalarisoscalarisoscalarisoscalarisoscalarisoscalarisoscalar modesmodesmodesmodesmodesmodesmodesmodes

ConnectionConnectionConnectionConnectionConnectionConnectionConnectionConnection withwithwithwithwithwithwithwith the the the the the the the the pionicpionicpionicpionicpionicpionicpionicpionic enhancementenhancementenhancementenhancementenhancementenhancementenhancementenhancement of the of the of the of the of the of the of the of the scalarscalarscalarscalarscalarscalarscalarscalar (chiral) (chiral) (chiral) (chiral) (chiral) (chiral) (chiral) (chiral) susceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibility



The rho The rho The rho The rho The rho The rho The rho The rho mesonmesonmesonmesonmesonmesonmesonmeson atatatatatatatat finitefinitefinitefinitefinitefinitefinitefinite densitydensitydensitydensitydensitydensitydensitydensity

Rho Rho Rho Rho Rho Rho Rho Rho mesonmesonmesonmesonmesonmesonmesonmeson propagatorpropagatorpropagatorpropagatorpropagatorpropagatorpropagatorpropagator fromfromfromfromfromfromfromfrom the the the the the the the the 
VectorVectorVectorVectorVectorVectorVectorVector dominance dominance dominance dominance dominance dominance dominance dominance phenomenologyphenomenologyphenomenologyphenomenologyphenomenologyphenomenologyphenomenologyphenomenology

GaugedGaugedGaugedGauged non non non non linearlinearlinearlinear
sigma model sigma model sigma model sigma model LagrangianLagrangianLagrangianLagrangian

∆∆∆∆

h

(a)(a)(a)(a) DecayDecayDecayDecay of theof theof theof the ρρρρ intointointointo twotwotwotwo softenedsoftenedsoftenedsoftened
collective quasicollective quasicollective quasicollective quasi----pionspionspionspions

(b) (b) (b) (b) FromFromFromFrom gauge invariance: gauge invariance: gauge invariance: gauge invariance: killkillkillkill the the the the 
accumulation of accumulation of accumulation of accumulation of strengthstrengthstrengthstrength nearnearnearnear 2m2m2m2mππππ

(c) Structure Structure Structure Structure atatatat ΩΩΩΩ∆∆∆∆+mππππ~500 MeV500 MeV500 MeV500 MeV

+ direct direct direct direct couplingcouplingcouplingcoupling
of the rho to of the rho to of the rho to of the rho to 
resonancesresonancesresonancesresonances

NA60G.C, P. Schuck
(1992)



ρρ mesonmesonmesonmesonmesonmesonmesonmeson:::::::: losesloseslosesloses itsitsitsits quasiparticlequasiparticlequasiparticlequasiparticle statusstatusstatusstatus : a simple pole : a simple pole : a simple pole : a simple pole 
ansatzansatzansatzansatz leadsleadsleadsleads to an to an to an to an erroneouserroneouserroneouserroneous dropping mass scenario !dropping mass scenario !dropping mass scenario !dropping mass scenario !

(Klingl et al)

InInInInInInInIn--------medium QCD medium QCD medium QCD medium QCD medium QCD medium QCD medium QCD medium QCD sumsumsumsumsumsumsumsum rulesrulesrulesrulesrulesrulesrulesrules

EarlyEarlyEarlyEarlyEarlyEarlyEarlyEarly analysisanalysisanalysisanalysisanalysisanalysisanalysisanalysis

HadronicHadronicHadronicHadronicHadronicHadronicHadronicHadronic calculationcalculationcalculationcalculationcalculationcalculationcalculationcalculation: QCDSR : QCDSR : QCDSR : QCDSR : QCDSR : QCDSR : QCDSR : QCDSR analysisanalysisanalysisanalysisanalysisanalysisanalysisanalysis comptiblecomptiblecomptiblecomptiblecomptiblecomptiblecomptiblecomptible withwithwithwithwithwithwithwith a a a a a a a a broadenningbroadenningbroadenningbroadenningbroadenningbroadenningbroadenningbroadenning



The rho The rho The rho The rho mesonmesonmesonmeson in a scenario of pure chiral in a scenario of pure chiral in a scenario of pure chiral in a scenario of pure chiral restorationrestorationrestorationrestoration ((((((((LeupoldLeupoldLeupoldLeupoldLeupoldLeupoldLeupoldLeupold et al)et al)et al)et al)et al)et al)et al)et al)

AimAim: : isolateisolate the the rolerole of chiral of chiral restorationrestoration on rho on rho mesonmeson spectral spectral functionfunction))

LhsLhsLhsLhsLhsLhsLhsLhs: : : : : : : : 

RhsRhsRhsRhsRhsRhsRhsRhs Drop Drop Drop Drop Drop Drop Drop Drop onlyonlyonlyonlyonlyonlyonlyonly «««««««« chirallychirallychirallychirallychirallychirallychirallychirally oddoddoddoddoddoddoddodd » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) » (not chiral invariant) condensatescondensatescondensatescondensatescondensatescondensatescondensatescondensates

Four quark Four quark Four quark Four quark Four quark Four quark Four quark Four quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate::::::::



FixFixFixFixFixFixFixFix all the all the all the all the all the all the all the all the parametersparametersparametersparametersparametersparametersparametersparameters : mass and : mass and : mass and : mass and : mass and : mass and : mass and : mass and widthwidthwidthwidthwidthwidthwidthwidth of the rho , of the rho , of the rho , of the rho , of the rho , of the rho , of the rho , of the rho , condensatescondensatescondensatescondensatescondensatescondensatescondensatescondensates fromfromfromfromfromfromfromfrom a QCDSR a QCDSR a QCDSR a QCDSR a QCDSR a QCDSR a QCDSR a QCDSR 
in vacuum in vacuum in vacuum in vacuum in vacuum in vacuum in vacuum in vacuum 

•QCDSR QCDSR QCDSR QCDSR analysisanalysisanalysisanalysis atatatat full full full full restorationrestorationrestorationrestoration ((((chirallychirallychirallychirally oddoddoddodd fourfourfourfour----quark quark quark quark condensatecondensatecondensatecondensate vanishesvanishesvanishesvanishes))))
•ExtractExtractExtractExtract the (mass, the (mass, the (mass, the (mass, widthwidthwidthwidth) of the rho ) of the rho ) of the rho ) of the rho mesonmesonmesonmeson atatatat full full full full restorationrestorationrestorationrestoration

WidthWidth atat the the 
Vacuum valueVacuum value

Mass Mass atat the the 
vacuum valuevacuum value

••QCD SR QCD SR QCD SR QCD SR QCD SR QCD SR QCD SR QCD SR analysisanalysisanalysisanalysisanalysisanalysisanalysisanalysis compatible compatible compatible compatible compatible compatible compatible compatible withwithwithwithwithwithwithwith bothbothbothbothbothbothbothboth a a a a a a a a droppingdroppingdroppingdroppingdroppingdroppingdroppingdropping mass and mass and mass and mass and mass and mass and mass and mass and andandandandandandandand a a a a a a a a broadeningbroadeningbroadeningbroadeningbroadeningbroadeningbroadeningbroadening
••In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR In all the cases , QCDSR requiresrequiresrequiresrequiresrequiresrequiresrequiresrequires more more more more more more more more strengthstrengthstrengthstrengthstrengthstrengthstrengthstrength belowbelowbelowbelowbelowbelowbelowbelow the rho the rho the rho the rho the rho the rho the rho the rho peakpeakpeakpeakpeakpeakpeakpeak

••SizeableSizeableSizeableSizeableSizeableSizeableSizeableSizeable broadeningbroadeningbroadeningbroadeningbroadeningbroadeningbroadeningbroadening favorizedfavorizedfavorizedfavorizedfavorizedfavorizedfavorizedfavorized by model by model by model by model by model by model by model by model calculationscalculationscalculationscalculationscalculationscalculationscalculationscalculations (chiral (chiral (chiral (chiral (chiral (chiral (chiral (chiral dynamicsdynamicsdynamicsdynamicsdynamicsdynamicsdynamicsdynamics))))))))

(pion (pion (pion (pion (pion (pion (pion (pion cloudcloudcloudcloudcloudcloudcloudcloud, , , , , , , , resonancesresonancesresonancesresonancesresonancesresonancesresonancesresonances))))))))



ConnectionConnectionConnectionConnectionConnectionConnectionConnectionConnection withwithwithwithwithwithwithwith chiral chiral chiral chiral chiral chiral chiral chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration (G.C, J. Delorme, M. (G.C, J. Delorme, M. EricsonEricson) ) 

Axial Axial Axial Axial correlatorcorrelatorcorrelatorcorrelator atatatat finitefinitefinitefinite densitydensitydensitydensity

VectorVectorVectorVector correlatorcorrelatorcorrelatorcorrelator atatatat finitefinitefinitefinite densitydensitydensitydensity: the pion : the pion : the pion : the pion cloudcloudcloudcloud contribution contribution contribution contribution containscontainscontainscontains
a a a a correlatorcorrelatorcorrelatorcorrelator mixingmixingmixingmixing effecteffecteffecteffect atatatat finitefinitefinitefinite densitydensitydensitydensity

Axial Axial Axial Axial vectorvectorvectorvector mixingmixingmixingmixing: : : : VectorVectorVectorVector Axial Axial Axial Axial vectorvectorvectorvector + In+ In+ In+ In----medium pionmedium pionmedium pionmedium pion



In-medium ππππ cloud

P. Schuck,
G.C, 92

Urban et 
al, 98

Post et al,
02

ρρρρB/ρρρρ0
0
0.1
0.7
2.6

Rapp, 
Wambach

Strong broadening/melting of the ρ ρ ρ ρ pQCD continuum
Baryon density more important than T

In-medium ππππ cloud+ ρρρρN B*

ρΝρΝρΝρΝ B* In-medium ππππ cloud+ ρρρρN B*
+meson gas

The inThe inThe inThe in----medium rho medium rho medium rho medium rho mesonmesonmesonmeson withinwithinwithinwithin the the the the agesagesagesages



• HardHardHardHard----ThermalThermalThermalThermal----Loop resultLoop resultLoop resultLoop result
much enhanced over Born ratemuch enhanced over Born ratemuch enhanced over Born ratemuch enhanced over Born rate

• ““““matchingmatchingmatchingmatching”””” of HG and QGP of HG and QGP of HG and QGP of HG and QGP 
automatic!automatic!automatic!automatic!

• QuarkQuarkQuarkQuark----HadronHadronHadronHadron Duality Duality Duality Duality 
at low mass ?!at low mass ?!at low mass ?!at low mass ?!

• Degenerate axial and vector Degenerate axial and vector Degenerate axial and vector Degenerate axial and vector 
correlatorscorrelatorscorrelatorscorrelators????

[Braaten,Pisarski+YuanBraaten,Pisarski+YuanBraaten,Pisarski+YuanBraaten,Pisarski+Yuan ’’’’90]90]90]90]

[qq→ee]
[qq+O(αααασσσσ)-HTL]

-
-

LoweringLoweringLoweringLoweringLoweringLoweringLoweringLowering of the quarkof the quarkof the quarkof the quarkof the quarkof the quarkof the quarkof the quark--------hadron hadron hadron hadron hadron hadron hadron hadron dualitydualitydualitydualitydualitydualitydualityduality thresholdthresholdthresholdthresholdthresholdthresholdthresholdthreshold
as a signature of chiral as a signature of chiral as a signature of chiral as a signature of chiral as a signature of chiral as a signature of chiral as a signature of chiral as a signature of chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration



QCD PHASESQCD PHASESQCD PHASESQCD PHASESQCD PHASESQCD PHASESQCD PHASESQCD PHASES
AND SYMMETRIESAND SYMMETRIESAND SYMMETRIESAND SYMMETRIESAND SYMMETRIESAND SYMMETRIESAND SYMMETRIESAND SYMMETRIES

CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION CHIRAL RESTORATION 
AND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENTAND DECONFINEMENT



ThermodynamicsThermodynamicsThermodynamicsThermodynamics and phase structureand phase structureand phase structureand phase structure
WeWe use use preferentiallypreferentially a description in a description in termsterms of intensive variablesof intensive variables

TemperatureTemperature: : TTTTTTTT
ChemicalChemical potentialpotential associatedassociated withwith conservation conservation lawlaw: : baryonicbaryonic chemicalchemical potentialpotential:  :  µµµµµµµµ
Pressure:  Pressure:  P= P(T, P= P(T, P= P(T, P= P(T, P= P(T, P= P(T, P= P(T, P= P(T, µµµµµµµµ)))))))) ((equationequation of state)of state)

WhyWhy ?   ?   -- System in System in thermodynamicthermodynamic equilibriumequilibrium: P, T, : P, T, µµµµµµµµ uniformuniform (phase coexistence)(phase coexistence)
-- LatticeLattice calculationcalculation donedone withwith T, T, µµµµµµµµ as control as control parametersparameters (Grand canonical)(Grand canonical)
-- ParticleParticle production in HIC production in HIC fromfrom a thermal source a thermal source anfanf fireballfireball evolutionevolution
constrainedconstrained by conservation by conservation lawslaws

Uniform system   Uniform system   Uniform system   Uniform system   Uniform system   Uniform system   Uniform system   Uniform system   

DensityDensityDensityDensityDensityDensityDensityDensity of extensive of extensive of extensive of extensive of extensive of extensive of extensive of extensive quantitiesquantitiesquantitiesquantitiesquantitiesquantitiesquantitiesquantities fromfromfromfromfromfromfromfrom the first the first the first the first the first the first the first the first derivativesderivativesderivativesderivativesderivativesderivativesderivativesderivatives of the pressureof the pressureof the pressureof the pressureof the pressureof the pressureof the pressureof the pressure

TheseTheseTheseTheseTheseTheseTheseThese quantitiesquantitiesquantitiesquantitiesquantitiesquantitiesquantitiesquantities cancancancancancancancan differdifferdifferdifferdifferdifferdifferdiffer fromfromfromfromfromfromfromfrom one phase to one phase to one phase to one phase to one phase to one phase to one phase to one phase to anotheranotheranotheranotheranotheranotheranotheranother phasephasephasephasephasephasephasephase



First First First First First First First First orderorderorderorderorderorderorderorder phase transitionphase transitionphase transitionphase transitionphase transitionphase transitionphase transitionphase transition
GivenGivenGivenGivenGivenGivenGivenGiven T, T, T, T, T, T, T, T, µµµµµµµµ: coexistence of : coexistence of : coexistence of : coexistence of : coexistence of : coexistence of : coexistence of : coexistence of twotwotwotwotwotwotwotwo phases phases phases phases phases phases phases phases withwithwithwithwithwithwithwith twotwotwotwotwotwotwotwo differentdifferentdifferentdifferentdifferentdifferentdifferentdifferent «««««««« mechanicalmechanicalmechanicalmechanicalmechanicalmechanicalmechanicalmechanical » » » » » » » » densitiesdensitiesdensitiesdensitiesdensitiesdensitiesdensitiesdensities

Ex: Ex: Ex: Ex: Ex: Ex: Ex: Ex: NuclearNuclearNuclearNuclearNuclearNuclearNuclearNuclear LiquidLiquidLiquidLiquidLiquidLiquidLiquidLiquid--------gasgasgasgasgasgasgasgas transitiontransitiontransitiontransitiontransitiontransitiontransitiontransition

Phase coexistence Phase coexistence Phase coexistence Phase coexistence Phase coexistence Phase coexistence Phase coexistence Phase coexistence terminatesterminatesterminatesterminatesterminatesterminatesterminatesterminates atatatatatatatat a certain a certain a certain a certain a certain a certain a certain a certain criticalcriticalcriticalcriticalcriticalcriticalcriticalcritical point (Tpoint (Tpoint (Tpoint (Tpoint (Tpoint (Tpoint (Tpoint (Tcccccccc, , , , , , , , µµµµµµµµcccccccc) ) ) ) ) ) ) ) wherewherewherewherewherewherewherewhere theretheretheretheretheretheretherethere isisisisisisisis
no longer no longer no longer no longer no longer no longer no longer no longer discontinuitydiscontinuitydiscontinuitydiscontinuitydiscontinuitydiscontinuitydiscontinuitydiscontinuity in (in (in (in (in (in (in (in (ρ, ερ, ερ, ερ, ερ, ερ, ερ, ερ, ε) but the ) but the ) but the ) but the ) but the ) but the ) but the ) but the susceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilitiessusceptibilities maymaymaymaymaymaymaymay divergedivergedivergedivergedivergedivergedivergediverge

Second Second Second Second Second Second Second Second orderorderorderorderorderorderorderorder transitiontransitiontransitiontransitiontransitiontransitiontransitiontransition
αααααααα: : : : : : : : criticalcriticalcriticalcriticalcriticalcriticalcriticalcritical exponentexponentexponentexponentexponentexponentexponentexponent

((((((((universalityuniversalityuniversalityuniversalityuniversalityuniversalityuniversalityuniversality class)class)class)class)class)class)class)class)



QCD phase transition and chiral QCD phase transition and chiral QCD phase transition and chiral QCD phase transition and chiral symmetrysymmetrysymmetrysymmetry
In In somesome systemssystems (spin system, (spin system, QCD in the chiral QCD in the chiral QCD in the chiral QCD in the chiral QCD in the chiral QCD in the chiral QCD in the chiral QCD in the chiral limitlimitlimitlimitlimitlimitlimitlimit) ) itit maymay happenhappen thatthat therethere isis
an an underlyingunderlyingunderlyingunderlyingunderlyingunderlyingunderlyingunderlying exact exact exact exact exact exact exact exact symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry: : differentdifferent phases phases withwith differentdifferent symmetrysymmetry realizationrealization

••Trivial case, Trivial case, symmetrysymmetry restoredrestored: the chiral : the chiral transformtransform mapsmaps the ensemble on the ensemble on itselfitself
••SpontaneouslySpontaneously brokenbroken symmetrysymmetry: chiral transformation : chiral transformation createscreates anotheranother ensembleensemble

withwith the the samesame ((ε, ρε, ρ). ). AnotherAnother variable variable isis neededneeded:         :         ORDERORDER PARAMETERPARAMETERPARAMETERPARAMETERPARAMETERPARAMETERPARAMETERPARAMETER

It It maymay happenhappen thatthat the the first first first first first first first first derivativesderivativesderivativesderivativesderivativesderivativesderivativesderivatives of the pressureof the pressureof the pressureof the pressureof the pressureof the pressureof the pressureof the pressure ((σ, ρσ, ρσ, ρσ, ρσ, ρσ, ρσ, ρσ, ρ,       ) are ,       ) are continuouscontinuouscontinuouscontinuouscontinuouscontinuouscontinuouscontinuous
But But sincesince the transition the transition connectsconnects twotwo states states withwith differentdifferent symmetrysymmetry pattern, pattern, 
thermodynamicthermodynamic quantitiesquantities shouldshould exhibitexhibit singularitiessingularities ..
SusceptibilitiesSusceptibilitiesSusceptibilitiesSusceptibilitiesSusceptibilitiesSusceptibilitiesSusceptibilitiesSusceptibilities (second (second (second (second (second (second (second (second derivativesderivativesderivativesderivativesderivativesderivativesderivativesderivatives of the pressure) of the pressure) of the pressure) of the pressure) of the pressure) of the pressure) of the pressure) of the pressure) maymaymaymaymaymaymaymay divergedivergedivergedivergedivergedivergedivergediverge

The The symmetrysymmetry breakingbreaking transition transition maymay veryvery wellwell bebe of of first first first first first first first first orderorderorderorderorderorderorderorder:  the :  the orderorderorderorderorderorderorderorder
parameteparameteparameteparameteparameteparameteparameteparameterr, , as the as the otherother first first derivativesderivatives of the pressureof the pressure ((((((((σ, ρ),σ, ρ),σ, ρ),σ, ρ),σ, ρ),σ, ρ),σ, ρ),σ, ρ), isisisisisisisis discontinuousdiscontinuousdiscontinuousdiscontinuousdiscontinuousdiscontinuousdiscontinuousdiscontinuous

Second Second Second Second Second Second Second Second orderorderorderorderorderorderorderorder phase transitionphase transitionphase transitionphase transitionphase transitionphase transitionphase transitionphase transition

UniversalityUniversality class:class:
SU(2)XSU(2) SU(2)XSU(2) llσσmm ~ O(4)~ O(4)
O(4) O(4) ferromagnetferromagnet



UniversitalityUniversitalityUniversitalityUniversitalityUniversitalityUniversitalityUniversitalityUniversitality argumentargumentargumentargumentargumentargumentargumentargument
(Pisarski(Pisarski(Pisarski(Pisarski(Pisarski(Pisarski(Pisarski(Pisarski--------WilczeckWilczeckWilczeckWilczeckWilczeckWilczeckWilczeckWilczeck))))))))

Nf=2 chiral Nf=2 chiral Nf=2 chiral Nf=2 chiral Nf=2 chiral Nf=2 chiral Nf=2 chiral Nf=2 chiral limitlimitlimitlimitlimitlimitlimitlimit

Real  QCD: Real  QCD: Real  QCD: Real  QCD: Real  QCD: Real  QCD: Real  QCD: Real  QCD: phyicalphyicalphyicalphyicalphyicalphyicalphyicalphyical quark massesquark massesquark massesquark massesquark massesquark massesquark massesquark masses



CEPCEPCEPCEPCEPCEPCEPCEP

Real QCD: first Real QCD: first Real QCD: first Real QCD: first Real QCD: first Real QCD: first Real QCD: first Real QCD: first orderorderorderorderorderorderorderorder transition transition transition transition transition transition transition transition whichwhichwhichwhichwhichwhichwhichwhich terminatesterminatesterminatesterminatesterminatesterminatesterminatesterminates atatatatatatatat the the the the the the the the CriticalCriticalCriticalCriticalCriticalCriticalCriticalCritical End Point (CEP)End Point (CEP)End Point (CEP)End Point (CEP)End Point (CEP)End Point (CEP)End Point (CEP)End Point (CEP)
••LowLowLowLowLowLowLowLow µµµµµµµµ, , , , , , , , highhighhighhighhighhighhighhigh T:  T:  T:  T:  T:  T:  T:  T:  continuouscontinuouscontinuouscontinuouscontinuouscontinuouscontinuouscontinuous ((((((((althoughalthoughalthoughalthoughalthoughalthoughalthoughalthough suddensuddensuddensuddensuddensuddensuddensudden) ) ) ) ) ) ) ) crossovercrossovercrossovercrossovercrossovercrossovercrossovercrossover
••ManyManyManyManyManyManyManyMany similaritiessimilaritiessimilaritiessimilaritiessimilaritiessimilaritiessimilaritiessimilarities withwithwithwithwithwithwithwith the phase the phase the phase the phase the phase the phase the phase the phase diagramdiagramdiagramdiagramdiagramdiagramdiagramdiagram of waterof waterof waterof waterof waterof waterof waterof water

CEP: TCEP: TCEP: TCEP: TCEP: TCEP: TCEP: TCEP: TEEEEEEEE=162 MeV, =162 MeV, =162 MeV, =162 MeV, =162 MeV, =162 MeV, =162 MeV, =162 MeV, µµµµµµµµEEEEEEEE= 360 MeV = 360 MeV = 360 MeV = 360 MeV = 360 MeV = 360 MeV = 360 MeV = 360 MeV 
((((((((FodorFodorFodorFodorFodorFodorFodorFodor et al)et al)et al)et al)et al)et al)et al)et al)

µµµµµµµµ= 0  = 0  = 0  = 0  = 0  = 0  = 0  = 0  crossovercrossovercrossovercrossovercrossovercrossovercrossovercrossover : T=175: T=175: T=175: T=175: T=175: T=175: T=175: T=175--------185 MeV185 MeV185 MeV185 MeV185 MeV185 MeV185 MeV185 MeV
((((((((BielefieldBielefieldBielefieldBielefieldBielefieldBielefieldBielefieldBielefield))))))))



QCD phase QCD phase QCD phase QCD phase diagramdiagramdiagramdiagram and and and and heavyheavyheavyheavy ion collisionsion collisionsion collisionsion collisions



QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition functionfunctionfunctionfunctionfunctionfunctionfunctionfunction

Partition Partition Partition Partition Partition Partition Partition Partition functionfunctionfunctionfunctionfunctionfunctionfunctionfunction

Quantum Quantum mechanicsmechanics Gauge Gauge theorytheory

SinceSince AA00 has no has no conjuguateconjuguate momentummomentum: : 

It It followsfollows thatthat Gauss Gauss lawlaw has to has to bebe implementedimplemented atat the the levellevel of of physicalphysical statesstates

h(h(rrrrrrrr) time ) time independentindependent gauge gauge transformtransform

And the And the quantizedquantized formform of gauge invariance of gauge invariance isis



EuclideanEuclideanEuclideanEuclideanEuclideanEuclideanEuclideanEuclidean action and center action and center action and center action and center action and center action and center action and center action and center symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry of QCDof QCDof QCDof QCDof QCDof QCDof QCDof QCD
The partition The partition functionfunction admitsadmits a a pathpath integralintegral representationrepresentation EuclideanEuclidean action action 

PeriodicPeriodic boundaryboundary conditionsconditions
(trace (trace operationoperation))

withwith

••Gauge invariant LGauge invariant LE E ::
••Gauge invariant actionGauge invariant actionGauge invariant actionGauge invariant actionGauge invariant actionGauge invariant actionGauge invariant actionGauge invariant action
((((((((PeriodicPeriodicPeriodicPeriodicPeriodicPeriodicPeriodicPeriodic gauge gauge gauge gauge gauge gauge gauge gauge transformtransformtransformtransformtransformtransformtransformtransform) ) ) ) ) ) ) ) 

•Transformation Transformation Transformation Transformation periodicperiodicperiodicperiodic up to a global (constant) fup to a global (constant) fup to a global (constant) fup to a global (constant) f

•The pure gauge action has the The pure gauge action has the The pure gauge action has the The pure gauge action has the 
center center center center center center center center symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry Z(3)Z(3)Z(3)Z(3)

•Z(3) Z(3) Z(3) Z(3) brokenbrokenbrokenbroken by quarksby quarksby quarksby quarks



The The The The The The The The PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop as an as an as an as an as an as an as an as an orderorderorderorderorderorderorderorder parameterparameterparameterparameterparameterparameterparameterparameter for for for for for for for for deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement
Pure gauge: put a static (infinitely heavy) static quark Q at point R

QuarkQuark--glue interactionglue interaction

The partition The partition functionfunction isis

PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop::::::::

•• The The The The The The The The PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop isisisisisisisis gauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariantgauge invariant but NOT Z(3) invariant

•• If If If If If If If If colorcolorcolorcolorcolorcolorcolorcolor isisisisisisisis confinedconfinedconfinedconfinedconfinedconfinedconfinedconfined ((((((((lowlowlowlowlowlowlowlow T), T), T), T), T), T), T), T), the free the free the free the free the free the free the free the free energyenergyenergyenergyenergyenergyenergyenergy::::::::

•• If If If If If If If If colorcolorcolorcolorcolorcolorcolorcolor isisisisisisisis not not not not not not not not confinedconfinedconfinedconfinedconfinedconfinedconfinedconfined ((((((((highhighhighhighhighhighhighhigh T)T)T)T)T)T)T)T)

The The The The The The The The PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop isisisisisisisis an an an an an an an an orderorderorderorderorderorderorderorder parameterparameterparameterparameterparameterparameterparameterparameter for the center Z(3) for the center Z(3) for the center Z(3) for the center Z(3) for the center Z(3) for the center Z(3) for the center Z(3) for the center Z(3) symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry
associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated withwithwithwithwithwithwithwith confinement/confinement/confinement/confinement/confinement/confinement/confinement/confinement/deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue 



The The The The PolyakovPolyakovPolyakovPolyakov looplooplooploop as an as an as an as an orderorderorderorder parameterparameterparameterparameter for for for for deconfinementdeconfinementdeconfinementdeconfinement
in pure gauge in pure gauge in pure gauge in pure gauge theorytheorytheorytheory
QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition QCD partition functionfunctionfunctionfunctionfunctionfunctionfunctionfunction

EuclideanEuclideanEuclideanEuclideanEuclideanEuclideanEuclideanEuclidean QCD actionQCD actionQCD actionQCD actionQCD actionQCD actionQCD actionQCD action

The time xThe time xThe time xThe time xThe time xThe time xThe time xThe time x00000000 isisisisisisisis replacedreplacedreplacedreplacedreplacedreplacedreplacedreplaced by the by the by the by the by the by the by the by the imaginaryimaginaryimaginaryimaginaryimaginaryimaginaryimaginaryimaginary time xtime xtime xtime xtime xtime xtime xtime x44444444========-------- i xi xi xi xi xi xi xi x00000000
The The The The The The The The fieldfieldfieldfieldfieldfieldfieldfield AAAAAAAA0 0 0 0 0 0 0 0 isisisisisisisis replacedreplacedreplacedreplacedreplacedreplacedreplacedreplaced by Aby Aby Aby Aby Aby Aby Aby A44444444========-------- i Ai Ai Ai Ai Ai Ai Ai A00000000

DefineDefineDefineDefineDefineDefineDefineDefine the the the the the the the the PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop

Pure gauge:Pure gauge:Pure gauge:Pure gauge:Pure gauge:Pure gauge:Pure gauge:Pure gauge: put a static (infinitely heavy) quark Q at point R

••If If If If If If If If colorcolorcolorcolorcolorcolorcolorcolor isisisisisisisis confinedconfinedconfinedconfinedconfinedconfinedconfinedconfined ((((((((lowlowlowlowlowlowlowlow T), T), T), T), T), T), T), T), the free the free the free the free the free the free the free the free energyenergyenergyenergyenergyenergyenergyenergy::::::::

••If If If If If If If If colorcolorcolorcolorcolorcolorcolorcolor isisisisisisisis not not not not not not not not confinedconfinedconfinedconfinedconfinedconfinedconfinedconfined ((((((((highhighhighhighhighhighhighhigh T)T)T)T)T)T)T)T)

The The The The The The The The PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop isisisisisisisis an an an an an an an an orderorderorderorderorderorderorderorder parameterparameterparameterparameterparameterparameterparameterparameter
associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated withwithwithwithwithwithwithwith confinement/confinement/confinement/confinement/confinement/confinement/confinement/confinement/deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue for pure glue 

The The The The The The The The associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated group group group group group group group group symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry isisisisisisisis the center Z(3)the center Z(3)the center Z(3)the center Z(3)the center Z(3)the center Z(3)the center Z(3)the center Z(3)



Real QCDReal QCDReal QCDReal QCDReal QCDReal QCDReal QCDReal QCD

Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry isisisisisisisis not exact: not exact: not exact: not exact: not exact: not exact: not exact: not exact: althoughalthoughalthoughalthoughalthoughalthoughalthoughalthough smallsmallsmallsmallsmallsmallsmallsmall , m, m, m, m, m, m, m, muuuuuuuu and  mand  mand  mand  mand  mand  mand  mand  mdddddddd~5 MeV are  ~5 MeV are  ~5 MeV are  ~5 MeV are  ~5 MeV are  ~5 MeV are  ~5 MeV are  ~5 MeV are  finitefinitefinitefinitefinitefinitefinitefinite........
The The The The The The The The quark quark quark quark quark quark quark quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate isisisisisisisis no longer an no longer an no longer an no longer an no longer an no longer an no longer an no longer an orderorderorderorderorderorderorderorder parameterparameterparameterparameterparameterparameterparameterparameter but but but but but but but but remainsremainsremainsremainsremainsremainsremainsremains a a a a a a a a good good good good good good good good 
indicatorindicatorindicatorindicatorindicatorindicatorindicatorindicator for the for the for the for the for the for the for the for the rapidrapidrapidrapidrapidrapidrapidrapid crossovercrossovercrossovercrossovercrossovercrossovercrossovercrossover for chiral for chiral for chiral for chiral for chiral for chiral for chiral for chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration

Center Center Center Center Center Center Center Center SymmetrySymmetrySymmetrySymmetrySymmetrySymmetrySymmetrySymmetry isisisisisisisis not exact  in not exact  in not exact  in not exact  in not exact  in not exact  in not exact  in not exact  in presencepresencepresencepresencepresencepresencepresencepresence of light quarksof light quarksof light quarksof light quarksof light quarksof light quarksof light quarksof light quarks
The The The The The The The The PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov LoopLoopLoopLoopLoopLoopLoopLoop isisisisisisisis no longer an no longer an no longer an no longer an no longer an no longer an no longer an no longer an orderorderorderorderorderorderorderorder parameterparameterparameterparameterparameterparameterparameterparameter but but but but but but but but remainsremainsremainsremainsremainsremainsremainsremains a a a a a a a a good good good good good good good good IndicatorIndicatorIndicatorIndicatorIndicatorIndicatorIndicatorIndicator
for the for the for the for the for the for the for the for the rapidrapidrapidrapidrapidrapidrapidrapid crossovercrossovercrossovercrossovercrossovercrossovercrossovercrossover for for for for for for for for deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement ((((((((althoughalthoughalthoughalthoughalthoughalthoughalthoughalthough no no no no no no no no preciseprecisepreciseprecisepreciseprecisepreciseprecise criterioncriterioncriterioncriterioncriterioncriterioncriterioncriterion existsexistsexistsexistsexistsexistsexistsexists))))))))

TheseTheseTheseTheseTheseTheseTheseThese statementsstatementsstatementsstatementsstatementsstatementsstatementsstatements cancancancancancancancan bebebebebebebebe testedtestedtestedtestedtestedtestedtestedtested on the on the on the on the on the on the on the on the latticelatticelatticelatticelatticelatticelatticelattice atatatatatatatat zerozerozerozerozerozerozerozero chemicalchemicalchemicalchemicalchemicalchemicalchemicalchemical potentialpotentialpotentialpotentialpotentialpotentialpotentialpotential

But But But But But But But But strongstrongstrongstrongstrongstrongstrongstrong difficultiesdifficultiesdifficultiesdifficultiesdifficultiesdifficultiesdifficultiesdifficulties of of of of of of of of latticelatticelatticelatticelatticelatticelatticelattice QCD QCD QCD QCD QCD QCD QCD QCD atatatatatatatat finitefinitefinitefinitefinitefinitefinitefinite µµµµµµµµ



The PNJL modelThe PNJL modelThe PNJL modelThe PNJL modelThe PNJL modelThe PNJL modelThe PNJL modelThe PNJL model

AimAimAimAimAimAimAimAim: : : : : : : : studystudystudystudystudystudystudystudy simultaneouslysimultaneouslysimultaneouslysimultaneouslysimultaneouslysimultaneouslysimultaneouslysimultaneously chiral chiral chiral chiral chiral chiral chiral chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration and and and and and and and and deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement in the in the in the in the in the in the in the in the wholewholewholewholewholewholewholewhole ((((((((T,T,T,T,T,T,T,T,µµµµµµµµ) plan) plan) plan) plan) plan) plan) plan) plan

The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum possessespossessespossessespossessespossessespossessespossessespossesses a a a a a a a a quark quark quark quark quark quark quark quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate (NJL): (NJL): (NJL): (NJL): (NJL): (NJL): (NJL): (NJL): parametersparametersparametersparametersparametersparametersparametersparameters fixedfixedfixedfixedfixedfixedfixedfixed on vacuumon vacuumon vacuumon vacuumon vacuumon vacuumon vacuumon vacuum
The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum The vacuum possessespossessespossessespossessespossessespossessespossessespossesses a a a a a a a a condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate of «of «of «of «of «of «of «of « Wilson Wilson Wilson Wilson Wilson Wilson Wilson Wilson lineslineslineslineslineslineslineslines »»»»»»»»

Quarks Quarks Quarks Quarks Quarks Quarks Quarks Quarks coupledcoupledcoupledcoupledcoupledcoupledcoupledcoupled to a background gauge to a background gauge to a background gauge to a background gauge to a background gauge to a background gauge to a background gauge to a background gauge fieldfieldfieldfieldfieldfieldfieldfield associatedassociatedassociatedassociatedassociatedassociatedassociatedassociated withwithwithwithwithwithwithwith the the the the the the the the PolyalovPolyalovPolyalovPolyalovPolyalovPolyalovPolyalovPolyalov looplooplooplooplooplooplooploop

Grand Grand Grand Grand potentialpotentialpotentialpotential

PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop and constituent and constituent and constituent and constituent and constituent and constituent and constituent and constituent 
quark mass quark mass quark mass quark mass quark mass quark mass quark mass quark mass obtainedobtainedobtainedobtainedobtainedobtainedobtainedobtained fromfromfromfromfromfromfromfrom



Pure GaugePure GaugePure GaugePure Gauge: Effective : Effective : Effective : Effective : Effective : Effective : Effective : Effective potentialpotentialpotentialpotentialpotentialpotentialpotentialpotential for Poliakov for Poliakov for Poliakov for Poliakov for Poliakov for Poliakov for Poliakov for Poliakov looplooplooplooplooplooplooploop U(U(U(U(U(U(U(U(ΦΦΦΦΦΦΦΦ,T) ,T) ,T) ,T) ,T) ,T) ,T) ,T) fixedfixedfixedfixedfixedfixedfixedfixed by by by by by by by by comparisoncomparisoncomparisoncomparisoncomparisoncomparisoncomparisoncomparison withwithwithwithwithwithwithwith
pure gauge pure gauge pure gauge pure gauge pure gauge pure gauge pure gauge pure gauge latticelatticelatticelatticelatticelatticelatticelattice datadatadatadatadatadatadatadata

Inclusion of quarks:Inclusion of quarks:Inclusion of quarks:Inclusion of quarks: ComparisonComparisonComparisonComparisonComparisonComparisonComparisonComparison withwithwithwithwithwithwithwith latticelatticelatticelatticelatticelatticelatticelattice data data data data data data data data atatatatatatatat zerozerozerozerozerozerozerozero chemicalchemicalchemicalchemicalchemicalchemicalchemicalchemical potentialpotentialpotentialpotentialpotentialpotentialpotentialpotential

((((((((RattiRattiRattiRattiRattiRattiRattiRatti et al)et al)et al)et al)et al)et al)et al)et al)

DeconfinementDeconfinementDeconfinementDeconfinementDeconfinementDeconfinementDeconfinementDeconfinement and chiral and chiral and chiral and chiral and chiral and chiral and chiral and chiral 
restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration ((((((((almostalmostalmostalmostalmostalmostalmostalmost) ) ) ) ) ) ) ) coincidecoincidecoincidecoincidecoincidecoincidecoincidecoincide



ImprovedImprovedImprovedImproved potentialpotentialpotentialpotential ((((((((RossnerRossnerRossnerRossnerRossnerRossnerRossnerRossner et al)et al)et al)et al)et al)et al)et al)et al)



FiniteFiniteFiniteFinite chemicalchemicalchemicalchemical potentialpotentialpotentialpotential

Quark Quark Quark Quark Quark Quark Quark Quark numbernumbernumbernumbernumbernumbernumbernumber densitydensitydensitydensitydensitydensitydensitydensity

High T  

Low T

PNJLPNJLPNJLPNJLPNJLPNJLPNJLPNJL

NJLNJLNJLNJLNJLNJLNJLNJL

PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop considerablyconsiderablyconsiderablyconsiderablyconsiderablyconsiderablyconsiderablyconsiderably decreasesdecreasesdecreasesdecreasesdecreasesdecreasesdecreasesdecreases the net quark the net quark the net quark the net quark the net quark the net quark the net quark the net quark numbernumbernumbernumbernumbernumbernumbernumber atatatatatatatat lowlowlowlowlowlowlowlow TTTTTTTT

PNJL PNJL PNJL PNJL PNJL PNJL PNJL PNJL mimicsmimicsmimicsmimicsmimicsmimicsmimicsmimics threethreethreethreethreethreethreethree quarks quarks quarks quarks quarks quarks quarks quarks clusteringclusteringclusteringclusteringclusteringclusteringclusteringclustering: : : : : : : : «««««««« statisticalstatisticalstatisticalstatisticalstatisticalstatisticalstatisticalstatistical confinementconfinementconfinementconfinementconfinementconfinementconfinementconfinement »»»»»»»»



RecentRecentRecentRecent PNJL PNJL PNJL PNJL calculationcalculationcalculationcalculation ((((CoimbraCoimbraCoimbraCoimbraCoimbraCoimbraCoimbraCoimbra-------- Lyon)Lyon)Lyon)Lyon)Lyon)Lyon)Lyon)Lyon)

PNJL phase PNJL phase PNJL phase PNJL phase PNJL phase PNJL phase PNJL phase PNJL phase diagramdiagramdiagramdiagramdiagramdiagramdiagramdiagram Baryon Baryon Baryon Baryon Baryon Baryon Baryon Baryon numbernumbernumbernumbernumbernumbernumbernumber susceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibilitysusceptibility

CrossoverCrossoverCrossoverCrossoverCrossoverCrossoverCrossoverCrossover
Second Second Second Second Second Second Second Second orderorderorderorderorderorderorderorder

First First First First First First First First orderorderorderorderorderorderorderorder



HeatHeatHeatHeat capacitycapacitycapacitycapacity



SUMMARYSUMMARYSUMMARYSUMMARY
QCD QCD QCD QCD QCD QCD QCD QCD isisisisisisisis gauge gauge gauge gauge gauge gauge gauge gauge fieldfieldfieldfieldfieldfieldfieldfield theorytheorytheorytheorytheorytheorytheorytheory basedbasedbasedbasedbasedbasedbasedbased on invariance on invariance on invariance on invariance on invariance on invariance on invariance on invariance underunderunderunderunderunderunderunder LOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformationLOCAL SU(3)c transformation

OnlyOnlyOnlyOnlyOnlyOnlyOnlyOnly colorcolorcolorcolorcolorcolorcolorcolor singlet hadrons singlet hadrons singlet hadrons singlet hadrons singlet hadrons singlet hadrons singlet hadrons singlet hadrons existexistexistexistexistexistexistexist withwithwithwithwithwithwithwith M ~ 1 M ~ 1 M ~ 1 M ~ 1 M ~ 1 M ~ 1 M ~ 1 M ~ 1 GeVGeVGeVGeVGeVGeVGeVGeV and R ~ 1 and R ~ 1 and R ~ 1 and R ~ 1 and R ~ 1 and R ~ 1 and R ~ 1 and R ~ 1 fmfmfmfmfmfmfmfm (but (but (but (but (but (but (but (but mmmmmmmmππππππππ=140 MeV)=140 MeV)=140 MeV)=140 MeV)=140 MeV)=140 MeV)=140 MeV)=140 MeV)
This This This This This This This This isisisisisisisis colorcolorcolorcolorcolorcolorcolorcolor confinementconfinementconfinementconfinementconfinementconfinementconfinementconfinement

In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark sectorsectorsectorsectorsectorsectorsectorsector QCD QCD QCD QCD QCD QCD QCD QCD isisisisisisisis classicallyclassicallyclassicallyclassicallyclassicallyclassicallyclassicallyclassically scalescalescalescalescalescalescalescale invariant. invariant. invariant. invariant. invariant. invariant. invariant. invariant. ScaleScaleScaleScaleScaleScaleScaleScale invariance invariance invariance invariance invariance invariance invariance invariance isisisisisisisis
brokenbrokenbrokenbrokenbrokenbrokenbrokenbroken by quantum fluctuationsby quantum fluctuationsby quantum fluctuationsby quantum fluctuationsby quantum fluctuationsby quantum fluctuationsby quantum fluctuationsby quantum fluctuations

All the All the All the All the All the All the All the All the physicalphysicalphysicalphysicalphysicalphysicalphysicalphysical observables observables observables observables observables observables observables observables scalesscalesscalesscalesscalesscalesscalesscales as O = C as O = C as O = C as O = C as O = C as O = C as O = C as O = C ΛΛΛΛΛΛΛΛQCD  ,,QCD  ,,QCD  ,,QCD  ,,QCD  ,,QCD  ,,QCD  ,,QCD  ,,fundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamentalfundamental scalescalescalescalescalescalescalescale of QCDof QCDof QCDof QCDof QCDof QCDof QCDof QCD

Existence of a gluon Existence of a gluon Existence of a gluon Existence of a gluon Existence of a gluon Existence of a gluon Existence of a gluon Existence of a gluon condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate; The «; The «; The «; The «; The «; The «; The «; The « bindingbindingbindingbindingbindingbindingbindingbinding energyenergyenergyenergyenergyenergyenergyenergy » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum » of the QCD vacuum 
due to non due to non due to non due to non due to non due to non due to non due to non perturbativeperturbativeperturbativeperturbativeperturbativeperturbativeperturbativeperturbative quantum fluctuations quantum fluctuations quantum fluctuations quantum fluctuations quantum fluctuations quantum fluctuations quantum fluctuations quantum fluctuations isisisisisisisis 0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm0.5 GeV.fm--------33333333

The The The The The The The The nucleonnucleonnucleonnucleonnucleonnucleonnucleonnucleon plausiblyplausiblyplausiblyplausiblyplausiblyplausiblyplausiblyplausibly looks looks looks looks looks looks looks looks likelikelikelikelikelikelikelike a Y a Y a Y a Y a Y a Y a Y a Y shapedshapedshapedshapedshapedshapedshapedshaped string string string string string string string string endedendedendedendedendedendedendedended by constituent quarksby constituent quarksby constituent quarksby constituent quarksby constituent quarksby constituent quarksby constituent quarksby constituent quarks

In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark In the light quark sectorsectorsectorsectorsectorsectorsectorsector theretheretheretheretheretheretherethere isisisisisisisis an an an an an an an an almostalmostalmostalmostalmostalmostalmostalmost exact global chiral exact global chiral exact global chiral exact global chiral exact global chiral exact global chiral exact global chiral exact global chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry
--VectorVectorVectorVectorVectorVectorVectorVector symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry: isospin multiplet: isospin multiplet: isospin multiplet: isospin multiplet: isospin multiplet: isospin multiplet: isospin multiplet: isospin multiplet
--Axial Axial Axial Axial Axial Axial Axial Axial symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry spontaneouslyspontaneouslyspontaneouslyspontaneouslyspontaneouslyspontaneouslyspontaneouslyspontaneously brokenbrokenbrokenbrokenbrokenbrokenbrokenbroken::::::::

------------------------ No No No No No No No No parityparityparityparityparityparityparityparity partnerspartnerspartnerspartnerspartnerspartnerspartnerspartners withwithwithwithwithwithwithwith opposite opposite opposite opposite opposite opposite opposite opposite parityparityparityparityparityparityparityparity
------------------------ GoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstoneGoldstone bosons: pion. bosons: pion. bosons: pion. bosons: pion. bosons: pion. bosons: pion. bosons: pion. bosons: pion. LowLowLowLowLowLowLowLow energyenergyenergyenergyenergyenergyenergyenergy pion pion pion pion pion pion pion pion weaklyweaklyweaklyweaklyweaklyweaklyweaklyweakly interactinteractinteractinteractinteractinteractinteractinteract (Chi PT)(Chi PT)(Chi PT)(Chi PT)(Chi PT)(Chi PT)(Chi PT)(Chi PT)
------------------------ OrderOrderOrderOrderOrderOrderOrderOrder parametersparametersparametersparametersparametersparametersparametersparameters: pion : pion : pion : pion : pion : pion : pion : pion decaydecaydecaydecaydecaydecaydecaydecay constant, quark constant, quark constant, quark constant, quark constant, quark constant, quark constant, quark constant, quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate

--Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral symmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetrysymmetry shouldshouldshouldshouldshouldshouldshouldshould bebebebebebebebe progressivelyprogressivelyprogressivelyprogressivelyprogressivelyprogressivelyprogressivelyprogressively restoredrestoredrestoredrestoredrestoredrestoredrestoredrestored by by by by by by by by increasingincreasingincreasingincreasingincreasingincreasingincreasingincreasing temperaturetemperaturetemperaturetemperaturetemperaturetemperaturetemperaturetemperature and/or and/or and/or and/or and/or and/or and/or and/or 
baryonicbaryonicbaryonicbaryonicbaryonicbaryonicbaryonicbaryonic densitydensitydensitydensitydensitydensitydensitydensity (rho (rho (rho (rho (rho (rho (rho (rho mesonmesonmesonmesonmesonmesonmesonmeson spectral spectral spectral spectral spectral spectral spectral spectral functionfunctionfunctionfunctionfunctionfunctionfunctionfunction fromfromfromfromfromfromfromfrom NA60)NA60)NA60)NA60)NA60)NA60)NA60)NA60)



QCD phase QCD phase QCD phase QCD phase QCD phase QCD phase QCD phase QCD phase diagramdiagramdiagramdiagramdiagramdiagramdiagramdiagram: : : : : : : : fromfromfromfromfromfromfromfrom latticelatticelatticelatticelatticelatticelatticelattice and and and and and and and and modelsmodelsmodelsmodelsmodelsmodelsmodelsmodels: : : : : : : : 
Chiral Chiral Chiral Chiral Chiral Chiral Chiral Chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration: first : first : first : first : first : first : first : first orderorderorderorderorderorderorderorder line line line line line line line line terminatedterminatedterminatedterminatedterminatedterminatedterminatedterminated by a by a by a by a by a by a by a by a criticalcriticalcriticalcriticalcriticalcriticalcriticalcritical end point (CEP)end point (CEP)end point (CEP)end point (CEP)end point (CEP)end point (CEP)end point (CEP)end point (CEP)
LowLowLowLowLowLowLowLow baryonicbaryonicbaryonicbaryonicbaryonicbaryonicbaryonicbaryonic chemicalchemicalchemicalchemicalchemicalchemicalchemicalchemical potentialpotentialpotentialpotentialpotentialpotentialpotentialpotential: : : : : : : : crossovercrossovercrossovercrossovercrossovercrossovercrossovercrossover
Quark Quark Quark Quark Quark Quark Quark Quark condensatecondensatecondensatecondensatecondensatecondensatecondensatecondensate ((((((((PolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakovPolyakov looplooplooplooplooplooplooploop) ) ) ) ) ) ) ) indicatorindicatorindicatorindicatorindicatorindicatorindicatorindicator of chiral of chiral of chiral of chiral of chiral of chiral of chiral of chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration ((((((((deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement))))))))
LatticeLatticeLatticeLatticeLatticeLatticeLatticeLattice , PNJL: chiral , PNJL: chiral , PNJL: chiral , PNJL: chiral , PNJL: chiral , PNJL: chiral , PNJL: chiral , PNJL: chiral restorationrestorationrestorationrestorationrestorationrestorationrestorationrestoration and and and and and and and and deconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinementdeconfinement coincidecoincidecoincidecoincidecoincidecoincidecoincidecoincide
ExperimentalExperimentalExperimentalExperimentalExperimentalExperimentalExperimentalExperimental searchsearchsearchsearchsearchsearchsearchsearch for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC for the CEP: RHIC energyenergyenergyenergyenergyenergyenergyenergy scan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBMscan, FAIR/CBM


