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Plan of the lectures

1. QCD and States of Matter

2. The High Temperature Phase: Theory

3. Exploring QCD at High Temperature: Experiment

4. QCD at High Baryon Density: Quark Matter
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QCD Phase Diagram
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Why do we care?

Different phases of QCD occur in the universe

Neutron Stars, Big Bang

Exploring the phase diagram is important to understanding the phase

that we happen to live in

Structure of hadrons is determined by the structure of the vacuum

Need to understand how vacuum can be modified

QCD simplifies in extreme environments

Study QCD matter in a regime where quarks and gluons

are the correct degrees of freedom
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What is QCD? What is a Phase of QCD?

What is a Phase Diagram?

Phase Diagram: Equilibrium state as a function of

thermodynamic (or other: mq, Nc, Nf , B) variables.

Here : Ω(T, µ, V ) = −V P (µ, T )

• Other choices of independent variables: G(P, T,N), . . .

• At T = 0 have µ = E(Nq + 1) − E(Nq).

• In real experiments control parameters are more compli-

cated (beam energy Ecm, impact parameter b (→ Nch),

system size A).
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What is QCD (Quantum Chromo Dynamics)?

Elementary fields: Quarks Gluons

(qα)a
f















color a = 1, . . . , 3

spin α = 1, 2

flavor f = u, d, s, c, b, t

Aa
µ







color a = 1, . . . , 8

spin ǫ±µ

Dynamics: Generalized Maxwell (Yang-Mills) + Dirac theory

L = q̄f (iD/ −mf )qf −
1

4
Ga

µνG
a
µν

Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcAb

µA
c
ν

iD/ q = γµ
(

i∂µ + gAa
µt

a
)

q
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“Seeing” Quarks and Gluons
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Asymptotic Freedom

Classical field Acl
µ . Modification due to quantum fluctuations:

Aµ = Acl
µ + δAµ

1

g2
F 2

cl →

(

1

g2
+ c log

(

k2

µ2

))

F 2

cl

� � �Acl
µ (k) Acl

ν (k)

(2p + k)µ kνFµν (2p + k)µ

δAµ(p) δAµ δΦ

dielectric ǫ > 1 paramagnetic µ > 1 dielectric ǫ > 1

µǫ = 1 ⇒ ǫ < 1

β(g) =
∂g

∂ log(µ)
=

g3

(4π)2

{[1

3
− 4

]

Nc +
2

3
Nf

}

< 0
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Running Coupling Constant
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About Units

Consider QCD Lite∗

The lagrangian has a coupling constant, g, but no scale.

After renormalization g becomes scale dependent

g is traded for a scale parameter Λ

Λ is the only scale, the QCD “standard kilogram”

QCD Lite is a parameter free theory

Standard units: ΛQCD ≃ 200 MeV ≃ 1 fm−1

∗QCD Lite is QCD in the limit mq → 0, mQ → ∞
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What is a Phase of QCD? Phases of Gauge Theories

Coulomb Higgs Confinement
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V (r) ∼ −
e2

r
V (r) ∼ −

e−mr

r
V (r) ∼ kr

Standard Model: U(1) × SU(2) × SU(3)
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What is a Phase of QCD? Phases of Gauge Theories

Coulomb Higgs Confinement
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V (r) ∼ −
e2

r
V (r) ∼ −

e−mr

r
V (r) ∼ kr

QCD: High T phase High µ phase Low T, µ phase
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Gauge Symmetry

Local gauge symmetry U(x) ∈ SU(3)c

ψ → Uψ Dµψ → UDµψ

Aµ → UAµU
† + iU∂µU

† Fµν → UFµνU
†

Gauge “symmetries” (redundance) cannot be broken

Gauge symmetries can be realized in different modes

Coulomb Higgs confined

d.o.f: 2 (massless) 3 (massive) 3 (massive)

Distinction between Higgs and confinement phase not always sharp
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Phases of Matter: Symmetries

phase order broken rigidity Goldstone
param symmetry phenomenon boson

crystal ρk translations rigid phonon

magnet ~M rotations hysteresis magnon

superfluid 〈Φ〉 particle number supercurrent phonon

supercond. 〈ψψ〉 gauge symmetry supercurrent none (Higgs)

χsb 〈ψ̄ψ〉 chiral symmetry axial current pion
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Chiral Symmetry

Define left and right handed fields

ψL,R =
1

2
(1 ± γ5)ψ

L

R

Fermionic lagrangian, M = diag(mu,md,ms)

L = ψ̄L(iD/ )ψL + ψ̄R(iD/ )ψR

+ ψ̄LMψR + ψ̄RMψL

L RL

L R R L

R

M M

M = 0: Chiral symmetry (L,R) ∈ SU(3)L × SU(3)R

ψL → LψL, ψR → RψR
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Chiral Symmetry Breaking

Chiral symmetry is spontaneously broken

〈ψ̄f
Lψ

g
R + ψ̄f

Lψ
g
R〉 ≃ −(230 MeV)3 δfg

SU(3)L × SU(3)R → SU(3)V (G→ H)

Consequences: dynamical mass generation mQ = 300 MeV ≫ mq

mN = 890 MeV + 45 MeV (QCD, 95%) + (Higgs, 5%)

Goldstone Bosons: Consider broken generator Qa
5

[H,Qa
5
] = 0 Qa

5
|0〉 = |πa〉 H|πa〉 = HQa

5
|0〉 = Qa

5
H|0〉 = 0
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Low Energy Effective Lagrangian

Low energy degrees of freedom: Goldstone modes

U(x) = exp(iπaλa/fπ)

Effective lagrangian

L =
f2

π

4
Tr[∂µU∂

µU†] + (BTr[MU ] + h.c.) + . . .

controls

Goldstone boson scattering

Coupling to external currents

Quark mass dependence
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Symmetries of the QCD Vacuum: Summary

Local SU(3) gauge symmetry

confined: V (r) ∼ kr

Chiral SU(3)L × SU(3)R symmetry

spontaneously broken to SU(3)V

Axial U(1)A symmetry

anomalous : ∂µA
0

µ =
Nf

16π2
Ga

µνG̃
a
µν

Vectorial U(1)B symmetry

unbroken: B =
∫

d3xψ†ψ conserved
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Transitions without change of symmetry: Liquid-Gas

Phase diagram of water Characteristics of a liquid

Pair correlation function

2 4 6 8 10 12 14

0.2

0.4

0.6

0.8

1

1.2

1.4

liquid

gas

Good fluid: low viscosity

y

vx

Fx = ηA∂vx
∂y
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Transitions without change of symmetry: Gas-Plasma

Phase diagram of hydrogen Plasma Effects

Debye screening

RD

V (r) = −
e

r
e−mDr

m2

D =
4πe2n

kT
Plasma oscillations

ωpl =
4πe2n

m
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Fluids: Gases, Liquids, Plasmas, . . .

Hydrodynamics: Long-wavelength, low-frequency

dynamics of conserved or spontaneously broken sym-

metry variables.

τ ∼ τmicro τ ∼ λ−1

Historically: Water

(ρ, ǫ, ~π)
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Example: Simple Fluid

Continuity equation

∂ρ

∂t
+ ~∇(ρ~v) = 0

Euler (Navier-Stokes) equation

∂

∂t
(ρvi) +

∂

∂xj

Πij = 0

Energy momentum tensor

Πij = Pδij + ρvivj + η

(

∂ivj + ∂jvi −
2

3
δij∂kvk

)

+ . . .

reactive dissipative
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Approaching the Phase Diagram:

Symmetries and Weak Coupling Arguments
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Approaching the Phase Diagram:

Strongly Correlated Phases

T

µµe

QGP
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critical

critical

critical
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Approaching the Phase Diagram:

Experiments and Numerical Simulations

T
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