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Hadronic world

Hadrons: Mesons (pions, kaons,....etc) Baryons (Proton,
nutrons, hyperons,.....etc) in thousands

What is the interaction between hadrons?

Hadronic interaction (between nucleons) stops the nuclei
from falling apart due to positive charge of protons

The interaction is strong, and short ranged, range
10−13cm

If hadrons are fundamental/elementary? What is the the-

ory of hadron world?
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Structure of Hadrons

High energy electron proton scattering showed hadrons
are composites of quarks and gluons
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Structure of Hadrons

High energy electron proton scattering showed hadrons
are composites of quarks and gluons

By Friedman, Kendall, Taylor (1967-1973) Noble 1990.

Theory of quarks and gluons must answer questions of

hadronic world
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Theory of Quarks and Gluons (QCD)

Quantum electrodynamics (QED) Quantum chromodynamics(QCD)

Particles with electric charge

Exchange boson − gluon

Electron, positron, etc..

Exchange boson − photon

Electric charge − one type Color charge (                         )greenblue,red,

Photon − charge neutral Gluons − colored (8)

Particle with color charge
Quarks, anti−quarks, gluons
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µG

a
ν

Dµ =
∂
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− igT aGa

µ

Free quarks have never been seen.

This observation is known as color confinement

Analytical proof of color confinement is still a open prob-

lem.
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Asymptotic Freedom
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1

log(Q2/λ2)

Gross, Pulitzer, Wilczek....2004 Nobel Prize
g is small for Q2 >> λ2, analytic (perturbative)

Few higher order corrections
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Confinement

Hadron

Hadrons are of size ∼ 1.0 fm, so need ∼ 1.0 fm3 space
to exist
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Confinement

Hadron

Hadrons are of size ∼ 1.0 fm, so need ∼ 1.0 fm3 space
to exist

What happens when many hadrons are put in a small
volume?
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Deconfinement

Now quarks can propagate distances >> 1 fm
Hadrons have melted away........and the system is “Quark
gluon plasma”
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Hadronic matter at finite T and µ

Hadron gas

QGP

Diquark matter

Τ

µ
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QCD thermodynamics at finite T, µ

Z = Tr[e−H/T ]

free energy = −
T

V
lnZ

energy density =
T 2

V

∂lnZ

∂T

pressure =
T

V

∂lnZ

∂V
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QCD at finite T

Z ∝ Tr[e−H/T ] −→ ZQCD ∝

∫

D[G, ψ̄, ψ]e−S

S =

∫
1

T

0

dt

∫

d3x
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Z ∝

∫

DGdet(M)e−Sgluon =

∫

DGe−SQCD

SQCD = Sgluon − log(detM). Changing temperature

amounts to changing the extent of imaginary time direc-

tion.
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QCD at finite T

〈O(G)〉 =

∫

DG O(G) e−SQCD

∫

DGe−SQCD

Non-perturbative method, lattice QCD is the only
alternative

16



QCD at finite T

〈O(G)〉 =

∫

DG O(G) e−SQCD

∫

DGe−SQCD

Non-perturbative method, lattice QCD is the only
alternative
Suppose the system makes a random walk in
A(x)−space........

G1(x) → G2(x) → G3(x) → G4(x)...........

〈O(G)ap〉 =

∑N
i=1

O(Gi)

N

16



QCD at finite T

〈O(G)〉 =

∫

DG O(G) e−SQCD

∫

DGe−SQCD

Non-perturbative method, lattice QCD is the only
alternative
Suppose the system makes a random walk in
A(x)−space........
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N

〈O(A)ap〉 6= 〈O(A)〉
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Lattice QCD

SQCD

−SQCDe

0

0

G G,

G G,

If in the random walk the system spends more “time”
near G0..... if histogram H(G).....follows e−SQCD ....then

〈O(G)〉 ==

∫

DG O(G) e−SQCD

∫

DGe−SQCD
=

∑N
i=1

O(Gi)

N
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Lattice QCD
How to generate N number of G’s with probability
e−SQCD?
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Lattice QCD
How to generate N number of G’s with probability
e−SQCD? Start with arbitrary G then

G→ G′, △S = S′

QCD − SQCD

Accept G′ with probability exp(−△S).......
G→ G′ → G′′ → G′′′......

G(x, y, z, t) → G′(x, y, z, t)

G(xi, yi, zi, ti) → G′(xi, yi, zi, ti)

x

y
1/T
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QCD at finite T
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A sharp increase in the number of degrees of freedom
=> Melting of hadrons => Color deconfinement

This is the only theoretical evidence of deconfinement,
success of non-perturbative methods
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QCD Phase Diagram ( µ = 0)

mu,d
0

oo

oo

oo

ms

first ordersecond order

first order

cross−over region

physical point
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QCD Phase Diagram
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