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---Introduction.QED and QCD differences
---Asymptotic freedom(Callan-Symanzyk equation,
deep inelastic,jets)

---Confinement

---Symmetries.lsospin,Quiral symmetry,
(spontaneus symmetry breaking,Goldtone bosons
Scale symmetry(trace anomaly,vacuum structure,
iInstantons,topological charge

---QCD at high temperature.(Phase transitions,
Confinement and quiral symmetry transitions
Elliptical flow.Little bang versus big-bang)
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Charge screening in QED and in
QCD.Asymptotic Freedom
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Callan-Symanzyk Equation
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CONFINEMENT
Analogy superconductor QED-Vacuum QCD
perfect color dielectric conductor
-Superconductor is perfect diamagnet with
zero magnetic susceptibility(electron pairs
in BCS).Repels the magnetic field
-Vacuum in QCD is a perfect color dielectric,
zero dielectric constant,done by condensate
ggbar and gluons.Repels the cromoelectric
field, keeping it inside hadrons
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Hadronic Z decay Drell-Yan DIS
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Symmetries

* Isospin Mu = M

u — au+fpd, a f3 , |
V= |, detV=1 VeSUQ2)

d — ~yu+od, Y 0

Ty < M

: W _ L 1 _
my, Ut + mgdd = a(mu + myg)(tu + dd) + E(md — My (dd — tu)
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Spontaneus symmetry breaking
(fundamental state is not symmetrical)

* No particle multiplets with opposite parity
If the vacuum is invariant under any S of a group G S|(2) = |Q2)

S} = 900 = (14 Q)41 = |i) ALy

[|{5) =0 I5|Q) # 0.



o The three states  I:/€2)  have the
same vacuum energy,and the same spin,
therefore we have three massless bosons
(Golstone bosons) negative parity and I=1.
It is natural the identification:

1) = %), BIQ) =), I

Q) = ).

H=Ho+Hs Hep=[dT(m,iu+mydd),
Ho, 1] = 0=[Ho, I5].



Scale Symmetry and Trace
Anomaly

* For massless. QCD is invariant under
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Vacuum Structure,Instantons, Topological
Charge
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The classical theory has degenerate vacua labelled by
the winding number n(topological charge)
In the quantized theory

0) = D> e'"?A,)

where the statel4,)is an eigenstate of A4,,
which satisfies

1)  Finite euclidean action

i)  Solutions of the classical field equations with zero
Euclidean energy

iii) Evolves from A,, atit=-Infinite to A,,, atit=infinite
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EHG

QCD at high temperature
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3 flavour

2 flavour
puUre gauge
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quark-gluon
plasma

~~_  deconfined,
¥ -symmetric

hadron gas
confined,

¥-SB
superconductor

A ..

color

L, few times nuclear |l
matter density
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Global Characteristics
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& Characterizing the Little Bang (1) @

® Particle Production and Energy density £:  Particle production 8
= Produced Particles:dN,, at RHIC (ENL)
o~ 30,000 particles in total, ~ 400 G

& somewhat on high side of expectations ‘Anvus Mirabilis’
@ growth with enengy faster in AA than pp (s ¥~ e A0 .,mll;lm.:
= Energy density ¢ > 3 x RHIC fwed 1) R, T nasa i
= Temperature + 3075 hlnr.-.'n::rq:.u.n.';l- __..-UH-EH
O lower Imit, Bcely 1 Matter under extreme conditions: .
T o, S ¢ > 15 GeVitm® 3
| '. - &0 times core of a neulron siar '_
= | ] (40 billien tonsicm?) .
e I S0 protons packed into the volume ofonepl] =
.|. Temperature > 4 x 1007 *K =
e > 200,000 timees conter of Sun | i
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& Results from the He




s Characterizing the Little Bang (2) @

® YVolume and Lifetime:
e

o Quantum effect, leading to Eose Emstein Condensate &1 2600 lemperaturs

= Volume = 2 X RHIC = 220 tm%
o cbesarvable 'comoving’ volume |
= Lifetime = +30-40% (= 10 e~ 30109 5)

Multiplicity < dN_fdn >

‘Litthe Bang' Ives some 1040 less than

current 298 of Uinnverse.,

Lifetime from colision o
Treaze-0if’ (hadvon decouping )
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Color screening in partonic densities: picture

L o
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Saturation scale when interaction probability becomes (1)

o @

increasing energy (decreasing

. | p
Nyvoy = G~y

Strong fields and large occupation numbers.
Semiclassical approach: Color Glass Condensate

Geometric scaling

kinr
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ELLIPTIC FLOW
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> szpatial anizotropy of the almond

P -P.
=
pressure gradient iz mainly along the direction of impact paameter (x axiz)
in fluid, the p_ diztribution will reflect the fluid profile. § patial distribution iz carried over

the momentem distribuvtion {partons or hadrons must interact sach other)

> momentm amsotropy



We expect
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Hydrodvnamics perfect fhad result 15 for full thermalized system
and a spft Eod (e energy density cs speed sound)
Reynolds mumber Re=eLv/viscositvMach mumber Ma=v/cs,
compresibility:  Boudsen oumber ho=lambda’l

Viscosity=soslambda Ma=Re x Kn Ma=1:Re=1Kp






Little Bangs versus Big Bang
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= Fluctuation analyzed since 2009 »  After mora than a decade of analysis
~ 100 % uncertaintyon  5/s and measurements,

~1 % accuracy on key parameter

= [Improved measurements upcoming -  Improved measurements upcoming
(future RHIC & LHC running) (PLANCK, ...)



Uncertainties in inttial conditions
Many observables

v, (pp)s n=1...10
Many small events

A L.
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» Uncertainties in initial condition
+ Many observables

¢, [=1,...,1000

* One big event

(additional uncerainty. cosmic vanance)




6 Characterizing the Matter (1) ®

® RHIC discovery in 2005: The QGP is a (almost) perfect liquid

= perfect liquid - Viscosity » = [ (response io pressure gradients’)
(== strong interactions in the Bguid)

= QGP almost ideal Muid, /S <0.2-05
o usually use Viscosity Entragy (/S dimensionless number)

® unexpected result ——
+ GGP though to behave like a gas

fwﬂh' interacting)

= closest Theory prediction /S > 1/4x = 0.08 r I
0 AdS/CFT:

SUSY string theary in 5 dimensions |
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BHL Press relsase, April 18, 2008: .
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1.2

= Color string percolation model
Au-Au 200 GeV RHIC

'-'
Pb-Pb 2.7T6 TeV LHC - “'ff!'—
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o Characterizing_the M:a:_tt_er __{_2__}_ ';

® How strongly inferacting is the matter 7; "Jet quenching’

14

= quarks/gleons traveling through QG loose energy AE
o SOMme unusual properties, 9.9, AE ~ Length’ "
(mat AE ~ L. &% in normal matter 1) :

= oy rmuch energy 1s lost T (measures “interaction strength’ of QGF)
o leck at high momantum (hand') part of jts
= b 19 18 oSt 7
@ many Soft or few hard scatterings
o lock at low momentum ("solt’) part
= 'response of OGF'
@ shock waves, Mach cones 77
o lock at average (“very soft’) particles of the medium
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® Jets in ALICE (TPC) i

wi $8e qualitatigly
a similar affect to Atlas'CMS

= B2 N X N =

&

!f) EhargEd Jets m:""-. 1|]-2l:|%p-an|:-har-.'d '

G" ™

Oriie Bt RHIC, the vy side o
and directly visible at LHC.

Quantifying energy loss needs
further anatysys




