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QCD at high temperature:

The quark-gluon plasma (QGP)
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Matter under extreme conditions

1. Squeeze slowly — Cold, dense matter
2. Sgueezefast — Hot, “dense’” matter

(1) ismuch more difficult to do than (2): Beyond nuclear
matter density (?z > ?,=0.15fm3) only in the core of
collapsed (neutron) stars.

(2) Happened once: t < 20 us after it all began.

Can also be achieved by colliding nuclei at high energy.
20 years of history: Bevalac, AGS, SPS, RHIC —» LHC.

Goal: energy density e» My ?, = 0.14 GeV/fm3.
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The Big Bang " experiment”
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Au+Au Collision at RHIC

EE



ttle Bang”

L

The




=

Quantum chromodynamics
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Degrees of freedom

o At extreme (energy) density, particle masses can
be neglected relative to the kinetic energy:
¢ d’p  E
e

with E = p?++

2

7/8(fermions
gzv%aT4 with a:{ ( )

1 (bosons)

Quarks: v =2x2xN.xN_ =12N_
Gluons: v =2x(NZ-1)=16
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Hadrons or quarks & gluons?

If QCD had N¢light quark flavors, there would be
(N=2-1) nearly massless Goldstone bosons (“pions’):

For large N the pions win out over quarks, but for
N=2-3 the quarks and gluons win out:

— at high T matter is composed of a colored
plasma of quarks and gluons, not of hadrons!
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From hadrons to QGP
2 -4

&E=%VvI QGP = quark-gluon plasma
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|s there a phase transition?

3-flavonr phase diagram
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Susceptibilities peak at T, but do not diverge. Vacuum
properties change smoothly, but rapidly — “crossover”

Crossover of phases
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A phase transition at high baryon density

quark—gluon plasma:

| Tc (IUB)

& i
3]
- ] :
~ 160 F N First order phase
= —"| transition line
- : hadronic phease i
150 ]

_iIIIIIIIIIIIIIIIIIIIII
0 200 400 600 800 1000

g (MeV)

1 Controls baryon density




=

Color screening

~V*6" = gps(4°) +905(¢")
_ Induced color density

3

a a d —(E+gg°tP - a
£ :VTr|:t J‘#(e (E+gg’t°)/T il) :|=—,UZ¢

1 with 2 = (qT)?, 42 =%<9T>2

¢a _ ta &e—yr

Static color charge (heavy quark) generates potential
I
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Color screening (lattice)

Screened potentidl
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Perturbative screening

Linear confining potential disappears above T, = 160 MeV
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The perturbative QGP

At T > 2T, the QGP looks perturbative (neglect m,):

2 2
52(1_15055)167: T4+(1_50053j2172' N T
4z ) 30 21z ) 30

20, | 3
+Z(1_ T j 7 Mg (T2 5 paq) + -
q

T
16.0 —d
Expansion in o, does not s [ . T =
converge, rather one must ol o
Include interactions into the 801
particle modes (“quasiparticles’) ..l
as basis for the expansion. 2 . ]
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Quasiparticles in the QGP

Physical excitation modes at high T are not elementary
guarks and gluons, but “dressed” quarks and gluons:

T Compton scattering
on athermal gluon!
(K, ) reeraerannans 9

Propagator of transversely polarized gluons

1 2 2 1 2|, 1 a)_k o+ K
D(k,w) =o -k 2(gT) {1 2(k jln }

o) ow-K
n,.E k—)O‘> 1 gT
— Effective mass of gluon: V3
* k>0 1
m; > 7 gl
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LHC .............

RHIC ..............

QCD phase diagram
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Part |1

Probes of ultra-dense matter
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Signatures of a QCD phase change

Effects of “latent heat” in (E,T) relation

Effects of large C,, on thermal fluctuations

Net charge and baryon number fluctuations
Enhancement of s-quark production

Thermal 1*]- and y radiation

Disappearance of light hadrons (?°)

Dissolution of ?, Y bound states

Large energy loss of fast partons (jet quenching)
Bulk hadronization

Collective vacuum excitations (DCC)
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Thermodynamics near T,

_ 4
& =73 gDOFT
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Hadrons at the boiling point ?
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Plateau i1s an indicator of latent heat of phase transformation.
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- Elliptic Flow
Anisotropic or “elliptic” flow is defined for b > 0 collisions.
» Reaction plane analysis
Force=-VP « Two-particle correlations
More flow in collision plane dN/d(¢;- ¢,) ,
~ 1+ 2v,°cos(2[¢4- ¢;])

than perpendicular to it.

Elliptic flow “measures” the * Four-particle correlations

transverse pressure at very (expli2(dy+ ¢y 03~ 04)])) = -V24
early times (Tt < 3 fm/c).



- Strangeness enhancement. ..

...Jprobes chiral symmetry restoration and deconfinement
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Charmonium suppression. ..

Voo(r) isscreened at distance scalesr > (gT) !

— heavy quark bound states dissolve above some T
J/Y suppression.

But: J/'Y may survive
above T, as a narrow
resonance, as recent
|attice calculations of
. . ! the spectral function
i Karsch et al. EE%: = Suggest.
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Or charmonium enhancement?

If more than one c-quark pair isformed within Ay ~ 1,

and if the c-quarks are thermalized, J¥ may be formed
by recombination:

This could easily result in alarge
enhancement of J'W¥ production
under LHC conditions. Depends
critically on the stopping power for
c-quarks (less than for light quarks)

JY
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0) per Binary Collision

Jiy B-dN/dy (v

JY suppression

Jhy B-dN/dy |
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Data are consistent with:

Hadronic comover breakup w/o QGP
Limiting suppression via surface emission
Dissociation + thermal regeneration
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Jet Quenching

High-energy parton loses energy by
q rescattering in dense, hot medium.

Radiative energy loss:  dE/dx ~ pL<kT2>

.. 4

...................................... Scatteri ng centers = color CF]'arges

Can be described as medium effect on
parton fragmentation:

2 S 2 yA 2
Dp-)h(Z!Q )_> Dp_>h(ziQ )z Dp-)h(l_AE/E’Q j






