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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
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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
16.0 | — <§;W> ~ 0
140 |4 22T
120 S —="  QCD equation
100 e S of state from
8.0 | lattice QCD
6.0 y 2 hmy
4.0 2 flavour HadrOn gaS
207 T _
L 1.|5 ETD E.IE ;37[: ;3.|5 4.0 <"m’”>0

1.0



=i

|s there a phase transition?

3-flavonr phase diagram

T2 2 v 175 MeV| |, oue [Tar 270 MeV
o — Gauge
2rd order Jrﬂ-dtf;r
s oy

mit ~ 2.5 GeV

I.I'If=3

NOT

Most likely: \.,Q 3

e == mgl ~ 300 MeV

131;-"- ¥ Z2)

;,:3 ~ 155 MeV
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Susceptibilities peak at T, but do not diverge. Vacuum
properties change smoothly, but rapidly — “crossover”

Crossover of phases

O
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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
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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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r in units of 0.45 fm

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 . ]

DD £ 1 1 1 1 1
1.0 1.5 20 25 4.0 4.5 4.0
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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

LHC

U I bl | I
early universe
________ quark-gluon
plasma
| Dense Hadronic Medium
% 20 nn=[l.5 .’c':ll'l'l:5 —’l
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FIII
£ Fodor, Katz, hep-lat/0106002 _
= f
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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

168.0 F
14.0 -E.I'T"J‘
120 F 3 X
HHHHH e
10.0 F “
20 F
B.0F 3 flavour
= N E-:‘,,L::-;_Ll:'
407 2 flavodr ~—=—
20 F

0.0

A 4

A
l
l
1
l
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Additional energy is
used up to liberate
new degrees of
freedom (color!) in
transition region
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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 |

. |

_ PHENIX Preliminary

L Binary scaling
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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
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Energy lossin QCD

Gluon radiation is suppressed due to multiple scattering by LPM
effect. LPM suppression differs from QED due to rescattering of

the radiated gluon. Critical frequency:

w,=10L%  with g = ,o_[qqu2 do

dqg’

Energy loss spectrum for afast partonis (¢ = 2a.C, / x):

~2 ~2
eb(e) = azz)c exp(_ M;gwj

— Radiative energy lossis suppressed like (o /E)Y? overall, and
more strongly at small £ (Landau-Pomeranchuk-Migdal effect).
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Energy lossin QCD - ||

Scattering “ power” A 2 12
of QCD medium: . qu dq

For power law parton spectrum (~p;)

energy loss leads to an effective momentum
snift for fast partons (BDMYS):

Density of scattering centers

do
dq

Ep<k$>

Property of medium
(range of color force)

Ap; ~ —as\/ﬂ(ﬁLz P, /v

2
o

Including expansion: gL = A, Liﬁ —

q;) [wdop(r, . 7)
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Analytical model: Surface emission

oo _dN o(p.)-aN (Q— Ry,
n or. = « »
Quenching factor: 7z ~= Q(Pr) -
partons hadrons
2Pyt Pr)
_APr)= zRip(v=1) pt
' p =fina dN/dy/ volume

.-.--...--...--.-----.----.-------------

Volume/ R = surface ..

77 = QCD energy loss parameter:
7 =nal [ofdo?(do/ do®) = 2C, (mal)? In( ARy, / 45)

n~0.5In(...) forgluons, 7~0.25In(...) for quarks
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Jet correlations

Q~ ARR

......... Away-side jet

Q'~ (AR/R)® =QxQ,

Back-to-back jets (leading hadrons)
are quadratically suppressed!

AE~ L
7N

P
< w

Quenching provides a
mechanism for generating
an anisotropy with respect
to the collision plane for
hadron production in non-
central collisions. The
predicted anisotropy is
less than 10%.
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Theinitia state:

Structure of nucla at small x
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Space-time picture of aHI collision

\ Freeze-Out ~ Atime f

Hadron Gas

central region




Initial state: The naive picture

<8

For partons of flavour a in a nucleus the distribution is given by:
— Nh — — —
F.(F.K)=> P (k,P,Q5)x R (F,R)
i=1
» with the initial momentum distribution:
I\Ii . D 2 Ni 2 A -, 2 /7~
P (k,P,Q5) c F"(XQy)x?.xg(k, )xd(P,—P)xd*(P,)

(Qy: initial resolution scale, ?* optional shadowing, g: opt. primordial k;)

» and the initial spatial distribution:
R (F,R) =d(Ry —b) x| h¥ (M) xH, (R)]

« Hy: distribution of nucleons in nucleus (e.g. Fermi-Distribution)
* h,: distribution of partons in hadron (based on elastic form factor)
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Initial state |1: Parton momenta

0.0

01 02 03 04 05 06 07 08 09 1.0
X;

 flavour and x are sampled from
PDFs at an initial scale Q, and low
X cut-off X,

e initial k; is sampled from a
Gaussian of width Q, (case of no
Initial state radiation)
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Initial k; of partons
Q=1 GeV

-y
L]

1/k, dN/d k, (1/GeV?)

k) = 6™

u, RS . L " s (RN SRR ST T RN P I A
00 02 04 06 08 1.0 12 14 16 18 20

k (GeV)
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1.0

2 i —— PSR
. VNuBMS
17 dN/dr (fm™) |,V dNidr, (fm™) » dN/dir (fm™)
= Lurmi:nonﬁt:}lm:
. . r, —tfcosh (y)
rest frame . "
MM 02 04 06 OB 10 12 14 02 04 085 08 !;II 12 14 a2 04 M ‘I.J:l“ 10 12 14

Initial State 111: Spatial Distribution

spatial distribution of partons in the nucleon

r (fm)

e partons are spatially distributed according to elastic form factor of nucleon:

e with  =0.24 fm

h' (r) =

1
8w’

* Lorentz contraction utilizing y*; on-shell rapidity of partons, or r,~1/p,
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Parton saturation at small x

DGLAP splitting:

/
.

GLRMQ parton fusion:
>

XG, (X,Q?) A APx

7Z'Ri Q2 Q2

"~y
~y

parton density x area=

— Q;t ~ Allsx_ﬂ A =~ 0.5 from HERA data
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Parton saturation ||

Saturation suggests a picture of quasiclassical gluefields at
small x, where gA ~ k, and the perturbation expansion isin
powers of o, but not in powers of gA. In the extreme limit
(x—0) the probability distribution of classical color fieldsis
random and completely determined by the saturation scale:

P[A]~ exp(- [d°x g°A°(x, )/ Q)

Thisensemble of fieldsis called color glass condensate.

Q. evolves with x and satisfies a nonlinear RG equation,
generalizing the BFKL equation, which isuniversal in the
limit Xx—0, i.e. independent of the hadron species (meson,
baryon, or even nucleus).
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Parton saturation |11

How many of these partons are “liberated” due to interactions when
two nuclel collide?

AN /dn - W =130 GeV
In the [imiting case (x—0 :

and s—>c0) all partons are ..
liberated, but PCM |
calculations suggest that

the liberation probability
drops for partons at small x _
at fixed collision energy s. w
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Baryon “stopping”

Net baryon number content
of ahadron or nucleus:

B =3 [f,(X)~ fy ()]

Au: net-baryon content (GRV-HO)

Q® = 1.0 GeV?
=== Q=2.0 GeV*

q

* net baryon contribution in the
initial state (valence quark
distribution) extends to small x,
and accounts for a net baryon
density at mid-rapidity dN/dy~5
e parton rescattering in the
PCM then fills up the mid-
rapidity region to explain the
net baryon density observed in
Au+Au collisions at RHIC.

o At the LHC, the midrapidity
region is almost completely net
baryon free.
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Matter formation and breakup
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Space-time picture of aHI collision

\ Freeze-Out ~ Atime f

Hadron Gas

central region
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Equilibration and expansion

* Hard scattering: Occurs on short time scale At ~ 1/Q < 1/Q,
and is described by pQCD.

* Equilibration: Can be described by multiple parton scattering

In the PCM or by chaotic dynamics of classical color fields.
Characteristic time scale: At ~ 1/g°T.

* Expansion of the QGP: Described by relativistic fluid

dynamics. Simplest case = boost invariant longitudinal flow
(Bjorken model) gives cooling like T(t) ~ 1/t3,

* Hadronization: Slow or fast —that is the question!
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Hadron formation

g
:i | Recombination
Fragmentation
Baryon 1
Baryon <1 M eson

Meson
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Sudden recombination model

Assumptions:

Quarks and antiquarks recombine into hadrons locally “at an instant”:
qq — M qqq — B

Gluons get absorbed into valence quarks before hadronization

Competition between fragmentation and recombination;

e >y,

fragmentation recombination

Hadron momentum P much larger than internal momentum (Ap?) of
the quark wave function of the hadron;

Parton spectrum has thermal part (valence quarks) and a power law tail
(quarks and gluons) from pQCD.
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Recombination of thermal quarks

Relativistic formulation using hadron light-cone frame:

W_(r, p) = Quark distribution function at “freeze-out”

d (9]

dNy _ P- o .
E d3p = Idz (Zﬂ)3;ﬂlj.dxwa(R, xP )W/),(R’(l X)P )

g dNs _ > PU s [eaxw, (R xP*)w, (R X' P*)W, (R, (L~ X~ X)P")

d3 p B (272_)3 = ¢B(X1 XI)‘

For athermal distribution W(I, p) ~ exp(—p-u/T)

w, (R, xP")W,(R,(1-x)P") =exp(-P-u/T) Meson
w, (R, xP*)w, (R x'P" )W (R, (1-x-x)P*) =exp(-P-u/T) Baryon
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Recombination vs. Fragmentation

= dN u rdz
B P = jda(zﬂ)g Oj = za:w (r,iP)D, . (2)

Fragmentation:

Recombination...  w, (r,xP")W,(r,(1-x)P") =exp(-P-u/T) Meson
w, (r, xXP*)w, (r,x'P")w, (r,(1-x—-x)P") =exp(-P-u/T)  Baryon

.. d\wayswins over fragmentation for an exponential spectrum:

exp(—P-u/T) > exp(-P-u/ ZT) =w(P/ z)

.. but loses at large p;, where the spectrum is a power law ~ (p;)™®

Apparent paradox: At given value of p; .. E
e The average hadron is produced by recombination

 The average parton fragments
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1/2mpt AN /d pt
=

—
o

Model fit to hadron spectrum

R.J. Fries, BM, C. Nonaka, S.A. Bass (PRL in print)

Charged Hadrons at 200 GeV
= Recomb-+Fragm
--- Fragm
- Recomb

AN

shifted pQCD spectrum|

T = 350 MeV
fitted to spectrum
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Part V
Insights:

Thefirst 3yearsof RHIC
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22 CM energy RHIC & 1ts detectors
500 GeV for p-p

200 GeV (per N-N) for Au-Au

L uminosity
Au-Au: 2x 10 cm=2 st
p-p :2x10%cm?st







