
Chasing the Unicorn:  RHIC and the QGP
Unicorn = fantastic and mythical beast!

RHIC = Relativistic Heavy Ion Collider @ Brookhaven Natl. Lab (BNL):
   collide large nuclei at high energies (also: SPS & LHC @ CERN)

QGP = Quark Gluon Plasma = 
  New state of hadronic matter, in 
  thermodynamic equilibrium at temperature T ≠ 0

     Q: Has RHIC made the QGP?

1. What is the QGP?  Order parameters in QCD

2. : Numerical “experiment”: QGP on the Lattice

3. Experiment @ RHIC: “gluon stuff” & the QGP
the (high-pt) tail wags the (low-pt) body of the Unicorn

A:  Some new kind of matter has been created



Confinement and the “3 state way”
QCD: gluons confine => can’t see single quarks (q), only
   mesons,     , and baryons,       . = type of three state model.

Only 3 states allowed =>.  for each quark, rotate by 120°; anti-quark, -120°.
Forms a group of Z(3): 0° = 360° => “clock” model

Single quarks, di-quarks... rotate, are not invariant

Z(3) invariant states have zero “triality”:
mesons, +120° -120° = 0°.
baryons, 3 x 120°= 360° = 0°.

Confinement: only Z(3) invariant states exist.

Just like Z(3) spin, but unbroken at zero temperature.

‘t Hooft ‘79... Only valid without dynamical quarks! (Need to know # quarks) 

                     QCD: (at best) approximate Z(3) symmetry.

qq qqq



Deconfinement = Z(3) “breaking”

Z(3) “spin” = Polyakov loop
= (trace) color Aharonov-Bohm phase. 
   
= propagator “test” quark. 

Confinement => symmetry unbroken 
     at zero, and so low,  temperature:

g = QCD coupling.  Asymptotic freedom => theory free at infinite T
g^2(T) ~ 1/log(T) as T => ∞

=> Polyakov loop => 1 as T => ∞ : loop nonzero above some T 

Deconfined phase: symmetry broken

Deconfinement just like Z(3) spins, but symmetry broken at
high, instead of low, temperature
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QCD & chiral symmetry
QCD: pions, kaons, eta, light.  “2+1 flavors”: almost Goldstone bosons of 

approximate SU(3)xSU(3) “chiral” symmetry:                at  T = 0.   

SU(3)xSU(3) chiral symmetry type of  “spin”: restored above  T_chiral > 0.

Two possible phase transitions: T_d(econfinement) & T_ch(iral)

Both gluonic Z(3) & chiral symmetries approximate in QCD

One or two transitions?  Guess:  one transition, strongly first order

No quarks, 3 colors:  T_d first order (Svetitsky & Yaffe)

3 flavors massless quarks:  T_ch first order (RDP & Wilczek)

2 flavors massless quarks, heavy η’ @ T_ch:  T_ch second order 

“                                 “,  light   η’  “        “:  T_ch first order 

〈qq〉 #= 0



The “Unicorn”:

Quark-Gluon Plasma = 

Deconfined, 
chirally symmetric “phase”
at nonzero temperature

But how to compute the 
properties of the QGP?



Lattice: compute from first principles as lattice spacing a=>0.  In 2004:

Only gluons (no quarks): present methods close to a=0!  

      T_d ~ 270 ± 10 MeV
      Weakly first order deconfining trans.  (Some masses ↓ by ~10).

      Non-perturbative Gluon Plasma, T_d => 3 T_d.  Pert. GP, 3T_d => ∞

QCD = “2+1” flavors quarks: now, not close to a=0.  All results tentative.
        
       T_c ~ 175 ± ? MeV 
       Only one transition (chiral = deconfining)

       Order?  ‘04: crossover, no true phase transition
       “Flavor independence”: pressure with qks ~ without qks.

       
      Non-perturbative QGP from T_d => 3 T_d.  Pert. QGP, 3T_d => ∞

QGP on the Lattice



<=ideal gas: 
pure glue

<=ideal gas:
2+1 flavors =
QCD

Pure glue: ↑T_d ~ 270.  1st order transition

T=>

p/T^4↑

QCD = 2+1 fl’s: ↑T_ch ~ 175.  No phase transition: “crossover”

Lattice QCD: pressure vs T
Asymptotic freedom => ideal gas of quarks & gluons at T = ∞

Thermo: p(T)=pressure.  Asy. freedom => p/T^4 = const. as T →∞ 



Lattice QCD: “Flavor Independence”
Lattice: properly scaled, 
pressure with quarks ≈ without:  Bielefeld.

=> transition dominated by deconfinement?

pressure/
ideal gas↑

T/T_d=>

<=1.0

p

pideal

(
T

Td

)
≈ universal



Non-perturbative QGP

Heavy quark free energies and the renormalized Polyakov loop in full QCD 7
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Fig. 6. The renormalized Polyakov loop in full QCD compared to the quenched results1) .

will do so by renormalizing the free energies at short distances. Assuming that no
additional divergences arise from thermal effects and that at short distances the
heavy quark free energies will not be sensitive to medium effects, renormalization is
achieved through a matching of free energies to the zero temperature heavy quark
potential. Using the large distance behavior of the renormalized free energies we
can then define the renormalized Polyakov loop which is well behaved also in the
continuum limit.

Using the renormalized free energies from fig. 3, i.e. the asymptotic values in
fig. 5, we can define the renormalized Polyakov loop1) ,

Lren = exp

(

−
F1(r = ∞, T )

2T

)

. (4.1)

In fig. 6 we show the results for Lren in full QCD compared to the quenched
results obtained from Ref. 1). In quenched QCD it is zero below Tc by construction,
as the free energy goes to infinity in the limit of infinite distance. From the results of
different values of Nτ , it is apparent that Lren does not depend on Nτ and therefore
is well behaved in the continuum limit.

The renormalized Polyakov loop in full QCD is no longer zero below Tc. Due to
string breaking the free energies reach a constant value at large separations leading
to a non-zero value of Lren. The renormalized Polyakov loop is no longer an order
parameter for finite quarks mass, but still indicates a clear signal for a phase change
at Tc. It is small below Tc and shows a strong increase close to the critical tem-
perature. In the temperature range we have analyzed, Lren is smaller in full QCD

Bielefeld: 
lat/0312015

Two flavors,
kaon masses

T_d

c/o quarks

with quarks

Ren’d
Polyakov
loop ↑

T/T_d=>

Ren’d Polyakov loop: = 0 in confined phase, =1 in pert. thy 
Lattice: Z(3) sym. approx in QCD.  Loop only near 1 above 3 T_d 

<= Confined =><=    Non-pert. QGP    =><= Pert. QGP =>   



Early universe @ ~μsec: QCD phase transition

In AA collisions, rapid expansion.
Not sensitive to (weakly) 1st order transition,
indicated by lattice.

In early universe, slow expansion.
Sensitivity of nucleosynthesis to 1st order trans?
Goal for lattice: order of the QCD phase trans.
‘04: crossover.  ‘08?



The QGP Exists!  
Hunting for the “Unicorn” in Heavy Ion Collisions

“Unicorn” & the QGP: Scott, Stock, Gyulassy, Veltman...

Experimentalists = hunters, “all theorists are dogs...”



Why do AA? Big transverse size.

One can collide:

pp: protons on protons.  Benchmark for “ordinary” strong int.’s

AA: nucleus with atomic number A on same.  

dA: deuteron (N+P) on nucleus.  Serves as another check.

Why AA?  Baryons are like hard spheres,  so nuclear size 

Biggest: Pb (lead) or Au (gold),  A ~ 200 => r_A ~ 7.

Transverse radius of nucleus               => trans. size ~ 50 x proton.

A ~ 200 close to A →∞ = infinite nuclear matter?

 

∼ A1/3

∼ A2/3



AA collisions at high energy: where?
Basic invariant: total energy in the center of mass, 

For AA collisions, energy per nucleon is 

  Machines                                                
       
SPS @ CERN               5 => 17 GeV                    fixed target

   **** RHIC @ BNL            62, 130, 200 GeV                 collider, > 2000

LHC @ CERN           5500 GeV  = 5.5 TeV           collider, > 2007

          SIS200 @ GSI               2 => 6 GeV                     fixed target, > 2012

SPS = Super Proton Synchotron: CERN @ Geneva, Switzerland.
RHIC = Relativistic Heavy Ion Collider: BNL @ Long Island, NY.
LHC = Large Hadron Collider.
SIS = SchwerIonenSynchrotron: GSI @ Darmstadt, Germany.

√
s/A ≡

√
sNN

Ec.m. ≡
√

s

√
s/A



Essentials of AA collisions

Central:
Maximum 
Overlap

Peripheral=>
“Almond” of
overlap region

At energies >> mass, nuclei slam through each other.

Particles very different along beam direction, vs. transverse to beam.

In collider: ignore along beam; look just perpendicular to beam
”central” or zero rapidity   (rapidity ~ velocity along beam.)

90° to beam => few baryons => most likely to see nonzero temp.

Consider distribution of particles only in transverse momentum, p_t
Most particles at p_t = 0, fall off with increasing p_t.  Thermal?



Typical Au-Au collision @ RHIC

Total # particles(/unit rapidity)
                  ~ 900↓ 

Experiments @ RHIC:

“Big” expts: ~ 400 people
STAR & PHENIX

“Small” expts.: ~ 50 people
PHOBOS & BRAHMS

Note: total # particles ~
total # experimentalists
~ log(total energy)

# theorists 
~ log(log(total energy)).

Need hunters more than dogs...



Overall multiplicity: slow growth, no big changes

dN/dη/  ↑
# participants

200 GeV: Central

200 GeV: 
Peripheral

19 GeV: Central

19 GeV: 
Peripheral

η=pseudo-rapidity=>

200 GeV @ RHIC
900 particles/unit η

19 GeV @ SPS
600 particles/unit η

N = # particles

No big increases in multiplicity, as predicted by cascade models.
“Central Plateau”, ± .5 for dN/dy of pions, appears.



Why do AA? “Saturation” as a Lorentz Boost

← A1/3 →

Incident nucleus Lorentz contracted at high energy

McLerran & Venugopalan: color charge bigger by

            : semi-classical methods, Color Glass

=> Logarithmic growth in multiplicity:

Expect at least same rise in <p_t>.

Color Glass: “saturation momentum” function of energy, rapidity...

CG describes initial state. Final state?

A → ∞

dN

dy
∼ 1

g2(
√

s/A)
∼ log(

√
s/A)

A1/3



Multiplicity, energy, & Color Glass
For example: compare central  AuAu, 130 & 200 GeV:
All exp.’s: multiplicity increases by ~ 14% ± 2%.

Kharzeev, Levin, Nardi...: Color Glass gives good dN/dη with centrality....

But: STAR (alone) claims ratio of <p_t> = 1.02 ± 2% : ~ SAME!

Color Glass, hydrodynamics... all predict <p_t> increases with mulitplicity!

From initial to final: “parton hadron duality”:
one gluon => one pion

But from pp to central AuAu:
<p_t> ~ same for pions
<p_t> increases for K’s, even more for p’s!

=> CG not final state
Hydro: big “boost” velocity of medium.
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FIG. 3: (a) Mean transverse momentum of negative particles and (b) K−/π− and p̄/π− ratios as function of the charged
hadron multiplicity. Open symbols are for pp, and filled ones are for Au+Au data. (c) Mid-rapidity K−/π ratio as function of
(dN/dy)π

S . Systematic errors are shown for STAR data, and statistical errors for other data.
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FIG. 4: (a)
√

(dN/dy)π

S (stars), Tch (circles) and Tkin (trian-

gles) and (b) 〈β〉 as a function of the charged hadron multi-
plicity. Errors are systematic.

ticle ratios vary smoothly from pp to peripheral Au+Au
and remain relatively constant from mid-central to cen-
tral Au+Au collisions. The K−/π ratio from various
collisions over a wide range of energy reveals a distinct
behavior in (dN/dy)π

S . A chemical equilibrium model fit
to the ratios yields a Tch insensitive to centrality with
a value of 157 ± 6 MeV for the 5% most central colli-
sions. The drop in temperature from Tch to Tkin and
the development of strong radial flow suggest a signifi-
cant expansion and long duration from chemical to ki-
netic freeze-out in central collisions. From these results
the following picture seems to emerge at RHIC: collision
systems with varying initial conditions always evolve to-
wards the same chemical freeze-out condition followed
by cooling and expansion of increasing magnitude with
centrality.
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Body of the “Unicorn”:

Majority of particles at small momenta 
p_t < 2 GeV.

Tail of the “Unicorn”:

Look at particles at HIGH momentum,
p_t > 2 GeV, to probe the body.  

The Tail wags the (Dog) Unicorn



Jets: “seeing” quarks and gluons in QCD

Quarks & gluons => jets.
By momentum conservation,
for each jet, there is a backward jet.
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DJets can be computed at high energy
in pert. thy., down to ~ few GeV

                   Vogelsang et al =>

2 jets from pp collision: 
                          STAR @ RHIC



Clear Experimental Signal: R_AA
Compare AA spectra to pp spectra,  esp. “hard” pt > 2 GeV:

R_AA = # particles at a given p_t, in central AA/(# part’s in pp times A^{4/3})
A^{4/3} ~ “hard” collisions

<= R_AA for
all hadrons:
suppression of
hard particles
in AA vs pp.

p_t > 6 GeV:
~ constant 
suppression 
@ 200 GeV

R_AA



R_AA: Enchancement @ SPS, Suppression @ RHIC
Effect most dramatic for π^0’s.  SPS:    R_AA ~ 2.5   @ 3 GeV. “Cronin”

                                 RHIC:    R_AA ~ 0.2   @ 3 GeV.
RHIC: Suppression from energy loss in “stuff ”, which slows fast particles.

SPS=>

RHIC↓ PHENIX



R_AA as energy loss

Energy Loss: A fast particle going
through a thermal bath loses
energy: 
Landau, Pomeranchuk, Migdal ‘50’s
Gyulassy, X.N. Wang, Vitev...Baier, 
Dokshitzer, Mueller, Schiff, Zakharov

<= Gyulassy & Vitev: 
conspiracy to give flat R_AA 
@ 130, 200 GeV

Need to add “Cronin”, shadowing...

Why flat above 6 Gev?

When does R_AA => 1?

Jet tomography 5
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Figure 4. Left panel from [23]: predicted
√

sNN and pT dependence of jet
quenching for finite kinematics and finite system size. Right panel from [23]:
comparison of the calculated approximately constant RAA for π0 and h± to
finalized experimental data.

compared to the single inclusive measurements. Triggering on a large transverse
momentum particle biases the hard scatter toward the surface of the interaction
region and the away-side partner carries most of the observable effect from the
interactions in dense nuclear matter. On the example of the correlation function

C2(∆φ) = 1
Ntrig

dNh1h2

d∆φ ≈ ANear exp
(

− ∆φ
2σ2

Near

)

+ AFar exp
(

− (∆φ−π)
2σ2

Far

)

energy loss

reduces the area ∝ AFar under the away-side peak. Figure 5a show a simulation of
the disappearance of the back-to back correlations in a hydro+jet model [30] which is
qualitatively consistent with the data. Important progress in di-jet correlation analysis
has been made through recent studies of the attenuation effect relative to the reaction
plane [32]. It confirms the ∆E ∝ L path length dependence of energy loss in an
expanding quark-gluon plasma [7]. Di-jet acoplanarity reflects the accumulated mean
transverse momentum kick 〈k2

T 〉 = 〈k2
T 〉vac+〈k2

T 〉IS+〈k2
T 〉FS of a hard scattered parton

pair [31] and is measurable [32] via the enhanced away-side width σFar. Preliminary
results for d+Au and central Au+Au collisions suggest a significant difference in the
observed effect consistent with final state interactions in media of very different density

and scattering power µ2

λg
. A large σFar enhancement in central Au+Au reactions may

also indicate a power-law non-Gaussian semi-hard multiple scattering [33].

3. Future directions in jet quenching studies

Improved experimental techniques for jet cone reconstitution in the high-multiplicity
environment of relativistic heavy ion reactions [32, 34] open new possibilities for



R_AA: strongly energy dependent
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Figure 1. Nuclear modification factor RAA(pT ) for neutral pions in central Au+Au
collisions at

√
sNN = 200 GeV compared to theoretical predictions as discussed in the

text.

2. High-pT Particle Yields in Au+Au collisions at
√

sNN = 200 GeV

Hadron production mechanisms in A+A are usually studied via their scaling behavior

with respect to p+p collisions. Soft processes (pT < 1 GeV/c) are expected to scale
with the number of participating nucleons Npart. Hard parton-parton interactions with

small cross section, however, can be considered as an incoherent sequence of individual

nucleon-nucleon collisions. In the absence of any medium effects the production of

high-pT particles should be comparable to the production in p+p after scaling with

a geometrical factor which reflects the increased number of scattering centers. It is

customary to quantify the medium effects at high pT using the nuclear modification

factor which is given by the ratio of the A+A to the p+p invariant yields [2] that are

scaled by the nuclear overlap function 〈TAB〉:

RAA(pT ) =
d2Nπ0

AA/dydpT

〈TAB〉 × d2σπ0

pp /dydpT

. (1)

The average nuclear overlap function 〈TAB〉 is determined solely from the geometry of

the nuclei A and B. The average number of nucleon-nucleon collisions per A+B collision

is given by 〈Ncoll〉 = σpp
inel × 〈TAB〉.

RAA(pT ) measures the deviation of A+A from an incoherent superposition of NN

collisions in terms of suppression (RAA <1) or enhancement (RAA >1). In contrast to
the naive expectation the results for central Au+Au collisions at

√
sNN = 200 GeV at

RHIC show a suppression of up to a factor of five in the nuclear modification factor

[3, 4] as shown in Fig. 1.
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√
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gluon-saturation effects. The prediction for the gluon-saturation calculation (CGC, [10])

is plotted as well. Even with the systematic uncertainties of the preliminary PHENIX

data the model prediction seems to underestimate the data in the most central data

sample.

To demonstrate the consistency of various measurements of charged and neutral
pions within the PHENIX experiment Fig. 4 shows the ratio RCP of pion yields in the

most central (0−20%) to the most peripheral (60−88%) data samples each normalized

by the respective 〈TAB〉 for three different measurements as a function of pT . This

ratio has the advantage that many of the systematic errors cancel. The figure shows

measurements of charged pions at low pT identified by the TOF detector [18] and at

high pT identified by the RICH and EMCal detectors together with the measurement
of π0’s. All three independent measurements agree well within systematic errors. In

future analyses it has to be proven if RCP for pT > 8 GeV stays at one.

4. High-pT Particle Yields in Au+Au collisions at
√

sNN = 62.4 GeV

To study the onset of the suppression of neutral pions observed in central Au+Au

collisions at
√

sNN = 200 GeV and to map out the elastic and inelastic scattering
properties of a possibly created quark-gluon plasma it is useful to study the

√
sNN

dependence of neutral-pion production. To provide more information in the energy

range between the measurements at CERN SPS [19] at
√

sNN = 17.3 GeV and the

RHIC measurements at
√

sNN = 130 GeV and 200 GeV in early 2004 the RHIC

experiments measured particle production in Au+Au collisions at
√

sNN = 62.4 GeV.

Figure 5 shows the results on the nuclear modification factor RAA(pT ) for neutral pions

R_AA ~ same @ 130, 200 GeV.  Run 4: ran at 62 GeV:

Big difference in R_AA!  @ 62 GeV, ~2 bigger at p_t ~ 3 GeV than @ 130,200

R_AA (for neutral pions) strongly energy dependent

      200 GeV ↓                                        62 GeV ↓



R_AA final state effect: not in R_dA @ central rap.
R_dA:  like R_AA, but for dA/pp.  At central rapidity (y=0):

dA: enhancement, from initial state “Cronin” effect (=> 1 @ p_t > 8 GeV)
AA: suppression, as final state effect  (Color Glass predicted suppression in dA)

Suppression in AA  ↑
R_AA ~ 0.4 @ 3 GeV

Enhancement in dA  ↑
R_dA ~ 1.4 @ 3 GeV

AA=> <=dA



Color Glass suppression: in dA, by the deuteron
Fragmentation region ~ rest frame.  Incident projectile Lorentz contracted:

Nuclear frag. region: proton contracted.  Study final state effects
Proton frag. region: study initial state effects (Dumitru & Jalilian-Marian, Gelis...)

BRAHMS in dA:

enhancement @ central rapidity 
suppression @ proton frag. region. 
                                                        R_dA:
Supports color glass initial state.

Need to study all rapidities.

nucl. frag.=> proton frag.=>



Surprise! Baryon “bump” at moderate p_t

pp collisons @ 200 GeV: at p_t ~ 2 GeV, p/π ~ 0.1

central AuAu @ 200 GeV: at p_t ~ 2 GeV, p/π ~ 1.0: increase by ~ 10!

Baryon “bump” at moderate p_t: 2 => 6 GeV 

Baryons at moderate p_t not suppressed as much as mesons: 
explains difference in R_AA for total hadrons, versus pions

“Recombination”: quarks and anti-quarks coalesce into mesons, baryons.

Explains: difference in R_AA, 
“elliptic flow” for baryons ~ 3/2 mesons at moderate p_t

But why do quarks and anti-quarks dominate (only) at moderate p_t?  
Where do they come from?  (Where did the gluons go?)



“Jets” in central AA collisions

pp collisions: ~ 4 particles/unit rapidity, vs 900 in central AA.

Hence hard to see individual jets in AA.

Can construct statistical measures.

Trigger on “hard” particle, 
                       p_t: 4 => 6 GeV 

Given a jet in one direction, 
there must be something in the 
opposite direction.

Look for the “away” side jet, p_t > 2 GeV.   



Adams et al., Phys. Rev. Let. 91 (2003)

Central AA collisions “eat” jets!

In pp or dAu collisions, clearly see away side jet.

In central Au-Au, away side jet gone: “stuff ” in central AA “eats” jets!

Fast jet tends to lose energy by many soft scatterings off “stuff”.

forward jet=>
<= backward jet, pp

<= NO backward jet in
       central AA



Suppression larger out-of-plane

Peripherhal coll.’s: prefer to eat jets out of plane
Peripheral collisions, “stuff” forms “almond”: 
more “stuff” out of the reaction plane, than in.
And: in the plane, not only less stuff, but more ordinary nuclear matter

Exp.’y: backward jet more strongly suppressed out of plane than in plane => 
geometrical test that central AA “eats” jets preferentially

out of plane
jet

in plane
jet

STAR preliminary

peripheral collision ↑
almond = “stuff”



The “body” of the unicorn: soft p_t < 2 GeV
Particles peaked about zero transverse momentum
Tc ~ 200 MeV: expect thermal to p_t ~ 2 GeV.
Thousands of particles, hydrodynamics should be ok...

“dog”=>
<=unicorn



Total Chemical Ratios: T_chemical ~ 160 MeV

Overall chemical abundances for “long” lived states: well fit with 
            T_chemical = 160 MeV,  μ_baryon = 24 MeV 

Not valid for “short” lived resonances: Δ, φ, K*, Λ*

(Becattini, Braun-Munziger, Letessier, Rafelski, Redlich, Stachel...)



Hydrodynamics: works for soft spectra
Hydro.: assumes initial conditions: starts 
above Tc in thermal equilibrium, simple Equation of State (1st order!)
~ ideal hydro. => ~ no viscosity... => strongly coupled theory

Fit to single particle spectra:
π, K, p’s with:

T_freeze out = 100 MeV

Large “boost” velocity β~.7 c
(Spectra of heavy particles “turn
over” at low p_t.  β r-dep.)

But: need to start at .6 fm/c!

Multi-strange: higher T, lower β:
 “partonic flow”?

(above: Heinz & Kolb.  Also: Hirano, Rapp, Shuryak, Teaney...)

ior by introducing appropriate radial velocity profiles at
the time of complete thermalization. Such effects can
be associated with pre-thermal re-interactions, a free-
streaming period, or a combination thereof, and turn out
to generally improve the description of transverse mo-
mentum spectra of the produced particles.

Our article is organized as follows. In Sects. II and III
we analyze the impact (and interplay) of off-equilibrium
hadro-chemistry and modified initial collisions on trans-
verse momentum spectra of pions, kaons and (anti-) pro-
tons, both for central and more peripheral collisions in
comparison to preliminary data at 200 AGeV. Perti-
nent predictions for azimuthal anisotropies in non-central
collisions are presented in Sect. IV. We furthermore
comment on implications for the freezeout geometry in
Sect. V, and summarize in Sect. VI.

II. PARTICLE SPECTRA – CENTRAL

COLLISIONS

Let us start by briefly discussing the initial condi-
tions of our hydrodynamic calculations. According to
the ∼ 15% larger hadron multiplicity at midrapidity in
central collisions at 200 AGeV [19,20] as compared to
130 AGeV, we increase the maximum entropy-density
parameter from s0 = 95 fm−3 [7] to 110 fm−3 (keeping
the equilibration time fixed at τ0 = 0.6 fm/c to facili-
tate the interpretation of observed changes). The correct
baryon admixture is obtained by adjusting the entropy-
per-baryon to S/B = s0/n0 = 250, constant through-
out the evolution (s0 and n0 are the initial entropy- and
baryon-density in the center of the collision, S and B the
total entropy and net baryon number). The thermody-
namic fields in the transverse plane are set to scale with
a combination of wounded nucleon and binary collision
profiles as elaborated in Refs. [7,18], which allows for a
geometrical prescription to reproduce the multiplicity in
collisions at finite impact parameter b.

The results of our calculations with improved hadro-
chemistry are compared to (preliminary) data for π−,
K− and antiproton pT-spectra from central Au+Au col-
lisions at 200 AGeV [21,22] in Fig. 1 (the experimental
centrality selection of 5 % is approximated by using an
average impact parameter b = 2.4 fm). Compared to
particle spectra in standard (i.e., chemical-equilibrium)
hydrodynamics we find a better description of the over-
all curved shape of the hadronic spectra, in particular for
low-pT pions. This is a result of the meson chemical po-
tentials (µπ ≈ 80-100 MeV at freezeout), which amplify
the Bose-statistics effect. In addition, the population of
heavy resonances also increases after inclusion of chem-
ical potentials which entails larger contributions at low
pT from their decay products. At large transverse mo-
menta the hydrodynamic calculations deviate from the
data which is suggestive for the onset of the hard scat-
tering regime. At exactly which values of pT this occurs,

and how this transition depends on the particle species,
are among the major questions to be clarified. E.g., high
energy partons evolving within a hydrodynamic back-
ground can be introduced to study the particle spectra
beyond the collective behavior [23].

As was already observed in Ref. [16], the expansion
of the chemically non-equilibrated hadron gas leads to
slopes for pion spectra that are almost insensitive to
the decoupling temperature. Proton spectra, on the
contrary, clearly favor a freezeout at T # 100 MeV
(thick solid line), which corresponds to an energy density
e # 0.075 GeV/fm3 (which is about the same as in previ-
ous calculations). The thin lines in Fig. 1 correspond to
decoupling at the phase transition (recall that the mul-
tiplicity of the individual particle species is independent
of freezeout due to the chemical potentials).

The experimental pion spectra in the 1-2 GeV range
appear flatter than what follows from the flow generated
by hydrodynamic expansion with our given initial con-
figuration (at transverse momenta pT ≥ 2 GeV this is
conceivably due to additional perturbative hard scatter-
ing contributions). To a lesser extent, this is also true for
the heavier kaons and protons, even at the low freezeout
temperature of 100 MeV.
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FIG. 1. π−, K− and antiproton spectra for central colli-
sions at 200 AGeV (K− and p̄ spectra are scaled by factors
of 1/10 and 1/100, respectively). The thick lines represent
the results for Tdec = 100 MeV, the thin lines for 165 MeV.
All calculations are for a thermalization time τ0 = 0.6 fm/c,
either without (solid lines) or with (dashed lines) an initial
transverse boost (see text).

The data thus seem to exhibit somewhat stronger col-
lective expansion than developed subsequent to an equi-
libration time of τ0 = 0.6 fm/c. Additional radial flow
could be generated by assuming still shorter equilibra-
tion times, e.g., τ0 = 0.2 fm/c [24]. It is, however, hard to
imagine that particles are ‘born’ into thermal equilibrium
without allowing for some relaxation time with rescat-
tering. But even the other extreme, i.e., a period of free
streaming, induces a non-vanishing radial velocity profile
due to a separation of originally random particle veloc-

2

hard=>

<=soft

p_t =>



Hydrodynamics: works for elliptical flow
Peripheral coll.’s: (Borghini, Ollitrault...)
spatial anistropy => momentum anistropy.

→ x

↑ y

           

v2 = 〈cos(2φ)〉 , tanφ = py/px

Ideal hydro. describes v_2 for all species to
p_t ~ 2 GeV => strong collective behavior

p_t > 2 GeV: v_2 ~ # quarks
Agrees with recombination models
(Bass, Muller...)

But why all v_2 flat, p_t: 2 => 10 GeV - ?

At high p_t, is v_2 collective effect,
or some jet-jet correlation?



Hydro.: fails for HBT radii.  “Blast wave”  works
Hanbury-Brown-Twiss: two-particle corr.’s, identical particles
= sizes at freezeout.  three directions (Bertsch, Pratt...):
along beam R_long, along line of sight R_out, perpendicular R_side.

Hadronic rescattering phase makes it worse

Hydro.: R_out/R_side > 1, increases with p_t
(”burning log”)

Exp.: R_out/R_side ~ 1.0, flat with p_t

Hydro. fails, badly, for HBT radii.
No big times from strong 1st order trans.!

HBT “explosive”: blast wave works: 
Space-time history shell with
lifetime ~ 8-9 fm/c, emission ~ 2 fm/c

HBT: p_t dependence same in pp, dA, AA!

C(p1, p2) = N(p1, p2)/(N(p1)N(p2))

= 1 + λ exp(−R2
HBT (p1 − p2)2)



Has RHIC found (tamed) the “Unicorn” = QGP?
In central AA, new final state effects at high p_t (”tail”):

Suppression @ high p_t (/pp), R_AA
Baryon “bump” at moderate p_t
Backward jets “eaten” 

In dA, new initial state effect:
suppression @ d frag. region = Color Glass?

In central AA, at low p_t (”body”):
chemical ratios in equilibrium
(Ideal) hydrodynamics works for:
single particles, elliptic flow, not HBT radii

~ Ideal hydro => strongly interacting system 

No theory describes all features of the data. None.

Maybe its not the unicorn we expected, but it’s still a new beast!




