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1000’s of “hadronic states” (particles & anti-particles) 
have been observed: more all the time
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φ(1680)φ(1680)φ(1680)φ(1680) IG (JPC ) = 0−(1 −−)

Mass m = 1680 ± 20 MeV [n]

Full width Γ = 150 ± 50 MeV [n]

φ(1680) DECAY MODESφ(1680) DECAY MODESφ(1680) DECAY MODESφ(1680) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K K∗(892)+ c.c. dominant 462

K0
S K π seen 621

K K seen 680

e+ e− seen 840

ωππ not seen 623

ρ3(1690)ρ3(1690)ρ3(1690)ρ3(1690) IG (JPC ) = 1+(3 −−)

.
Mass m = 1688.8 ± 2.1 MeV [n]

Full width Γ = 161 ± 10 MeV [n] (S = 1.5)

p
ρ3(1690) DECAY MODESρ3(1690) DECAY MODESρ3(1690) DECAY MODESρ3(1690) DECAY MODES Fraction (Γi /Γ) Scale factor (MeV/c)

4π (71.1 ± 1.9 ) % 790

π±π+π−π0 (67 ±22 ) % 787

ωπ (16 ± 6 ) % 655

ππ (23.6 ± 1.3 ) % 834

K K π ( 3.8 ± 1.2 ) % 629

K K ( 1.58± 0.26) % 1.2 685

ηπ+π− seen 727

ρ(770)η seen 520

ππρ seen 633
Excluding 2ρ and a2(1320)π.

a2(1320)π seen 307

ρρ seen 333

ρ(1700)ρ(1700)ρ(1700)ρ(1700) [s] IG (JPC ) = 1+(1 −−)

Mass m = 1720 ± 20 MeV [n] (ηρ0 and π+π− modes)
Full width Γ = 250 ± 100 MeV [n] (ηρ0 and π+π− modes)

ρ(1700) DECAY MODESρ(1700) DECAY MODESρ(1700) DECAY MODESρ(1700) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

2(π+π−) large 803

ρππ dominant 653

ρ0π+π− large 650
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Heating up Hadrons

In the early 1960’s 
Rolf Hagedorn
predicted that 

the bound state 
spectrum would
rise indefinitely
→ Singularity at 

limiting temperature 
TH~170 MeV

ρ(m) ∼ maem/T0 → Z =

∫
ρ(m)e−m/T → ∞(T ≥ T0)

Update of the Hagedorn mass spectrum

Wojciech Broniowski,1, ∗ Wojciech Florkowski,1, 2, † and Leonid Ya. Glozman3, ‡
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QCD is notoriously
hard to solve

for high temperature,
so solved numerically
on powerful machines!

Years ago, it was 
discovered that there

is a “jump” in the
number of “degrees

of freedom” at
the Hagedorn 
temperature
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Liquid Solid

Gas

Plasma
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Quark-Gluon Plasma

QGP is a new state of matter

?

?

?





What State of Matter?

Does it act
like an ideal gas?

Does it flow,
like a (compressible) liquid?



maps.google.com

RHIC

Relativistic Heavy Ion Collider



BRAHMSPHOBOS
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PHENIX

Relativistic Heavy Ion Collider

RHIC
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RHIC Experiments to Scale

STAR & PHENIX - ~500 member collaborations
PHENIX & PHOBOS - ~50 member collaborations



RHIC Experiments
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1000’s of particles emerge

Most of these are “soft”
(i.e. momenta below 500 MeV)

What can we say about them?



A Brief Review of Soft RHIC Physics

• Centrality Measurements

• Particle Multiplicities

• Particle Spectra / Radial Flow

• Elliptic Flow



Centrality

x

z

y

Classical impact parameter between nucleons controls
1) size & shape of overlap region, 2) number of spectators

spectators
participants



ZDC vs. BBC
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Prove that ZDC and BBC are monotonic in a large region



Centrality Measurements
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Centrality is generally
a “fraction” of the total
inelastic cross section

We assume that the
events with the 
top 10% of the 

Nch distribution are
top 10% in b, Npart, etc.

Let’s us extract b, Npart, etc.



Fraction of Total Cross Section
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Data

Glauber Monte Carlo
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How much of 100% do we have?
Major contributor to systematic errors!



Optical vs. Monte Carlo Glauber Models
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Treat nuclei as smooth densities
or nucleon configurations?

A non-trivial effect on
knowledge of total

cross section!



Multiplicity per “Participant Pair”
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Energy Dependence of Multiplicity
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“Extended Longitudinal Scaling”
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“Extended Longitudinal Scaling”
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Fig. 21. (Top panel) Distributions of pseudorapidity density of charged particles
emitted in p(p̄)+p collisions at a range of energies versus the variable η − ybeam

[172,155]. (Bottom panel) Similar data for particles emitted along the jet axis in an
e++e− collision versus the variable y

T
−yjet, defined in Appendix B.2 [173]. In both

cases, when effectively viewed in the “target” rest frame, these collisions exhibit
longitudinal scaling (energy independence).

leading naturally to extended longitudinal scaling.
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Scaling also observed in elementary collision processes
(hasn’t broken yet in p+p!)



Color Glass Condensate
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Figure 8: Pseudorapidity distributions normalized by the number of participants
for charged hadrons in gold-gold collisions from the PHOBOS collaboration at
energies 19.6, 130, 200 GeV (filled triangles , squares and circles), BRAHMS col-
laboration at energies 130, 200 GeV (open squares and circles) . The data from
the STAR collaboration at energy 62.4 GeV (open triangles) are not visible on
this plot but can be seen more clearly in fig. 9. Upper plots: initial distributions
from the MV model; lower plots: initial distributions from the GBW model.
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Figure 9: Extrapolation of calculations for gold-gold collisions shown in fig. 8
to the LHC energy

√
s = 5500 GeV/ nucleon. For comparison, the same data

at lower energies are shown. (See fig. 8.) The band is an estimate of the
systematic uncertainty of our approach. Its lower border corresponds to the
GBW input with λ0 = 0, λs = 0.46, and its upper border to the MV input with
λ0 = 0, λs = 0.46.
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Nucleon and nuclear wave function in an essential
feature of initial state → physics @ RHIC II (y), EIC, LHC

Is there a deep connection w/ hydro?

QCD at small x

!Nucleons at high energy

!Parton saturation

!Color Glass Condensate

!Experimental hints

!Present Frontiers

Init. conditions for AA collisions

Summary

François Gelis – 2006 Quark-Matter 2006, Shanghai, November 2006 - p. 4

Nucleon at rest

" Very complicated non-perturbative object, that contains
fluctuations at all space-time scales smaller than its own size

" Only the fluctuations that are longer lived than the external
probe participate in the interaction process

" Interactions are very complicated if the constituents of the
nucleon have a non trivial dynamics over time-scales
comparable to those of the probe

Gelis, Stasto, Venugopalan (2006)

Gelis QM2006



Energy Dependence of Multiplicity
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Centrality Dependence?
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The Question of Minijets
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When we integrate over all
pseudorapidity find
very simple result:

Nch ∝ Npart

“one” component model

suggests a simple
statistical scenario
(N scales with V)

not naturally
predicted from QCD



Hydrodynamics

∂µT
µν

= 0

Energy locally 
equilibrated 
in a volume,

adjacent cells are 
in causal contact

Pressure gradients
develop via

ideal (inviscid)
scale-invariant
expansion into

vacuum

Fluid elements
freezeout isotropically

in local rest frame
 into hadron states when

T < Tch

freezeout

c2

s
= dp/dε
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Equation(s) of State

Lattice
1st order PT

Crossover 
Hadronic

Nucl.Phys.A761:296-312,2005

Equation of state
gives some information

on microscopic
degrees of freedom

Shows how speed of
sound varies with

energy density



Hydrodynamics in RHIC Data
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Figure 3.
√

s
NN

-excitation function of v2(y = 0) in mid-central collisions. Data are
taken from the compilation in reference [33].

(v2 < 0). Further increasing
√

s
NN

, the spectators are then fast enough to free the

way, leaving behind at mid-rapidity an almond-shaped azimuthally asymmetric region

of dense QCD matter. This spatial asymmetry implies unequal pressure gradients in

the transverse plane, with a larger gradient in the reaction plane (“in-plane”) than

perpendicular to it. As a consequence of the subsequent multiple interaction between
many degrees of freedom, this spatial asymmetry leads to an anisotropy in momentum

space: the final particle transverse momenta are more likely to be in-plane than “out-

of-plane”, hence v2 > 0, as predicted in [34].

The momentum space asymmetries measured at collider energies are relatively

large. Since the prefactor of the cosine term in equation (2) is 2v2, a pT -averaged value

v2 = 0.05 corresponds to a 20% variation of the average particle yield as a function of
the angle with respect to the reaction plane. At high pT , where second harmonics at

RHIC approached values as large as v2 = 0.2, there are more than twice the number of

particles emitted in the reaction plane than out-of-plane. Elliptic flow is an abundant

and very strong manifestation of collectivity, which shows remarkable generic trends:

(i) The pT -integrated v2(η) shows extended longitudinal scaling [35].

In contrast to dN/dη, v2(η) is not trapezoidal but triangular, see figure 4‖. As

seen clearly from figure 4, longitudinal scaling of pT -integrated v2 persists up to

mid-rapidity.

(ii) The pT -shape of the charged-hadron v2 has a characteristic breaking point.

At transverse momenta below pT # 2 GeV/c, where data are known from SPS
and RHIC, v2 is found to have an approximately linear rise with pT . Around

pT # 2 GeV/c, this rise levels off rather abruptly. The energy-dependence of this

‖ The pT -averaged value of v2 is dominated by values of the transverse momentum close to 〈pT 〉, so
that v2(η) and v2(y) are similar, in contrast to dN/dη and dN/dy.

Controversy about fate of v2 at the LHC

rise

“limit”

fall



Scaling with “Area Density”
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Does the system freeze into hadrons, or quarks?



Flow Fluctuations (2006)
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If initial state fluctuates
from nucleon positions,

does v2 fluctuate?

Does the reaction really
“freeze-in” these

fluctuations? Difficult to control effect of
2-particle correlations!



The Big Questions

Is the system evolution really consistent with
being locally thermalized?

How is this equilibrium established so fast (<1 fm/c)?

What degrees of freedom are active as it thermalizes,
as it evolves, and as it freezes out?



Parton distributions, 
Nuclear Geometry,
Nuclear shadowing

Parton production &
reinteraction
(or, sQGP!)

Chemical freezeout
(Quark recombination)

Jet fragmentation functions

Hadron rescattering

Thermal freezeout &
Hadron decays

Degrees of Freedom



What is the fluid made of?

ε =

E

V
∝ nd.o.f.T

4 energy
density

“deconfinement” @ Tc

?

Karsch et al, 2001



What is the fluid made of?

AdS/CFT arguments suggest that
a QGP should be “strongly coupled”

n
sQGP
d.o.f. =

3

4
n

SB
d.o.f.



What is the fluid made of?

Data suggests that A+A produces a strongly-coupled
system with subhadronic degrees of freedom (“sQGP”) 
→ perhaps saturating “viscosity bound” from AdS/CFT

111601 (2005). 

3. C. P. Herzog, J. High Energy Phys. 2002(12), 026 (2002); P. K.

Kovtun, D. T. Son, A. O. Starinets, J. High Energy Phys.

2003(10), 064 (2003); A. Buchel, J. T. Liu, Phys. Rev. Lett. 93,

090602 (2004). 

4. H. Nastase, http://arXiv.org/abs/hep-th/0501068

5. K. M. O’Hara et al., Science 298 2179 (2002).

6. J. Kinast, et al., Phys. Rev. Lett. 92, 150402 (2004).

The viscosity/entropy density ratio for helium, nitrogen and

water varies with temperature. Visible in the data is the infinite

slope at the gas–liquid phase transition for helium. The value of

the quotient obtained for systems dual to anti-de Sitter black

holes has been normalized to unity and is indicated by the hori-

zontal red line that lies well below the curves of the real-world

substances. (Adapted from ref. 2.)
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Measuring Viscosity @ RHIC
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Viscous Hydrodynamics (under construction!)
Motivation

Conformal Hydro

Elliptic flow (integrated)
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Viscous terms quite complicated, but dramatic
theoretical progress recently (and connections with transport!)

Large uncertainties in modeling, but surprising success 
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Near-Perfect Fluid? Lattice QCD?
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The QCD Phase Diagram
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