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Needs No Introduction

A+A Collisions



Heavy Ion Collisions

A+A Collisions

QCD
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The Science of RHIC



Dynamical Regimes of QCD

Long timesShort times

Small
opacity

Large
opacity

pQCD Cascade? Hadron Cascade?

Near-Perfect Fluid? Lattice QCD?QCD



Phenomena @ RHIC
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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



Hydro @ RHIC
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“Fine Structure”
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Jet Quenching 20

)c (GeV/Tp
0 2 4 6 8 10

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
X+! "Au+Au

0-20% central

20-60% semicentral

60-92% peripheral

FIG. 19: Nuclear modification factors for ! in three Au+Au central-

ities (0–20%, 20–60%, 60–92%). The errors bars are point-to-point

uncertainties. The absolute normalization error bands at RAA = 1 are:

(i) the uncertainties in 〈TAA〉 for each centrality (left side), and (ii)
the p+p cross-section normalization uncertainty of 9.7% (right side).

The RAA(pT) for peripheral/central Au+Au have been slightly dis-
placed to the left/right (± 50 MeV/c) along the pT axis to improve

the clarity of the plot.

D. Ratio of ! to #0 (p+p, d+Au, Au+Au)

A useful way to determine possible differences in the

suppression pattern of #0 and ! is to study the centrality

dependence of the !/#0 ratio, R!/#0(pT), in d+Au and
Au+Au reactions and compare it with the values measured

in more elementary systems (p+p, e+e−). The “world”

!/#0 ratio in hadronic and proton-nucleus collisions in-
creases rapidly with pT and flattens out above pT ≈ 2.5

GeV/c at values R!/#0 ∼0.40 – 0.50 (see Section IVE1).
Likewise, in electron-positron annihilations at the Z pole

(
√
s = 91.2 GeV), R!/#0 ∼0.5 for energetic ! and #0 (with

xp = phadron/pbeam > 0.4, consistent with the range of scaled

momenta 〈z〉 = phadron/p jet considered here), as discussed in
Section IVE2. It is interesting to test if this ratio is modified

in any way by initial- and/or final-state effects in d+Au and

Au+Au collisions at RHIC energies.

The production ratio of ! and #0 mesons is shown in
Fig. 21 for p+p and in Fig. 22 for d+Au (MB and 4 centrality

classes). The ratio is calculated point-by-point for the d+Au

measurements, propagating the corresponding errors. In the

p+p case, a fit to the #0 spectrum [21] was used. All the ratios
are consistent with the PYTHIA [72] curve for p+p at

√
s =

200 GeV (dashed line, see discussion in Section IVE1) with

an asymptotic R$
!/#0

= 0.5 value.

Figure 23 shows the R!/#0(pT) ratio for MB and three

Au+Au centralities, obtained using the latest PHENIX #0

spectra [21] and removing those systematic uncertainties
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FIG. 20: (color online) RAA(pT) measured in central Au+Au at√
s
NN
= 200 GeV for !, #0 [19, 21] and for direct % [48]. The error

bars include all point-to-point uncertainties. The error bands at RAA
= 1 have the same meaning as in Fig. 19. The baseline p+p→ %+X

reference used is a NLO pQCD calculation [48, 71] that reproduces

our own data well [49], with theoretical (scale) uncertainties indi-

cated by the dash-dotted lines around the points. The solid yellow

curve is a parton energy loss prediction for the suppression factor

of leading pions in a medium with initial gluon density dNg/dy =
1100 [37].
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FIG. 21: Ratio !/#0 measured in p+p collisions at
√
s = 200 GeV.

The error bars represent the point-to-point errors; the boxes represent

the systematic uncertainties. The dashed line is the prediction of

PYTHIA [72] for p+p at this c.m. energy.

which cancel in the ratio. The R!/#0(pT) data for Au+Au is
compared to a PYTHIA [72] calculation that reproduces the

hadronic collision data well (see next Section). Within uncer-

tainties, all the ratios are consistent with R!/#0 ≈ 0.5 (dashed

line) and show no collision system, centrality, or pT depen-

dence. A simple fit to a constant above pT = 2 GeV/c yields

the following ratios:

• R!/#0 (Au+Au cent) = 0.40 ± 0.04 (stat) ± 0.02 (syst),

High pT particles are strongly suppressed relative to 
p+p spectrum × binary collisions (Ncoll).  Photons not.

pQCD energy loss calculations sufficient to describe light hadrons

RAA =
1

Ncoll

dN
dpT

(A + A)
dN
dpT

(p + p)



Medium Effects on Jets

In central events, 2-particle correlations not back-to-back!
Suppression is a “redistribution” of energy/momentum.  Mach cones?

Excitations couple strongly to medium, rapidly thermalize



Hotter (>1012 oK)
Denser (>30 GeV/fm3)

Smaller (~6 fm)
Faster (τ0<1 fm/c)

than other known liquids

and perfect?

What have we seen?
thermalized, collective matter that is...



Perfect
Liquid?

Do we know
that it has

zero viscosity?

Does it have
attractive interactions 

characteristic of liquids?



Near-Perfect
Fluid?

How does this all relate to QCD?



Frontiers of RHIC Physics

Near-Perfect
Fluid?
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Thermalization
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DataTheory



Frontiers of RHIC Physics
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Initial Conditions: τ0

Landau

Total stopping, immediate
thermalization &

longitudinal 3D re-expansion

Bjorken

Partial stopping,
“boost-invariant”

 2D expansion

Same hydro, different initial conditions!

τ0 ∼ 1fm/cτ0 ∼
1
√

s
fm/c



Landau

Rapid Thermalization
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Rapid thermalization → Longitudinal explosion → Forward physics!  

e.g. “extended longitudinal scaling”
energy invariance of yields in projectile rest frame
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Longitudinal Scaling
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Longitudinal scaling is a major feature of A+A data at
RHIC, both in yields and elliptic flow:

Must emerge naturally from theoretical description 



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



Near-Perfect
Fluid

Energy

Rapidity

Geometry
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Time
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Dynamics

System size

DataTheory

Near-perfect fluid paradigm may well have relevance
even as we push to various frontiers...



Near-Perfect
Fluid

But even if the near-perfect fluid is ubiquitous:
what is it?  how did it come into being?



What is the fluid made of?

Rapidly thermalized matter

But of what? and how so fast?

Quarks & gluons?
Is it a real “quark-gluon plasma”

(QGP)?

τ0 ! 1fm/c



Equation of State

EOS encodes degrees of freedom, phase transitions

Lattice
1st order PT

Hadronic
Crossover

Nucl.Phys.A761:296-312,2005

Lattice EOS disagrees w/ data: need to
put in 1st-order PT by hand...maybe 2+1D insufficient?



Identified Particle Flow

Complicated particle dependence of v2 vs. pT

is simpler when plotted vs. kinetic energy: KET=mT-m

PHENIX, nucl-ex/0608033



Constituent Quark QGP?
PHENIX, nucl-ex/0608033

Even simpler when dividing by the number of
constituent quarks (CQ): is the QGP a fluid of quarks?



PHENIX, nucl-ex/0608033
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a meson branch (lower v2) and a baryon branch (higher
v2). Since both of these branches show rather good scal-
ing separately, we interpret this as an initial hint for the
degrees of freedom in the flowing matter at an early stage.

Figure 3 shows the results obtained after quark num-
ber scaling of the v2 values shown in Fig. 2. That is, v2,
pT and KET are divided by the number of constituent
quarks nq for mesons (nq = 2) and baryons (nq = 3). Fig.
3(a) indicates rather poor scaling for pT /nq

<∼ 1 GeV/c
and much better scaling for pT /nq

>∼ 1.3 GeV/c, albeit
with large error bars. In contrast, Fig. 3(b) shows excel-
lent scaling over the full range of KET /nq values. We
interpret this as an indication of the inherent quark-like
degrees of freedom in the flowing matter. These degrees
of freedom are gradually revealed as KET increases above
∼ 1 GeV (cf. Fig. 2(b)) and are apparently hidden by the
strong hydrodynamic mass scaling, which predominates
at low KET . The fact that v2/nq shows such good scal-
ing over the entire range of KET /nq and does not for
pT /nq, serves to highlight the fact that hydrodynamic
mass scaling is preserved over the domain of the linear
increase in KET . Fig. 3(b) should serve to distinguish
between different quark coalescence models.

In summary, we have presented the results from
detailed tests of hydrodynamic scaling of azimuthal
anisotropy in Au+Au and Cu+Cu collisions at

√
sNN=

200 GeV. For a broad range of centralities, eccentric-
ity scaling is observed for charged hadrons for both the
Cu+Cu and Au+Au systems. For a given eccentricity, v2

is also found to be independent of colliding system size.
The observed scaling for identified particles in Au+Au
collisions, coupled with ε scaling, gives strong evidence
for hydrodynamic scaling of v2 over a broad selection
of the elliptic flow data. For KET ∼ 1 − 4 GeV uni-
versal hydrodynamic scaling is violated, but baryons and
mesons are found to scale separately. Quark number scal-
ing (v2/nq vs. KET /nq) in this domain leads to compre-
hensive overall scaling of the data, with substantially bet-
ter scaling behavior than that found for v2/nq vs. pT /nq.
The scaling with valence quark number may indicate a
requirement of a minimum number of objects in a local-
ized space that contain the prerequisite quantum num-
bers of the hadron to be formed. Whether the scaling
further indicates these degrees of freedom are present at
the earliest time is in need of more detailed theoretical
investigation.
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Constituent Quark Scaling?



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
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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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Drag force in AdS/CFT

Steven S. Gubser

Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544

Abstract

The AdS/CFT correspondence and a classical test string approximation are used to
calculate the drag force on an external quark moving in a thermal plasma of N = 4 super-
Yang-Mills theory. This computation is motivated by the phenomenon of jet-quenching in
relativistic heavy ion collisions.

May 2006
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Figure 1: The AdS5-Schwarzschild background is part of the near-extremal D3-brane, which
encodes a thermal state of N = 4 supersymmetric gauge theory [24]. The external quark
trails a string into the five-dimensional bulk, representing color fields sourced by its funda-
mental charge and interacting with the thermal medium.

Similarly, for the E set, we find

Qtot
E =

3iv(1 + v2) cos θ

2K (1 − 3v2 cos2 θ)
− 3v2 cos2 θ [2 + v2 (1 − 3 cos2 θ)]

2 (1 − 3v2 cos2 θ)2 + O(K) . (78)

The striking feature of this expression is the singular behavior at θ = cos−1(1/v
√

3), which

is the Mach angle. So we may conclude that there is a sonic boom in the thermal medium

involving large amplitude but small momentum fields.

4 Results of numerics

Let us briefly recap the five-dimensional gravitational calculation that has been our main

focus so far. The trailing string of [1, 2] sources the graviton, which propagates classically in

AdS5-Schwarzschild with purely infalling boundary conditions at the black hole horizon. Its

behavior near the boundary of AdS5-Schwarzschild determines 〈Tmn〉 in the boundary gauge

theory. Thus 〈Tmn〉 is a shadow (other authors might prefer the term “hologram”) of the

trailing string. See figure 1.

Our aim is to describe 〈Tmn〉 in the boundary theory. We will focus on Fourier coefficients

QK
X for X = A, D, and E. As reviewed at the end of section 1, these quantities are Fourier

coefficients of linear combinations of entries of 〈Tmn〉 with a near-field subtraction. Our
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Of course, some may disagree...
...but in the end the “right” approach 

will be validated by both 
qualitative concepts, 

and quantitative predictions
New Yorker, Jan. 8, 2007



Hotter (>1012 oK)
Denser (>30 GeV/fm3)

Smaller (~6 fm)
Faster (τ0<1 fm/c)

and “nearly” perfect

Qualitative Assessment



What is the

Thermalization time
Energy density
Stopping power

Viscosity

and with what
precision?

Quantitative Assessment 



PHENIX χ2 fits to PQM indicate                                    .                                   
(model dependent:  transverse flow, 2+1D, 3+1D)

Estimating Stopping Power
C. Loizides
hep-ph/0608133v2

Comparisons with theory will require advances in
experimental precision at high pT: RHIC II luminosities

6 < q̂ < 24 GeV
2/fm

∆E ∝ q̂ ∝ 〈p2

T 〉/λ



Estimating η w/ Heavy Quarks
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Comes close to quantum limit suggested by AdS/CFT

RHIC II detector upgrades will allow direct charm ID



Near-Perfect
Fluid?

Status of RHIC Science
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Westward, Ho!

Near-Perfect
Fluid?

Energy

Rapidity (low x)

Geometry

Thermalization
Time

Longitudinal
Dynamics

Length scale,
Degrees of
Freedom!

DataTheory

LHC

RHIC II
luminosity

EICHydro

Plasma
instabilities

AdS/CFT

CGC

Connection
w/ plasmas

RHIC II
upgrades



QCD

A+A Collisions

Hydrodynamics Energy loss
Hadronization

lattice QCD

perturbative 
QCDstrong-field QCD

AdS/QCD
(strong coupling)

Measurements

Phenomenology

Theory

Global Variables High pT Probes
Particle Yields

Closing Thoughts



QCD

A+A Collisions

Hydrodynamics Energy loss
Hadronization

lattice QCD

perturbative 
QCDstrong-field QCD

AdS/QCD
(strong coupling)

Measurements

Phenomenology

Theory

Global Variables High pT Probes
Particle Yields

Closing Thoughts
RHIC data has reached new heights of scope and precision:

RHIC II, EIC and LHC will consolidate these advances  

RHIC theory is pushing the frontiers of
QCD in a wide variety of dynamical regimes   

There remain great opportunities in RHIC phenomenology
to quantitatively link data & theory with systematic studies



Josiah McElheny. The End of Modernity: Extended model for Total Reflected Abstraction. 2004


