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3 Lectures
•Lecture 1
• Introduction to Heavy Ion Collisions

•Lecture 2
• Hydrodynamics in Heavy Ion Collisions

•Lecture 3
• Probing the Near-Perfect Fluid at RHIC
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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 



Lower Viscosity Bound

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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matter it describes warps spacetime and leads to gravitational

forces. In the language of quantum mechanics, the tensor couples

to gravitons analogous to the way that currents couple to photons

in quantum electrodynamics. The Maldacena duality and the con-

nections linking h to the stress–energy tensor to gravitons imply

that a fluid’s h is proportional to the zero-energy-limit cross sec-

tion for gravitons to scatter off the dual black hole. 

A standard result from quantum mechanics says that the cross

section for low energy scattering off a hard sphere is proportional

to the sphere’s cross sectional area. The graviton result is similar:

The zero-energy-limit cross section is proportional to the area of

the black hole horizon. In the ratio h/s, the horizon area cancels.

The specific systems that yield the duality value for h/s have

vanishing chemical potential. Son and colleagues conjecture that

the duality value is a lower bound for h/s in any nonzero-tempera-

ture system with vanishing chemical potential. Just what might

be said about h/s for systems with nonzero chemical potential is an

open question, but the techniques employed by Son and others

have a natural extension to that regime. Calculations for the gen-

eralized scenario, though, will have to deal with an interesting

technical wrinkle: The dual black hole has angular momentum.

Steven K. Blau
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A perfect liquid is impossible - but is RHIC the most perfect?

Physics Today, May 2005

RHIC?

η

s
≥

h̄

4πkB



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



Constituents
•Perturbative quarks and gluons

• well-defined, but cross sections too small

•Hadrons
• How can a hadron (R~1 fm) survive when the  energy 

density is >10x the energy density of a proton?

•“Constituent Quarks”
• What are these?  Dressed quarks?  Is there a theory for 

them?

•“New” hadrons (Brown, Shuryak, etc.)
• Any experimental or lattice hint of new mass states in 

QCD plasma?



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

6

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



Probing the sQGP
•Ideal fluid

• No particle states, no mean free path

• Can only extract properties indirectly, via EOS

•Non (near?)-ideal fluid
• Finite mean free path (MFP): a natural scale which is 

present during the evolution

• Viscosity is directly related to MFP:

•Need probes that couple to the system 
during evolution!

λ ∼

1

nσ
∼

η

sT



Perturbative Physics @ RHIC

b

Bulk features controlled by macro “volume”: Npart

In principle, short distance physics should
be sensitive to the “micro” structure, Ncoll...

IF pQCD factorization holds true in hadron produciton in A+A 
(vs. photon-mediated processes in p+p and e+p)



Participants vs. Collisions
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Perturbative Physics @ RHIC

b

RAB =
1

NAB
coll

dNAB

dpT

dNpp

dpT

Yield per collision
relative to p+p

< 1 implies
“nuclear effect”

(or no factorization)



Jets

Jets are a “hard” phenomenon, characterized
by large momentum transfer between partons

→ perturbative description



e+e- annihilation → hadrons



Fragmentation Functions

F
h

=
1

σtot

dσ

dx

e
+

+ e
−

→ h + X

In simple reaction:

can define 
“fragmentation function”
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pQCD predicts Nch

nh =

∫
F

h(x)dx

Total hadron yields are
integrals of 

fragmentation function

Evolution of multiplicity
predictable in pQCD
(not absolute scale!)

in modified leading-log
approximation



Structure of the Nucleon

Measuring structure
functions (e.g. F2 at HERA)

gives information about
flux of incoming partons

which can form jets.
(Any reduction in flux

would lead to 
reduction in jet rates)

NLO pQCD describes
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pQCD and p+p collisions

STAR preliminary p+p Ks and Λ
shows issues with fragmentation functions...

pQCD

fi(x)

D(z)

p+p data at 200 GeV
is amenable to pQCD 
calculations for πo & γ

Ks Λ

qq
qg
gg



Direct Photons in p+p

pQCD

fi(x)

D(z)

γ

jet

Gamma + jet 
processes probe gluon 

structure of nucleon

gq
gg



“Jet Quenching”
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Gluon Density
• Do we have another handle on the gluon 

density?  Can’t count confined partons...

• Assume hadronization doesn’t change entropy

NNs AND s
1 10 210 310
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RHIC...
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Quenching & Viscosity
•Probing the density with hard 

processes gives direct access to
MFP: gluon density & viscosity

•Muller, Majumder & Wang estimated

• Large transport coefficient 
→ large cross sections 
→ low viscosity

η

s
∼

4

3

T 3

q̂



High pT Suppression 20
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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.
Photons appear to be unaffected by medium.

RAA =
1

Ncoll

dN
dpT

(A + A)
dN
dpT

(p + p)



When does Suppression Happen?

Some sort
of strong

“shadowing”
phenomenon
in the inital

nuclear parton 
distributons...

Collisions of
the outgoing
particles with

the background
of soft hadrons?

...so there
are simply
fewer hard
scatterings

in the
reaction?

Or does
something

occur in
the strongly
interacting
partonic
phase??



Is a Nucleon Always a Nucleon?

Ratio of cross sections
of leptons on nuclei
vs. deuterons show

deviations from unity
called “shadowing”

(and “antishadowing”)

No generally-accepted
explanation of these

effects (many models!)



Initial vs. Final State

pQCD

fi(x)

D(z)

p+A collisions provide
some access to the
shadowing from the

nuclear wave-function
(reduction in initial flux)

d+Au is
not suppressed

(except at high pT...)
while Au+Au shows
large effect at all pT



Return of Initial State?
PHENIX, PRL 98,172302 (2007)

High pT π0’s show suppression even in d+Au!
Is this shadowing (not low x!)? EMC effect?...



EMC Effect? 2

rating theoretical uncertainties for the first time[25, 26]
can account for the experimental information. We also
display calculational results with a modest energy loss us-
ing energy-loss parameters applied earlier to AuAu data.
Finally we extend our considerations to the energy range
of the Large Hadron Collider (LHC).

II. THE EMC EFFECT IN DEUTERON-GOLD
COLLISIONS

Figure 1 displays recent PHENIX data (triangles with
error bars)[6] for the most central dAu collisions, where
a high-pT suppression is clearly seen. While incoher-
ent multiscattering can only lead to enhancement in
RdAu, nuclear shadowing displays two regions where an
RdAu < 1 can be expected: (i) at small x (x ! 0.2),
and (ii) in the EMC region (0.5 ! x ! 0.9) [21]. At
RHIC energies the small-x region is inconsequential at
pT " 6 GeV/c. Thus we focus attention on the EMC
effect as a possible mechanism for the measured suppres-
sion. Various shadowing parameterizations developed in
the last 15 years [22, 23, 24, 25, 26] show different be-
haviors at small-x, but the EMC region appears rather
robust in most models.

To see the effect of the EMC region, we calculate pion
production in a wide momentum range. For this purpose
we use a perturbative QCD improved parton model [18].
The model is based on the factorization theorem and
generates the invariant cross section as a convolution of
(nuclear) parton distribution functions fa/A, perturba-

tive QCD cross sections dσab→cd/dt̂, and fragmentation
functions Dπ/c. We perform the calculation in leading
order, following Refs. [18, 27, 28, 30, 31, 32]:

Eπ
dσdAu

π

d3pπ
= fa/d(xa, Q2;kTa) ⊗ fb/Au(xb, Q

2;kTb) ⊗

⊗
dσab→cd

dt̂
⊗

Dπ/c(zc, Q̂2)

πz2
c

, (1)

where Q2 and Q̂2 represent the factorization and frag-
mentation scales, respectively, xa, xb, and zc are mo-
mentum fractions, and kT -s stand for two-dimensional
transverse momentum vectors. The initial state effects
of shadowing and multiscattering are included following
the treatment in Refs. [18, 27, 28].

Since the effects we investigate are on the 10 − 20%
level, it is customary to present the obtained results on
a linear scale in terms of the nuclear modification factor

RdAu(pT ) =
1

〈Nbin〉
·
EπdσdAu

π /d3pπ

Eπdσpp
π /d3pπ

. (2)

Here 〈Nbin〉 is the average number of binary collisions in
the various impact-parameter bins.

Together with the data in central dAu collisions, we
display our results with several shadowing parameteriza-
tions in Fig.1. We use the HIJING shadowing including

FIG. 1: (Color online) The nuclear modification factor, RdAu

in central (0 − 20 %) dAu collisions for π0. Data are from
Ref. [6]. Theoretical results are calculated with different shad-
owing parameterizations (see text).

FIG. 2: (Color online) The influence of the uncertainty in the
HKN shadowing parameterization [26] on the factor RdAu in
the most central dAu collisions. Data are from Ref. [6].

nuclear multiscattering (solid lines), the EKS shadow-
ing (where multiscattering is represented by strong anti-
shadowing) (dashed line), and the HKN parameteriza-
tion (with and without nuclear multiscattering, dotted
and dash-dotted lines, respectively). It can be seen in
Fig. 1 that the suppression associated with the EMC ef-
fect shows up at transverse momenta pT " 20 GeV/c in
all models considered, and does not explain the suppres-
sion in the data at around 10 GeV/c. The Cronin peak
at pT ≈ 3 GeV/c is best reproduced by the HIJING
parameterization. The “HKN+multiscattering” model
appears to overshoot the data at low pT , while it gives

Cole, et al, hep-ph/0702101

First attempts to model this find EMC matters at
even higher pT...



High Energy Photons

Similar surprises for very high pT photons in Au+Au.
Is this initial or final state?  Fragmentation of jets?



Theoretical Descriptions

Shadowing & isospin effects don’t capture continual
dropping of photon RAA: need quenching?

(RHIC II will be essential to push even higher in pT!)

shadowing
& isospin effects
adding energy loss



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



Open charm is the fragmentation
of a single charm or anti-charm
quark into a D,
which decays
hadronically, or
semileptonically
(e± or μ± : 14%)

Heavy Flavor as a Probe

c

c

Heavy quarks (c and b)
are not in the initial state

(intrinsic charm?) so must
be produced perturbatively

and interact (or not!) 

Kπ

D
D

e ν K

Quarkonia are bound 
states of oppositely 

charged heavy quarks:
clean dimuon channel

μ+

μ-



Single Electrons
STAR and PHENIX

have measured
“non photonic” electrons
(not from γ conversions,
so treated as if from c)

No suppression at lower pT
(charm enhancement?)

Large suppression at
higher pT (similar to π)

Models which work for π 
(radiative energy loss)
do not work for charm



Estimating η w/ Heavy Quarks
AAR
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Charm RAA is correlated with v2: 
comparisons with heavy quark rescattering models→ η/s

Comes close to quantum limit suggested by AdS/CFT

RHIC II detector upgrades will allow direct charm ID

More attenuation
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attenuation

Differential absorption
creates positive v2
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Quark-Gluon Plasma

Quarkonia

c c

Thermal
medium

breaks up
J/Ψ & 

other onia
states

(including bb)



Quarkonium Puzzle
J. Nagle, WWND07

NA50 at SPS (0<y<1)
PHENIX at RHIC (|y|<0.35)
PHENIX at RHIC (1.2<|y|<2.2)

J/Ψ suppression 
(represented as RAA)

is similar at
1) RHIC energies
2) Lower energies

Lots of new data to
assimilate!...

Surprising if suppression
depends on energy
or entropy density



High pT Puzzles
J. Nagle, WWND07

J/Ψ suppression similar to
1) high pT hadrons
2) high pT charm

part
N

100 200 300 400

p
a
rt

 /
 0

.5
N

c
o

ll
N

0

2

4

6

Au+Au

Cu+Cu

PHOBOS Glauber Monte Carlo

 = 42 mbinel
pp!

Interesting to note
that RAA decreases

~ν, the nuclear
thickness...



Single-particle suppression
Besides direct photons, other particles seem to

end suppressed at same level RAA→0.2

Put charm quarks into a
model with rescattering

partons... 

...and the only charm that
survive started on the surface
(similar explanation for jets!)

Ncoll

R
∝

A4/3

A1/3
∝ A ∝ Npart



Correlations

Jets are multi-particle phenomena:
2+ high pT particles (quark and/or photon)

quarks fragment into multiple hadrons



Au+Au shows a disappearance
of the away side peak

d+Au shows similar features

Disappearance of Back-to-Back
trigger
(4 GeV)

associated
(2-4 GeV)

Δϕ

p+p shows “near” and “away” 
correlation



Surface bias

Jets pointing
into medium
are absorbed

Jets pointing
out are unaffected



The Return of the “Away Side”

Including all particles (soft & hard) accounts for
suppressed jet, but highly smeared-out in Φ .

Indicates non-trivial interaction with medium.

STAR, nucl-ex/0501016

trigger
(4-6 GeV)

associated
(0.15-4 GeV)



Spectral Modification
trigger
(4 GeV)

Δϕ

In more central events, away side disappears
and spectrum starts to resemble inclusive “thermal” one

associated
(0.15-4 GeV)

“near”

“away”



Medium Effects on Jets

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

Excitations couple strongly to medium, rapidly thermalize



QCD Mach Cones?

φ Does away-side
jet, propagating at

speed of light
generate a Mach Cone?

J. Ruppert, QM2005
Quantum Liquid, time-like

branch in dispersion relation

φM = arccos(cs/v)
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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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R3,1

AdS  !Schwarzschild
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q

fundamental str
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T
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mnh

horizon

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

20

Mach cones from AdS/CFT, Gubser et al hep-th/0607022



Alternative Explanations

Mach Cone Bent Jets
(radial flow)



Alternative Explanations

Two particle correlations just see “acoplanarity”
between trigger and associated particle.

Only three particle correlations can see
“many body” aspects of different scenarios



Three Particle Correlations

φ13φ12

1

32

Correlate ϕ12 and ϕ13

See if signatures are different for different scenarios



Correlation Patterns

φ12

φ13

φ12

φ13



STAR Data

φ12

φ13

φ12

φ13

Generally thought
to support 

Mach Cone vs. Bent Jets

φ12

φ13

J. Ulery, conf. proceedings



Back to the Near Side
Anything

here?



“The Ridge”

In central Au+Au, particles 
tightly correlated in Δϕ, extended “ridge” in Δη



Subtracting Ridge

          p t,assoc. > 2 GeV



Jet vs. Ridge Yields

“Ridge” part of yield scales with Npart,
while subtracted yield is constant



Jet Properties w/o Ridge

Fragmentation and yield of jets in Au+Au very similar
to d+Au, after ridge removed.

Is ridge from energy loss near surface, 
while the released gluons are “pulled” by

longitudinal flow?...

2

In the absence of a medium, the parton fragments ac-
cording to the vacuum distribution Itot = Ivac. The
radiation spectrum (4) characterizes the medium modi-

fication of this distribution ω dItot

dω dk = ω dIvac

dω dk + ω dImed

dω dk .
From this, we calculate distortions of jet energy and jet
multiplicity distributions [23]. Information about Ivac is
obtained from the energy fraction of the jet contained in
a subcone of radius R =

√

η2 + φ2,

ρvac(R) ≡
1

Njets

∑

jets

ET (R)

ET (R = 1)

= 1 −
1

ET

∫

dω

∫ ω

dkΘ

(

k

ω
− R

)

ω
dIvac

dω dk
. (5)

For this jet shape, we use the parametrization [24] of
the Fermilab D0 Collaboration for jet energies in the
range ≈ 50 < Et < 150 GeV and opening cones 0.1 <
R < 1.0. We remove the unphysical singularity of this
parametrization for R → 0 by smoothly interpolating
with a polynomial ansatz for R < 0.04 to ρ(R = 0) = 0.
We then calculate from eq. (4) the modification [23] of
ρvac(R) caused by the energy density and collective flow
of the medium. To do so, we transform the gluon emis-
sion angle arcsin (k/ω) in (4) to jet coordinates η, φ,

k dk dα = ω2 cosφ

cosh3 η
dη dφ , (6)

where α denotes the angle between the transverse gluon
momentum k and the collective flow component q0. In
what follows, we mainly focus on changes of the jet shape
due to longitudinal collective flow effects where the di-
rected momentum transfer q0 points along the beam di-
rection. The sensitivity of jets and leading hadron spec-
tra to other collective flow components will be discussed
elsewhere [25].

To specify input values for the momentum transfer
from the medium, we make the following considera-
tions. First, for a given density n0 of scattering cen-
tres, the transport coefficient is given as q̂ % n0 µ2,
see Ref. [22]. Thus, according to (2), the hard parton
suffers a momentum transfer that is monotonously in-
creasing with the pressure in the medium, n0 µ2 ∝ p3/4

and which tests the components T⊥⊥ and T zz (z par-
allel to the beam) of the energy momentum tensor (1).
In the presence of a longitudinal Bjorken-type flow field

uµ =
(

1, &β
)

/
√

1 − β2, the longitudinal flow compo-

nent increases from T zz = p to T zz = p + ∆p, where
∆p = (ε + p)uz uz = 4 p β2/(1 − β2) for the equation of
state of an ideal gas, ε = 3 p. For a rapidity difference
η = 0.5, 1.0, 1.5 between the rest frame, which is longitu-
dinally comoving with the jet, and the rest frame of the
medium, this corresponds to an increase of the compo-
nent T zz by a factor 1, 5, 18, respectively. We expect that
the collective flow component q0 rises monotonously with

the flow-induced ∆p, as µ does with p. This suggests that
q0 lies in the parameter range q0 >∼µ.
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FIG. 1: Upper part: sketch of the distortion of the jet energy
distribution in the presence of a medium with or without col-
lective flow. Lower part: calculated distortion of the jet en-
ergy distribution (5) in the η × φ-plane for a 100 GeV jet.
The right hand-side is for an average medium-induced radi-
ated energy of 23 GeV and equal contributions from density
and flow effects, µ = q0. Scales of the contour plot are visible
from Fig. 2.

In Fig. 1, we show the medium-modified jet shape for a
jet of total energy ET = 100 GeV. To test the sensitivity
of this energy distribution to collective flow, we have cho-
sen a rather small directed flow component, q0 = µ. The
effective coupling constant in (3), n0 L αs CR = 1, the
momentum transfer per scattering centre µ = 1 GeV,
and the length of the medium L = 6 fm were adjusted

such that an average energy ∆ET =
∫

dω dImed

dω = 23
GeV is redistributed by medium-induced gluon radia-
tion. Previous studies indicate that this value of ∆ET

is a conservative estimate for the modification of jets
produced in Pb+Pb collisions at the Large Hadron Col-
lider LHC [23]. Despite these conservative estimates,
the contour plot of the jet energy distribution in Fig. 1
displays marked medium-induced deviations. First, the
jet structure broadens because of the medium-induced
Brownian motion of the partonic jet fragments in a dense
medium [22]. Second, the jet shape shows a marked ro-
tational asymmetry in the η × φ-plane, which is charac-
teristic of the presence of a collective flow field.

Phys.Rev.Lett.93:242301,2004



Return of “Back-to-Back” Jets

pT(trig)
pT(assoc) > 2 GeV/c

8 < pT(trig) < 15 GeV/c

pT(assoc)>6 GeV

Is this really the 
“punch through”

of high energy jets?



Spectral Modification
trigger
(4 GeV)

Δϕ

High “zT” spectrum looks very similar in Au+Au & d+Au:
jet fragmentation is similar when seen at all!

associated
(0.15-4 GeV)



Return of “Back-to-Back” Jets
8 < pT(trig) < 15 GeV/c

pT(assoc)>6 GeV

Might expect some fraction of
jets where both escape, due

to “halo” emission

Serious issue: under study!



Studies with PQM

PQM uses standard jet-
quenching formalism coupled 
to nuclear geometry in order to 

model density (   )

PQM: Dainese, Loizides, Paic, nucl-ex/0406319

q̂



Studies with PQM

Adding quenching forces
emission at the surface,

with back-to-back jets emitted 
tangentially!



Outlook

At RHIC, hadrons come from the surface:
the interior seems to eat everything, like a black hole

Mach
Cones

the
Ridge

tangential
jets

Ψ



Photon-Hadron Correlations
As we’ve seen before,

photons are not
suppressed like hadrons.

Thus, a photon produced
by a hard process can

constrain jet properties:
measure energy loss



Photon-Hadron Correlations

proton-proton collisions

Early RHIC p+p results find a significant (but small)
correlation of photons with away-side hadrons



Photon-Hadron Correlations

Au+Au collisions

Still marginal statistics at RHIC (need luminosity)
A clear goal for RHIC II and the LHC!



The Future

RHIC II:
dedicated facility

high luminosity (x10)
range of heavy beams

upgraded STAR/PHENIX

LHC:
1 month/year Pb+Pb

30x RHIC energy
Large jet, etc. rates
ATLAS/CMS/ALICE



The Future

J/Psi v2!

High
densities

Huge rates
at high pT

Full jets



RHIC II vs. LHC
The future of quark matter at RHIC S547
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Figure 2. Annual recorded number of events of neutral pions, direct photons and photon-jet
coincidences at RHIC II and LHC, based upon NLO pQCD from Vogelsang and scaled to minimum
bias Au+Au or Pb+Pb collisions (see the text for details). The left panel shows yields into two
units of rapidity centred at y = 0 and full azimuth, while the right panel shows yields into the
PHENIX central arms.

large backgrounds. It is expected that the RHIC II sample will allow statistical separation of
the signal from the background. At the LHC, the background will be larger still, most likely
proving prohibitive for this measurement.

Turning now to jet probes of energy loss and transport in the hot and dense medium, we
compare the physics reach at RHIC II and LHC. Correlations of two or more high momentum
particles arising from fragmentation of back-to-back jets probe the mechanism of energy loss.
Such information can be gleaned from 10–30 GeV jets. Because of the lower temperature
and smaller soft, or thermal, hadron backgrounds, this physics can be probed with 10 GeV
jets at RHIC II. The backgrounds will be larger and have a harder spectrum at the LHC,
requiring jet energies of ≈30 GeV in order to achieve signal to background ratios comparable
to those at RHIC. It should be noted, however, that the collective boost imparted by the jet
to co-moving plasma particles is relatively modest. Consequently, it may be that the plasma
response information is most prominent in relatively soft jets.

The correlation of one hard particle (>5 GeV/c pT ) with one or more soft particles (pT =
1–4 GeV/c) from the opposing jet probes the response of the medium to the energy deposited
by a jet traversing it. The ‘golden channel’ for jet probes of the hot, dense medium is direct
photon-jet correlations. Direct γ –hadron pairs arise from QCD Compton scattering; the direct
photon tags the jet energy (i.e. the energy of the recoiling quark). By measuring the hadrons
from the jet, it should be possible to quantify the lost energy and its fate in the medium.

We estimate the expected annual rates using NLO perturbative QCD calculations from
Vogelsang [12], which have been benchmarked by comparison to p+p collisions at RHIC. To
predict rates in minimum bias heavy ion collisions at RHIC II and the LHC, the pQCD cross-
sections of π0 and direct photons are integrated above a given pT threshold, scaled up by A2,
and multiplied by the expected integrated luminosity. The resulting annual yields are corrected



Jets @ LHC

ATLAS & CMS have full acceptance in η & ϕ
Can see full jets: don’t need 2/3 particle correlations



Gamma-Mach Cone @ LHC?

η

ϕ

✕

✕
✕

✕
✕
✕

✕

γ

✕Ring of
tracks/

photons

Recoiling
against hard

photon!

LHC may provide access to new phenomena

a dream...



Summary
• How can we look “into” the medium we create 

at RHIC?
• What is it made of?  How dense is it?

• Counting single particles
• High momentum hadrons

• Heavy flavor

• Direct Photons

• Probing jet modifications with correlations
• Dihadron correlations:Mach cones & the ridge

• Tangential jets

• Gamma-hadron correlations

• Future facilities
• RHIC II & Pb+Pb @ LHC



3 Lectures
•Lecture 1
• Introduction to Heavy Ion Collisions

•Lecture 2
• Hydrodynamics in Heavy Ion Collisions

•Lecture 3
• Probing the Near-Perfect Fluid at RHIC




