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Relativistic Heavy Ion Collider (RHIC)
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RHIC Experiments to Scale

PHENIX

STAR

BRAHMS

PHOBOS

RHIC program has large and small detectors,
sufficient overlap to make cross-checks.

Billions of events since 2000:
p+p, d+Au, Cu+Cu, Au+Au, 19.6-200 GeV

2000-2006

2000-2005



RHIC Physics in a Nutshell

Collisions of Ions 1000’s of Particles

RHIC physics takes place in space-time
Need to “rewind” dynamical evolution to study

QCD at high temperature and density



The most-perfect fluid

We say RHIC collisions behave like a “perfect liquid”
(or at least a “near perfect fluid”)

local thermalization: strong coupling → low viscosity

These conclusions originally emerged from “soft” physics
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The least-perfect fluid

http://www.physics.uq.edu.au/pitchdrop/pitchdrop.shtmlThe Pitch Drop Experiment:

http://www.physics.uq.edu.au/pitchdrop/pitchdrop.shtml
http://www.physics.uq.edu.au/pitchdrop/pitchdrop.shtml


Near-Perfect Fluid? Lattice QCD?

Long TimesShort Times

Small
Opacity

Large
Opacity

Dynamical Regimes of Hot QCD

pQCD Cascade Hadron Cascade



Strong Blackbody Radiation
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It is often overlooked that the spectra of particles
emerging from a heavy ion collision is nearly blackbody
but with hadrons instead of photons: thermal system



Hagedorn Temperature

Rolf Hagedorn predicted 
bound state spectrum 

rises 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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Strong Blackbody Radiation
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200 GeV 197Au + 197Au central collision
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γs

All hadron species apparently emitted
from a thermal source Tch = 163±4, μB=24±4

STAR, NPA757 (2005)

System decouples @ Tch ~ TH



The Hagedorn Limit
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Hadron Gas

Heating up a Hagedorn gas
excites higher-mass resonances
→ TH is the “limit” temperature

Nominally, no way to ever reach
higher temperatures in a 

strongly-interacting system!



Quark Gluon Plasma

-2/3

2/3

-2/3

2/3

2/3

-1/3

2/3

-2/3

2/3

2/3

-1/3

2/3

2/3

-1/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

2/3
-2/3

2/3

Hadron Gas

Lattice predicts a phase transition at Tc~170 MeV~TH 
(εc~700 MeV/fm3 > εN~500 MeV/fm3)

from hadronic degrees of freedom to quark/gluon



Quark Gluon Plasma
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Quark-Gluon Plasma

Lattice predicts a phase transition at Tc~170 MeV~TH 
(εc~700 MeV/fm3 > εN~500 MeV/fm3)

from hadronic degrees of freedom to quark/gluon

#DOF



Probing Heavy Ion Dynamics with Soft Physics

Initial Collisions
(Nuclear geometry,
Baryon stopping)

Dynamical evolution
τ~O(R)

Freezeout
(Hadronization)

Initial Boundary
Conditions

(Space-time)

Final Boundary
Conditions (Local)

∂µTµν = 0
p(ε) (e.g. lattice)

Multiplicities Spectra, Flow Yields, Correlations

R



Nuclear Geometry

Knowing collision geometry is essential for all heavy ion results

x-z: 
Longitudinal contraction (1/γ)

b

x-y: 
Transverse overlap

b

R

Npart:
# participants

Nspec:
# spectators

Transverse and longitudinal scales are quite different:
spatial, temporal, momentum (via Δp=h/ΔR)

ε =
σ2

y − σ2
x

σ2
y + σ2

x

“eccentricity”



Elliptic Flow
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1

N

dN

dφ
= 1 + 2v1 cos(φ − ΦR) + 2v2 cos(2[φ − ΦR]) + ...  compared with Hydro (Huovinen)

 Hydro scales Hadronic scalesε0~30 GeV/fm3

τ0<0.6 fm3
ε~0.5 GeV/fm3

τ~1 fm3

Phys.Rev.C72:051901,2005

(large v2)

(small v2)



Lattice
1st order PT

Crossover 
Hadronic

Nucl.Phys.A761:296-312,2005

Equation of State



Implications of Hydro

• Hydro is not “just another” model

• The flowing medium is quite special
• Local thermalization (strong coupling)

• “Lattice”-like equation of state (1st order 
PT)

• Initial density so large (30xεp) that 
can’t justify a hadronic cascade

• Temperature exceeds TH

• High temperature seen directly by thermal 
photons from PHENIX

• This suggests that the medium 
may well be the “quark gluon plasma”

• What points to quark and gluon DOFs?  (GeV/c)
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• Changing initial conditions -- “soft” physics

• Probing it microscopically -- “hard” probes (van Leeuwen, next)

Studying Matter in Laboratory

Energy ShapeSize
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The Big Question: Thermalization at RHIC

Does the system truly 
thermalize?  Everywhere?

What are the conditions (energy, 
density, size) for thermalization? 

How fast does the system 
thermalize?   

What thermalizes?
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The Edge of Liquidity

System
size

Can we make what we see at RHIC “turn off”?
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Extended Longitudinal Scaling (Limiting Fragmentation)

• From rest frame of one projectile: yields invariant at fixed 
geometry (i.e. same b/2R or Npart/2A)

Midrapidity physics at lower energy = forward physics at higher energy
Energy and rapidity dependence is smooth

Phys.Rev.C74:021901,2006 



Change the nuclear size by x3: Au+Au→Cu+Cu
No change in shape for same centrality (b/2R)

Extended Longitudinal Scaling (Limiting Fragmentation)

• No change in shape moving from Au+Au → Cu+Cu
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PHOBOS collaboration, arXiv:0806.2803



Longitudinal Scaling in Elementary Systems (p+p, e+e-)
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Small ≠ Large?
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p+p spectrum, “undistorted” by energy-momentum conservation, 
compares well to A+A: radial expansion in p+p?

M. Lisa, Tuesday, arXiv: 0805.3569

Does p+p behave like a thermalized, flowing system, like A+A?

Teff = T0 + mβ2



Longitudinal Scaling of Elliptic Flow
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Elliptic flow “scales” across beam energies

The ratio v2/ε found to be a good scaling variable for Au+Au 
between different energies when plotted vs. dN/dy / S
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Flow depends only on
shape and area density

and not on beam energy

S

S. Voloshin, Thurs.



What is a Nucleus?: Participant Eccentricity
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Participant Eccentricity in Au+Au and Cu+Cu
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PHOBOS, Phys.Rev.Lett.98:242302,2007



Degrees of Freedom: What Flows?

0 fm/c

2 fm/c

7 fm/c

>7 fm/

Parton distributions
Nuclear Geometry
Nuclear shadowing

Parton production
& reinteraction

Chemical Freezeout &
Quark Recombination

Jet Fragmentation
Functions

Hadron Rescattering

Thermal Freezeout &
Hadron decays



Constituent Quark Scaling
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KET = mT −m

All particles flow
as if frozen out from

a flowing soup of
constituent quarks



Quasi-Particles in the sQGP
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Data agree with nq scaling substantially better than ideal hydro

“perfect fluid” ≠ good quasiparticles:
can we harmonize two scenarios?

(or give up on constituent quarks, or the perfect fluid...)

Levy, Nagle, Rosen, PAS, PRC 2008



Direct Measurements of Viscosity
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Viscous Hydrodynamics
Motivation

Conformal Hydro

Elliptic flow (integrated)
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Romatschke & Luzum (2008)

Recent advances in implementing viscous hydrodynamics

With Glauber initial conditions, RHIC data saturating viscosity bound!



Lessons from Soft Physics @ RHIC

• System is manifestly thermalized in final state
• Hagedorn freezeout temperature

• Hydro implies local thermalization in the initial state (and possibly 
presence of phase transition)
• System much hotter than TH

• No deviations in soft observables vs. rapidity, energy, size
• Extended longitudinal scaling ubiquitous in all systems

• Viscosity appears to saturate bound from string theory
• How to harmonize with observation of constituent quark scaling, 

suggesting “quark” DOFs just before freezeout?



The Next Chapter: The LHC

Parameter Units Nominal Early Beam

Energy per nucleon TeV/n 2.76 2.76

Initial Luminosity L0  cm-2 s-1 1 1027 5 1025

No. bunches/bunch harmonic 592/891 62/66

Bunch spacing ns 99.8 1350

β* m 0.5 (same as  p) 1.0

Number of Pb ions/bunch 7 107 7 107

Transv. norm. RMS emittance μm 1.5 1.5

Longitudinal emittance eV s/charge 2.5 2.5

Luminosity half-life (1,2,3 expts.) H 8, 4.5, 3 14, 7.5, 5.5

RHIC: 200 GeV/N Au+Au
LHC: 5500 GeV/N Pb+Pb
(14 TeV p+p)



A single Pb+Pb collision
(simulated in ALICE)



The Big Question: Thermalization at the LHC

Does the system still thermalize?
(or will running coupling increase viscous effects?)

What are the conditions (energy, density, size) for 
thermalization?

(Will p+p collisions clearly show it?)
 

How fast does the system thermalize?
(initial longitudinal scale is 30x smaller!)

What thermalizes?
(Will degrees of freedom change?)



ATLAS & CMS @ LHC
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ALICE @ LHC

Optimized for tracking & PID 
in high multiplicity

heavy ion events (TPC), with new
high pT triggering abilities (EMCAL)



Two “Day 1”’s at the LHC

• Day 1: Fall 2009 p+p run(s)
• dN/dη, ET p+p at 900 GeV, 10 TeV, 14 TeV

• Testing of models (PYTHIA, PHOJET, etc.)

• Diffractive events (background & signal)

• Day 1: Fall 2010(?) Pb+Pb run
• Measurements of dN/dη, ET , v2(η) (w/ PID 

for nq scaling)

• Most models and extrapolations will be 
tested in days

Will trends seen at RHIC break, or not?
How will this affect our understanding of early thermalization?



Predictions for the LHC: Multiplicity
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Extrapolating to the LHC

NNs AND s
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Landau hydrodynamics: application of
1950’s Fermi-Landau model &
1970’s Carruther’s approach

Color Glass Condensate: parametrization
including rise of gluon PDF and simple

hadronization model

Logarithmic rise: assumption that
current trends apply at larger energies

dN
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= Ks1/4 exp(−y2/2L)√

2πL
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√
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Figure 4. The elliptic flow v2, averaged over centrality (0%-40%), at various collision
energies. Data (full symbols) from PHOBOS [35] and STAR [36] are plotted as a
function of η − ybeam and reflected (open symbols) across the LHC −ybeam value.

pT -shape is not fully clarified: At low pT , the slope of v2(pT ) was reported to rise

either slightly [37] or significantly [38] across SPS and RHIC energies. Also, it was

reported [38] that the slope of v2(pT ) saturates at RHIC energies and is essentially

constant between
√

s
NN

= 62.4 GeV and 200 GeV. In this case, the increase of

the pT -averaged v2 would be entirely due to the increase in the mean transverse
momentum of particles.

(iii) The pT -dependent v2 of identified hadrons shows mass-ordering at small pT and

displays a constituent-quark counting rule at intermediate pT .

For a fixed, sufficiently low transverse momentum, SPS and RHIC data show

generically that v2(pT ) decreases with increasing mass of the particle species. Above

a critical pT ∼ 1.5 GeV/c, mass-ordering ceases to be valid and v2(pT ) follows to
a good approximation a simple quark counting rule, namely that v2(pT /nq)/nq is

roughly independent of the particle species [39].

What are the implications if these trends persist or do not persist at the LHC?

First, if longitudinal scaling of v2 persists, then v2(η) grows proportional to ln
√

s
NN

. In

this case, one expects v2(η = 0) $ 0.075 for Pb-Pb collisions in mid-central collisions.

This follows from the extrapolations, shown in figures 3 and 4. To the best of our

knowledge, neither the triangular shape of the rapidity dependence of v2, nor the

approximately linear ln
√

s
NN

-dependence emerges as a natural consequence of existing
dynamical models. In particular, extrapolating models of ideal hydrodynamics from

RHIC to the LHC, one arrives at values not exceeding v2(η = 0) $ 0.06 for event

multiplicities shown in figure 1 [30]. Also, the proportionality v2(y) ∝ dN/dy does not

hold in models presupposing local equilibrium (i.e. the formation of an almost perfect

Energy Dependence of Elliptic Flow

Controversy about fate of v2 at the LHC:
wide range of predictions: theoretical and empirical

Will be resolved within O(1 day) of first data:
all experiments have full azimuthal acceptance (Nch & ET) 
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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.

rise (empirical)

“limit” (expected)

fall (pQCD?)

Borghini & Wiedemann, hep-ph/0707.0546



Longitudinal Scaling at the LHC
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The Question of Minijets

At RHIC, many expect 
particle production and energy from 

hard & semi-hard processes that scale 
with Ncoll~Npart4/3.

Should be extreme at LHC (cf. HIJING)

If so, the centrality dependence
of Nch and ET will definitively test

this “two-component model” 

dNch

dη
= npp

[
(1− x)

Npart

2
+ xNcoll

]



Centrality Evolution of Multiplicity and ET

Centrality evolution of ρ=dN/dη/Npart

is same at 20 and 200 GeV
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FIG. 4: The ratio, R200/19.6 , of the midrapidity pseudorapid-
ity density per participant pair at 200 and 19.6 GeV versus
〈Npart〉. The data binned by fraction of cross section are
shown as closed squares and that binned by matching 〈Npart〉
are given as open squares. Also shown is the division of the
inelastic p(p)+ p collision data (open diamond) at Npart = 2.
Curves give various calculations. The vertical error bars are
combined statistical and systematic 1-σ uncertainties.

ence in the deduced 〈Npart〉 value at 19.6 and 200 GeV
(see Table I). In this case, the assigned 〈Npart〉 for each
percentile bin given in the figure is taken as the average
of the two individual 〈Npart〉 values. Second, the ratio
was formed using a new set of centrality cuts for which
each centrality bin width was varied, in an iterative fash-
ion, in order to obtain bins at both 19.6 and 200 GeV
that yield the same calculated average Npart. The data
at both energies were then completely re-analyzed using
this second set of centrality cuts. This result is given by
the open squares of Fig. 4 (Au+Au 2).

The results from the two types of ratio calculations
are shown in Fig. 4, together with the predictions of
two models and the two-component fit from Fig. 2. We
find that both sets of data (closed and open squares)
are in agreement, even within the significantly reduced
systematic errors. This level of agreement gives fur-
ther confidence that the systematic errors are cancel-
ing as expected. Additionally, we find that the slope,
and hence the centrality dependence, of both ratios is
zero, within error. The most probable mean value of
the (Au+Au 1) ratio data is found to be R200/19.6 =
2.03±0.02(stat)±0.05(syst). We remind the reader that
the ratio of 200 to 130 GeV data was found to be R200/130

= 1.14±0.01(stat)±0.05(syst) [10].
With the reduced systematic errors on the ratio now

available, we return to a more detailed comparison of our
results to calculations. As shown in Fig. 4, model calcu-
lations predict quite different centrality dependences of

R200/19.6 over the collision energy range of 19.6 GeV to
200 GeV. We find that the Hijing calculation gives the
expected increase of pQCD minijet production with cen-
trality over this energy range, but the predicted increase
is now in strong contradiction to the data. The flat cen-
trality dependence of the ratio is relatively well described
by the parton saturation model calculation.

In summary, PHOBOS has measured the charged par-
ticle pseudorapidity density at midrapidity (|η| < 1) for
Au + Au collisions at energies of

√
sNN = 19.6 and

200 GeV. We find an increase in particle production
per participant pair for Au + Au collisions compared
to the corresponding inelastic p(p) + p values for both
energies. The ratio of the measured yields at 200 and
19.6 GeV shows a clear geometry scaling over the cen-
tral 40% inelastic cross section and averages to R200/19.6

= 2.03±0.02(stat)±0.05(syst). A large increase in yield
from hard processes, which contribute to multiplicity, is
not apparent in the data, even over an order of magnitude
range of collision energy.

We thank the entire RHIC accelerator staff for pro-
viding the Au + Au collisions. In particular, we express
appreciation to the BNL management for approving the
one day of 19.6 GeV running. This work was partially
supported by U.S. DOE grants DE-AC02-98CH10886,
DE-FG02-93ER40802, DE-FC02-94ER40818, DE-FG02-
94ER40865, DE-FG02-99ER41099, and W-31-109-ENG-
38, US NSF grants 9603486, 9722606 and 0072204, Polish
KBN grant 2-P03B-10323, and NSC of Taiwan contract
NSC 89-2112-M-008-024.
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are given as open squares. Also shown is the division of the
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ence in the deduced 〈Npart〉 value at 19.6 and 200 GeV
(see Table I). In this case, the assigned 〈Npart〉 for each
percentile bin given in the figure is taken as the average
of the two individual 〈Npart〉 values. Second, the ratio
was formed using a new set of centrality cuts for which
each centrality bin width was varied, in an iterative fash-
ion, in order to obtain bins at both 19.6 and 200 GeV
that yield the same calculated average Npart. The data
at both energies were then completely re-analyzed using
this second set of centrality cuts. This result is given by
the open squares of Fig. 4 (Au+Au 2).

The results from the two types of ratio calculations
are shown in Fig. 4, together with the predictions of
two models and the two-component fit from Fig. 2. We
find that both sets of data (closed and open squares)
are in agreement, even within the significantly reduced
systematic errors. This level of agreement gives fur-
ther confidence that the systematic errors are cancel-
ing as expected. Additionally, we find that the slope,
and hence the centrality dependence, of both ratios is
zero, within error. The most probable mean value of
the (Au+Au 1) ratio data is found to be R200/19.6 =
2.03±0.02(stat)±0.05(syst). We remind the reader that
the ratio of 200 to 130 GeV data was found to be R200/130

= 1.14±0.01(stat)±0.05(syst) [10].
With the reduced systematic errors on the ratio now

available, we return to a more detailed comparison of our
results to calculations. As shown in Fig. 4, model calcu-
lations predict quite different centrality dependences of

R200/19.6 over the collision energy range of 19.6 GeV to
200 GeV. We find that the Hijing calculation gives the
expected increase of pQCD minijet production with cen-
trality over this energy range, but the predicted increase
is now in strong contradiction to the data. The flat cen-
trality dependence of the ratio is relatively well described
by the parton saturation model calculation.

In summary, PHOBOS has measured the charged par-
ticle pseudorapidity density at midrapidity (|η| < 1) for
Au + Au collisions at energies of

√
sNN = 19.6 and

200 GeV. We find an increase in particle production
per participant pair for Au + Au collisions compared
to the corresponding inelastic p(p) + p values for both
energies. The ratio of the measured yields at 200 and
19.6 GeV shows a clear geometry scaling over the cen-
tral 40% inelastic cross section and averages to R200/19.6

= 2.03±0.02(stat)±0.05(syst). A large increase in yield
from hard processes, which contribute to multiplicity, is
not apparent in the data, even over an order of magnitude
range of collision energy.

We thank the entire RHIC accelerator staff for pro-
viding the Au + Au collisions. In particular, we express
appreciation to the BNL management for approving the
one day of 19.6 GeV running. This work was partially
supported by U.S. DOE grants DE-AC02-98CH10886,
DE-FG02-93ER40802, DE-FC02-94ER40818, DE-FG02-
94ER40865, DE-FG02-99ER41099, and W-31-109-ENG-
38, US NSF grants 9603486, 9722606 and 0072204, Polish
KBN grant 2-P03B-10323, and NSC of Taiwan contract
NSC 89-2112-M-008-024.
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Soft Observables: From RHIC to LHC

• In the soft sector, RHIC has observed:
• Elliptic flow suggesting early thermalization (near perfect fluid) 

• Extended longitudinal scaling (trivial or deep?)

• Intriguing connections to elementary systems

• Statistical (& constituent quark) freezeout

• Empirical and theoretical trends have emerged from the 
extensive data set, requiring testing at the LHC
• “Day 1” measurements in 2009 (p+p) and 2010 (A+A)

• High impact on the theoretical underpinnings of the field

• Soft physics will be sensitive to increased role of minijets, if relevant

• The collider era of heavy ion physics is upon us!
• High baryon density physics (FAIR) is also essential to disentangle role of 

matter in the QGP (& prove existence of QCD critical point)
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“The Last Scattering Surface”: Josiah McElheny





When does the system get too small?
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Does v2 Fluctuate Event-by-Event

• If nucleon positions fluctuate, then v2 itself will 
fluctuate event by event!  seen by PHOBOS & STAR

• Decays and other correlations (“non flow”) magnify the v2 value.  
• STAR only quotes upper limit, PHOBOS applies correction

25Burak Alver (MIT)

Model comparison

Au+Au

200GeV

! Results are in agreement with both Glauber and
CGC calculations within errors

CGC: arXiv:0707.0249

STAR Preliminary
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“Centrality”
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Measure distributions and
assume they are monotonic
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Thank You to PANIC 2008 Organizers



“Geometric Scaling”
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FIG. 4: (color online) Charged particle v1 versus centrality,
for Au+Au and Cu+Cu at 200 GeV and 62.4 GeV. The upper
(lower) panels show results from the main TPC (FTPC). Only
statistical errors are shown.

centrality bins studied, as shown in Fig. 4, and persists
even near mid-η (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cu+Cu is con-
siderably lower than in Au+Au [23]. Unlike v2/ε, the
ratio of the elliptic flow to the system initial eccentricity,
which scales with the particle density in the transverse
plane (1/S)dNch/dy [24] (also interpreted to be the mid-
rapidity area density [25] or the system length [26]), v1(η)
at a given centrality is found to be independent of the sys-
tem size, and varies only with the incident energy. The
different scalings for v2/ε and v1 might arise from the way
in which they are developed: to produce v2, many mo-
mentum exchanges among particles must occur (and the
number of momentum exchanges is related to the partic-
ipant density and the dimensions of the system), while to
produce v1, an important feature of the collision process
is that different rapidity losses need to occur (related to
the incident energy) for particles at different distances
from the center of the participant zone.

AMPT [27] lies consistently below the measured data,
as evident from Fig. 3. STAR’s prior v1 study [12] in
Au+Au at 62 GeV also showed this trend for AMPT
and other transport models. It is noteworthy that AMPT
does not exhibit the observed pattern of system-size in-
dependence. UrQMD [28] (not shown here) is similar to
AMPT in exhibiting a significant change in v1 between
Au+Au and Cu+Cu.
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FIG. 5: (color online) Charged particle v1 versus η − ybeam,
for 30− 60% Au+Au and Cu+Cu at 200 and 62.4 GeV. Only
statistical errors are shown.

Further scaling behavior is seen by transforming the
data presented in Fig. 3 into the projectile frame (see
Fig. 5), where zero on the horizontal axis corresponds to
the beam rapidity, ybeam, for each of the collision ener-
gies. Within three units from ybeam, most data points lie
on a universal curve for v1 versus η−ybeam. This incident-
energy scaling of directed flow has previously been re-
ported for Au+Au [12, 18], and it is now evident that
the limiting fragmentation hypothesis [29] holds even for
much lighter collision systems like Cu+Cu. AMPT ad-
heres less closely to limiting fragmentation for Cu+Cu.
Note that the quantity η− ybeam introduces some uncer-
tainty due to the use of η instead of rapidity; the lat-
ter requires particle identification. Longitudinal scaling
of scaled multiplicity distributions, dNch/dη/(Npart/2),
has been previously reported by the PHOBOS Collabo-
ration [30].

In summary, we have presented measurements of
charged-particle directed flow as a function of pt, η and
centrality in Au+Au and Cu+Cu collisions at

√
s

NN
=

200 and 62.4 GeV. The observed trend of decreasing v1

with increasing beam energy agrees with models and with
simple scaling arguments. The lack of system-size depen-
dence in v1 for Au+Au and Cu+Cu is quite remarkable
and is a feature not observed or predicted in any model.
The presented η-dependence of v1 provides further sup-
port for limiting fragmentation scaling by extending its
applicability to Cu+Cu. The observed pt-dependence of
directed flow motivates further theoretical investigations
and experimental measurements with identified particles.
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centrality bins studied, as shown in Fig. 4, and persists
even near mid-η (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cu+Cu is con-
siderably lower than in Au+Au [23]. Unlike v2/ε, the
ratio of the elliptic flow to the system initial eccentricity,
which scales with the particle density in the transverse
plane (1/S)dNch/dy [24] (also interpreted to be the mid-
rapidity area density [25] or the system length [26]), v1(η)
at a given centrality is found to be independent of the sys-
tem size, and varies only with the incident energy. The
different scalings for v2/ε and v1 might arise from the way
in which they are developed: to produce v2, many mo-
mentum exchanges among particles must occur (and the
number of momentum exchanges is related to the partic-
ipant density and the dimensions of the system), while to
produce v1, an important feature of the collision process
is that different rapidity losses need to occur (related to
the incident energy) for particles at different distances
from the center of the participant zone.

AMPT [27] lies consistently below the measured data,
as evident from Fig. 3. STAR’s prior v1 study [12] in
Au+Au at 62 GeV also showed this trend for AMPT
and other transport models. It is noteworthy that AMPT
does not exhibit the observed pattern of system-size in-
dependence. UrQMD [28] (not shown here) is similar to
AMPT in exhibiting a significant change in v1 between
Au+Au and Cu+Cu.
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heres less closely to limiting fragmentation for Cu+Cu.
Note that the quantity η− ybeam introduces some uncer-
tainty due to the use of η instead of rapidity; the lat-
ter requires particle identification. Longitudinal scaling
of scaled multiplicity distributions, dNch/dη/(Npart/2),
has been previously reported by the PHOBOS Collabo-
ration [30].

In summary, we have presented measurements of
charged-particle directed flow as a function of pt, η and
centrality in Au+Au and Cu+Cu collisions at
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200 and 62.4 GeV. The observed trend of decreasing v1

with increasing beam energy agrees with models and with
simple scaling arguments. The lack of system-size depen-
dence in v1 for Au+Au and Cu+Cu is quite remarkable
and is a feature not observed or predicted in any model.
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applicability to Cu+Cu. The observed pt-dependence of
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centrality bins studied, as shown in Fig. 4, and persists
even near mid-η (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cu+Cu is con-
siderably lower than in Au+Au [23]. Unlike v2/ε, the
ratio of the elliptic flow to the system initial eccentricity,
which scales with the particle density in the transverse
plane (1/S)dNch/dy [24] (also interpreted to be the mid-
rapidity area density [25] or the system length [26]), v1(η)
at a given centrality is found to be independent of the sys-
tem size, and varies only with the incident energy. The
different scalings for v2/ε and v1 might arise from the way
in which they are developed: to produce v2, many mo-
mentum exchanges among particles must occur (and the
number of momentum exchanges is related to the partic-
ipant density and the dimensions of the system), while to
produce v1, an important feature of the collision process
is that different rapidity losses need to occur (related to
the incident energy) for particles at different distances
from the center of the participant zone.

AMPT [27] lies consistently below the measured data,
as evident from Fig. 3. STAR’s prior v1 study [12] in
Au+Au at 62 GeV also showed this trend for AMPT
and other transport models. It is noteworthy that AMPT
does not exhibit the observed pattern of system-size in-
dependence. UrQMD [28] (not shown here) is similar to
AMPT in exhibiting a significant change in v1 between
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Further scaling behavior is seen by transforming the
data presented in Fig. 3 into the projectile frame (see
Fig. 5), where zero on the horizontal axis corresponds to
the beam rapidity, ybeam, for each of the collision ener-
gies. Within three units from ybeam, most data points lie
on a universal curve for v1 versus η−ybeam. This incident-
energy scaling of directed flow has previously been re-
ported for Au+Au [12, 18], and it is now evident that
the limiting fragmentation hypothesis [29] holds even for
much lighter collision systems like Cu+Cu. AMPT ad-
heres less closely to limiting fragmentation for Cu+Cu.
Note that the quantity η− ybeam introduces some uncer-
tainty due to the use of η instead of rapidity; the lat-
ter requires particle identification. Longitudinal scaling
of scaled multiplicity distributions, dNch/dη/(Npart/2),
has been previously reported by the PHOBOS Collabo-
ration [30].

In summary, we have presented measurements of
charged-particle directed flow as a function of pt, η and
centrality in Au+Au and Cu+Cu collisions at
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=

200 and 62.4 GeV. The observed trend of decreasing v1

with increasing beam energy agrees with models and with
simple scaling arguments. The lack of system-size depen-
dence in v1 for Au+Au and Cu+Cu is quite remarkable
and is a feature not observed or predicted in any model.
The presented η-dependence of v1 provides further sup-
port for limiting fragmentation scaling by extending its
applicability to Cu+Cu. The observed pt-dependence of
directed flow motivates further theoretical investigations
and experimental measurements with identified particles.
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Minijets from Two Particle Correlations?

Minijet Correlations 2

2. Analysis

Charged particle tracks detected in the STAR TPC with pt > 0.15 GeV/c, |η| < 1,

and full 2π azimuth were analyzed from 1.2M minbias triggered 200 GeV Au+Au and

6.7M 62 GeV Au+Au events. Pair densities ρ($p1, $p2) were measured as number of pairs
per unit area on relative angles (η∆ ≡ η1 − η2, φ∆ ≡ φ1 − φ2) for all possible unique

particle pairs. Particles within the same event form sibling pair densities ρsib, while

mixing particles from different events measures the uncorrelated reference ρref . These

are formed into a normalized covariance to produce a correlation measure. The difference

∆ρ ≡ ρsib−ρref measures the covariance in number of pairs between histogram bins, and

the normalization is provided by bin-wise division of
√

ρref . Thus we use the notation
∆ρ√
ρref

for a per-particle correlation measure, shown in figure 1 for selected centralities.
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Figure 1. Minimum-bias correlations for several centralities from peripheral (left) to
central (right) in 200 GeV Au+Au collisions.

3. Fit Results

Proton-proton collisions provide a reference for measuring the contributions to these

structures. Analysis of minimum-bias correlations [4] and single particle pt spectra [5]

show that p+p collisions are well described by a two-component soft and semi-hard

scattering model, as commonly used in event generators such as Pythia. The soft

component represents longitudinal fragmentation in unlike-sign pairs and produces a

1D gaussian correlation centered along η∆=0. The semi-hard component contains a
same-side peak, modeled as a 2D gaussian at the η∆ = φ∆ = 0 origin, and an away-side

ridge centered at φ∆=π. For an inclusive pt range the away-side is completely repre-

sented by function − cos(φ∆) that approximates a wide gaussian which narrows with

increasing pt [4]. The final component necessary to describe p+p data is a 2D exponen-

tial at the origin containing contributions from HBT in like-sign pairs and conversion

e± in unlike-sign pairs. To ensure the simplest possible fit function for Au+Au colli-
sions, we use these components from p+p collisions with only one additional cos(2φ∆)

quadrupole term to account for correlations conventionally attributed to elliptic flow

[6]. The eleven parameter fit function used for the correlation structures in figure 1 is

then:
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Figure 3. Same-side gaussian peak amplitude, η∆ width, and volume fits. Points
show eleven centrality bins for each energy (84-93%, 74-84%, 65-74%, 55-65%, 46-55%,
37-46%, 28-37%, 19-28%, 9-19%, 5-9%, and 0-5%) transformed to tranvserse density.

consistent with further minijet interactions, which may be possible due to path-length

considerations [9]. Finally, it is possible that the new correlation structures are due

to changes in minijet fragmentation. The trends in the data also suggest a lower pt

manifestation of the “ridge” [10], and these results may help to discriminate among the
many competing models of ridge formation.

The same-side peak volume gives the total number of correlated pairs, though

finding the particle yield requires estimating the average number of correlated structures

per event. Assuming each structure originates with a semi-hard parton and that semi-

hard scattering follows binary scaling, we estimate that 30% of all final-state hadrons

in central 200 GeV Au+Au collisions are associated with this same-side correlation.
As a source of correlated low momentum particles, minijets provide an extremely

sensitive probe of the collision system. The binary scaling reference represents one

extreme limit of a transparent medium, while the other extreme is a completely

thermalized system opaque to minijets [11]. These results call into question the existence

of the latter system at RHIC energies.
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Directed Flow

4

orbit relative to the detector, dN/dη distribution, hole
filling procedure, consistency of v1 result when rotated
by 180 degrees, magnetic field configuration and the sup-
pression correction determination. The systematic er-
ror from each source was estimated by varying that spe-
cific aspect within reasonable limits and quantifying the
change in the final v1 as a function of η. Also, the dif-
ference between the results from the symmetric subevent
method and an odd-order polynomial fit to the mixed
harmonic method was included in the systematic error.
The individual contributions were added in quadrature
to obtain the final systematic errors.

Historically, v1 has been defined to be positive (nega-
tive) at high positive (negative) η where spectator matter
is thought to dominate the signal [14]. We have preserved
that convention here, although it is important to note
that the spectator region falls outside of our acceptance
at the higher energies. Consequently, the regions of η
used to find the direction of ψ1 have varying spectator
content as the collision energy increases. Thus, it is nec-
essary to invert the sign of v1 at 130 and 200 GeV in order
to preserve the sign convention from the lower energies
and make a direct comparison of the shapes as a function
of energy, as shown in Fig. 2.

The results in Fig. 2 show the evolution of v1 as the col-
lision energy increases. All four energies exhibit a v1 sig-
nal passing smoothly through zero at η = 0 as expected,
indicating that there are no momentum conservation bi-
ases in the data. The v1 becomes more negative with η at
each energy, until a “turnover” point is reached, and the
v1 from both 19.6 and 62.4 GeV becomes positive at very
high pseudorapidities. This turnover at all energies and
the large signal seen at high |η| for the lower energies are
features uniquely observed by PHOBOS. These effects
may be due to protons and nuclear fragments taking over
from pions as the dominant contributors to the directed
flow signal at high |η|.

The results at 62.4 and 200 GeV are in qualitative
agreement with results from STAR [4, 5]. Both experi-
ments show v1 ∼ 0 for an extended region about midra-
pidity at 200 GeV, while |v1| increases as |η| increases.
At 62.4 GeV, PHOBOS observes a turnover of the v1

signal that occurs at smaller pseudorapidity than what
is reported in the STAR data. This may indicate that
v1 at high |η| is sensitive to the transverse momentum
range included in the measurement. Recall that PHO-
BOS measures protons down to p

T
∼ 10 MeV/c while

STAR has a cutoff at p
T
∼ 150 MeV/c.

Fig. 3 shows the directed flow where data points from
the positive and negative η regions have been averaged

together and plotted as a function of η′ = |η| − ybeam.
Since the directed flow curves are odd functions, the neg-
ative η region was multiplied by -1 before the averaging
was performed to avoid cancelation. Within the system-
atic errors (shown in Fig. 2), it appears that all curves
scale throughout the entire region of η′ overlap, showing
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FIG. 3: Directed flow, averaged over centrality (0–40%), as a
function of η′ = |η|− ybeam for four beam energies. The error
bars represent the 1σ statistical errors only.

that, within errors, the directed flow exhibits the longi-
tudinal scaling behavior already observed in the elliptic
flow [7] and charged particle multiplicity [15]. This con-
firms and expands on an earlier observation of this scaling
in the directed flow between RHIC and SPS results [5].

In summary, the pseudorapidity dependence of di-
rected flow has been measured for several collision en-
ergies. At each energy, the v1 signal is small at midra-
pidity and grows with increasing |η|. At very high |η|,
a turnover of v1 is observed, possibly due to protons
and nuclear fragments dominating the flow signal in this
range. When studied as a function of η′, v1 appears to
scale throughout the entire η′ overlap region at all ener-
gies.
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centrality bins studied, as shown in Fig. 4, and persists
even near mid-η (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cu+Cu is con-
siderably lower than in Au+Au [23]. Unlike v2/ε, the
ratio of the elliptic flow to the system initial eccentricity,
which scales with the particle density in the transverse
plane (1/S)dNch/dy [24] (also interpreted to be the mid-
rapidity area density [25] or the system length [26]), v1(η)
at a given centrality is found to be independent of the sys-
tem size, and varies only with the incident energy. The
different scalings for v2/ε and v1 might arise from the way
in which they are developed: to produce v2, many mo-
mentum exchanges among particles must occur (and the
number of momentum exchanges is related to the partic-
ipant density and the dimensions of the system), while to
produce v1, an important feature of the collision process
is that different rapidity losses need to occur (related to
the incident energy) for particles at different distances
from the center of the participant zone.

AMPT [27] lies consistently below the measured data,
as evident from Fig. 3. STAR’s prior v1 study [12] in
Au+Au at 62 GeV also showed this trend for AMPT
and other transport models. It is noteworthy that AMPT
does not exhibit the observed pattern of system-size in-
dependence. UrQMD [28] (not shown here) is similar to
AMPT in exhibiting a significant change in v1 between
Au+Au and Cu+Cu.
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FIG. 5: (color online) Charged particle v1 versus η − ybeam,
for 30− 60% Au+Au and Cu+Cu at 200 and 62.4 GeV. Only
statistical errors are shown.

Further scaling behavior is seen by transforming the
data presented in Fig. 3 into the projectile frame (see
Fig. 5), where zero on the horizontal axis corresponds to
the beam rapidity, ybeam, for each of the collision ener-
gies. Within three units from ybeam, most data points lie
on a universal curve for v1 versus η−ybeam. This incident-
energy scaling of directed flow has previously been re-
ported for Au+Au [12, 18], and it is now evident that
the limiting fragmentation hypothesis [29] holds even for
much lighter collision systems like Cu+Cu. AMPT ad-
heres less closely to limiting fragmentation for Cu+Cu.
Note that the quantity η− ybeam introduces some uncer-
tainty due to the use of η instead of rapidity; the lat-
ter requires particle identification. Longitudinal scaling
of scaled multiplicity distributions, dNch/dη/(Npart/2),
has been previously reported by the PHOBOS Collabo-
ration [30].

In summary, we have presented measurements of
charged-particle directed flow as a function of pt, η and
centrality in Au+Au and Cu+Cu collisions at

√
s

NN
=

200 and 62.4 GeV. The observed trend of decreasing v1

with increasing beam energy agrees with models and with
simple scaling arguments. The lack of system-size depen-
dence in v1 for Au+Au and Cu+Cu is quite remarkable
and is a feature not observed or predicted in any model.
The presented η-dependence of v1 provides further sup-
port for limiting fragmentation scaling by extending its
applicability to Cu+Cu. The observed pt-dependence of
directed flow motivates further theoretical investigations
and experimental measurements with identified particles.
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limiting fragmentation

Scales with fraction of
cross section (b/2R)



Baryochemical Potential

Te
m

p
er

at
ur

e

-2/3

2/3

-2/3

2/3

2/3

-1/3

2/3

2/3

-1/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

2/3

2/3

-1/3

2/3

2/3

-1/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

2/32/3

-1/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

-2/3

-2/3-2/3

-2/3

2/3

g

g
g

-1/3

-2/3

-2/3

-2/3

-2/3
-2/3

-2/3

2/3

-1/3

2/3

-2/3

2/3

-2/3

2/3

-2/3

-2/3

-2/3

-2/3

-2/3



AA
R

0.5

1

1.5  = 0.25 (GeV/c)Tp
 = 200 GeVNNs

AA
R

0.5

1

1.5  = 2.5
T

p

partN10 210

AA
R

0.5

1

1.5  = 4.25
T

p

 = 0.55Tp

 = 3.38
T

p

partN10 210

 = 5.25
T

p

 = 1.25Tp

PHOBOS Cu+Cu
PHOBOS Au+Au
PHENIX Au+Au

 = 3.88
T

p

partN10 210

 = 6.25
T

p
PQM (Cu+Cu)

PQM (Au+Au)



Total Multiplicity Systematics

)!
/2

pa
rt

N"(/!
chN"

0

10

20

30

40

(a)

p) inel.ppp(
p) NSDppp(

/2)sp) (@ ppp(
 Data-e+e

-e+Fit to e
PHOBOS
PHOBOS interp.
NA49(SPS)
E895(AGS)
d+Au

/2) sd+Au(@ 

 (GeV)NNs AND s
1 10 210 310

 F
it

- e+
 / 

e
!

chN"

0.5

1

(b)



Experimental
Observable

Theoretical
Tools Physics

Nuclear 
PDFs

Particle 
multiplicities, 

monojets

Color Glass
Condensate

(Parton Saturation)

High-density
pQCD

Hard 
Processes

Jets, Photons,
Heavy Quarks & 

Onia, Z&W
pQCD QCD in medium

(non-) Ideal 
Hydrodynamics

3+1D Hydro
Initial conditions

Equation of State
(Degrees of 
Freedom)

Hadron 
Freezeout

Particle yields,
correlations,
fluctuations

Statistical models,
Cluster models

Hadronization

d3N

dηdφdpT

Global variables provide access to full range of evolution history



Experimental
Observable

Theoretical
Tools Physics

Nuclear 
PDFs

Particle 
multiplicities, 

monojets

Color Glass
Condensate

(Parton Saturation)

High-density
pQCD

Hard 
Processes

Jets, Photons,
Heavy Quarks & 

Onia, Z&W
pQCD QCD in medium

(non-) Ideal 
Hydrodynamics

3+1D Hydro
Initial conditions

Equation of State
(Degrees of 
Freedom)

Hadron 
Freezeout

Particle yields,
correlations,
fluctuations

Statistical models,
Cluster models

Hadronization

d3N

dηdφdpT

Global variables provide access to full range of evolution history



RHIC Energies

 (GeV/c)Tp
0 1 2 3 4

2v

0

0.1

0.2

0.3 (a)

 (GeV)TKE
0 1 2 3

(b) (PHENIX)-π++π
 (PHENIX)-+K+K

 (STAR)S
0K

 (PHENIX)pp+
 (STAR)Λ+Λ
 (STAR)+Ξ+-Ξ

Elliptic Flow for Identified Particles

Phys.Rev.Lett.98:162301,2007

KET = mT −m


