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A Grand Opportunity
• By colliding “nuclear pancakes” (nuclei Lorentz contracted

by γ ∼ 100 and now γ ∼ 1400), RHIC and now the LHC
are making little droplets of “Big Bang matter”: the stuff
that filled the whole universe for the first few microsec-
onds after the Big Bang.

• Using five detectors (PHENIX & STAR @ RHIC; ALICE,
ATLAS & CMS @ LHC) scientists are answering ques-
tions about the microseconds-old universe that cannot be
addressed by any conceivable astronomical observations
made with telescopes and satellites.

• And, the properties of the matter that filled the microsec-
ond old universe turn out to be interesting. The Liquid
Quark-Gluon Plasma shares common features with forms
of matter that arise in condensed matter physics, atomic
physics and black hole physics, and that pose challenges
that are central to each of these fields.













Quark-Gluon Plasma
• The T →∞ phase of QCD. Entropy wins over order; sym-

metries of this phase are those of the QCD Lagrangian.

• Asymptotic freedom tells us that, for T →∞, QGP must
be weakly coupled quark and gluon quasiparticles.

• Lattice calculations of QCD thermodynamics reveal a
smooth crossover, like the ionization of a gas, occur-
ring in a narrow range of temperatures centered at a
Tc � 175 MeV � 2 trillion ◦C ∼ 20 µs after big bang. At
this temperature, the QGP that filled the universe broke
apart into hadrons and the symmetry-breaking order that
characterizes the QCD vacuum developed.

• Experiments now producing droplets of QGP at temper-
atures several times Tc, reproducing the stuff that filled
the few-microseconds-old universe.



QGP Thermodynamics on the
Lattice

Endrodi et al, 2010

Transition temperature Equation of state Curvature on µ–T Summary

Pressure and energy density

� normalized to the Stefan-Boltzmann limit: �(T→∞)=15.7
at 1000 MeV still 20% difference to the Stefan-Boltzmann value

essentially perfect scaling, lines/points are lying on top of each other

Z. Fodor Tc , EoS and the curvature of the phase diagram from lattice QCD (Wuppertal-Budapest results)

Transition temperature Equation of state Curvature on µ–T Summary

Entropy and trace anomaly

good agreement with the HRG model up to the transition region
Tc can be defined as the inflection point of the trace anomaly

Inflection point of I(T )/T 4 154(4) MeV
T at the maximum of I(T )/T 4 187(5) MeV
Maximum value of I(T )/T 4 4.1(1)

agreement with Aoki, Fodor, Katz, Szabo, JHEP 0601, 089 (2006) [arXiv:hep-lat/0510084]

Z. Fodor Tc , EoS and the curvature of the phase diagram from lattice QCD (Wuppertal-Budapest results)

Above Tcrossover ∼ 150-200 MeV, QCD = QGP. QGP static
properties can be studied on the lattice.
Lesson of the past decade: don’t try to infer dynamic prop-
erties from static ones. Although its thermodynamics is al-
most that of ideal-noninteracting-gas-QGP, this stuff is very
different in its dynamical properties. [Lesson from exper-
iment+hydrodynamics. But, also from the large class of
gauge theories with holographic duals whose plasmas have ε
and s at infinite coupling 75% that at zero coupling.]
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Liquid Quark-Gluon Plasma
• Hydrodynamic analyses of RHIC data on how asymmet-

ric blobs of Quark-Gluon Plasma expand (explode) have

taught us that QGP is a strongly coupled liquid, with

(η/s) — the dimensionless characterization of how much

dissipation occurs as a liquid flows — much smaller than

that of all other known liquids except one.

• The discovery that it is a strongly coupled liquid is what

has made QGP interesting to a broad scientific commu-

nity.

• Can we make quantitative statements, with reliable error

bars, about η/s?

• Does the story change at the LHC?



Ultracold Fermionic Atom Fluid
• The one terrestrial fluid with η/s comparably small to that

of QGP.

• NanoKelvin temperatures, instead of TeraKelvin.

• Ultracold cloud of trapped fermionic atoms, with their

two-body scattering cross-section tuned to be infinite. A

strongly coupled liquid indeed. (Even though it’s conven-

tionally called the “unitary Fermi gas”.)

• Data on elliptic flow (and other hydrodynamic flow pat-

terns that can be excited) used to extract η/s as a func-

tion of temperature. . .



Viscosity to entropy density ratio

consider both collective modes (low T)

and elliptic flow (high T)

Cao et al., Science (2010)

η/s ≤ 0.4
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Motion Is Hydrodynamic

x

y
z

When does thermalization occur? 
Strong evidence that final state bulk behavior 
reflects the initial state geometry

Because the initial azimuthal asymmetry
persists in the final state
dn/d ~ 1 + 2 v2(pT) cos (2 ) + ...

2v2

This old slide (Zajc, 2008) gives a sense of how data and hydro-
dynamic calculations of v2 are compared, to extract η/s.



Rapid Equilibration?
• Agreement between data and hydrodynamics can be spoiled

either if there is too much dissipation (too large η/s) or

if it takes too long for the droplet to equilibrate.

• Long-standing estimate is that a hydrodynamic descrip-

tion must already be valid only 1 fm after the collision.

• This has always been seen as rapid equilibration. Weak

coupling estimates suggest equilbration times of 3-5 fm.

And, 1 fm just sounds rapid.

• But, is it really? How rapidly does equilibration occur in

a strongly coupled theory?



Colliding Strongly Coupled Sheets of Energy

zµ
tµ

E/µ4

Hydrodynamics valid ∼ 3 sheet thicknesses after the collision, i.e. ∼ 0.35

fm after a RHIC collision. Equilibration after ∼ 1 fm need not be thought

of as rapid. Chesler, Yaffe 1011.3562; generalized in C-S,H,M,vdS 1305.4919;

CY 1309.1439 Similarly ‘rapid’ hydrodynamization times (τT � 0.7 − 1)

found for many non-expanding or boost invariant initial conditions. Heller

and various: 1103.3452, 1202.0981, 1203.0755, 1304.5172



Determining η/s from RHIC data
• Using relativistic viscous hydrodynamics to describe ex-

panding QGP, microscopic transport to describe late-
time hadronic rescattering, and using RHIC data on pion
and proton spectra and v2 as functions of pT and impact
parameter. . .

• Circa 2010/2011: QGP@RHIC, with Tc < T � 2Tc, has
1 < 4πη/s < 2.5. [Largest remaining uncertainty: assumed
initial density profile across the “almond”.] Song, Bass,

Heinz, Hirano, Shen arXiv:1101.4638

• 4πη/s ∼ 104 for typical terrestrial gases, and 10 to 100 for
all known terrestrial liquids except one. Hydrodynamics
works much better for QGP@RHIC than for water.

• 4πη/s = 1 for any (of the by now very many) known
strongly coupled gauge theory plasmas that are the “holo-
gram” of a (4+1)-dimensional gravitational theory “heated
by” a (3+1)-dimensional black-hole horizon.





What changes at the LHC?
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ALICE CMS

v2(pT ) for charged hadrons similar at LHC and RHIC. At
zeroth order, no apparent evidence for any change in η/s.
The hotter QGP at the LHC is still a strongly coupled liquid.

Quantifying this, i.e. constraining the (small) temperature
dependence of η/s in going from RHIC to LHC, requires
separating effects of η/s from effects of initial density profile
across the almond.



Determining the Shear Viscosity of QGP:

Using Fluctuations to Beat Down the Initial State Uncertainties
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1. Characterize energy density with ellipse

Elliptic Shape gives elliptic flow

v2 = �cos 2φp�

2. Around almond shape are fluctuations

Triangular Shape → v3 Alver, Roland, 2010

v3 = �cos 3(φp −Ψ3)�

3. Hot-spots give correlated higher harmonics

vn = �cos n(φp −Ψn)�
Different harmonics depend differently on hot-spot size, damped differently by viscosity, and

depend differently on system size, momentum. Experimental data on magnitude and

correlations of higher harmonics can vastly overconstrain hydrodynamic predictions for QGP,

and hence determination of η/s. Maybe even η/s(T ). A flood of data in 2011 and 2012.

Slide adapted from Teaney; image from Schenke, Jeon, Gale.
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PHENIX  Flow  talk  at  Quark  Matter  2011,  May  24,  Annecy,  France ShinIchi  Esumi,  Univ.  of  Tsukuba 6

arXiv:1105.3928

charged  particle  vn :  | |<0.35
reaction  plane   n :  | |=1.0~2.8(1) v3 is  comparable  to  v2 at  0~10%  

(2) weak  centrality  dependence  on  v3
(3)    v4{ 4}  ~  2  x  v4{ 2}

All  of  these  are  consistent  
with  initial  fluctuation.

v2{ 2},  v3{ 3},  v4{ 4}  at  200GeV  Au+Au
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Other Harmonics

)c (GeV/
t

p
0 1 2 3 4 5

nv

0

0.1

0.2

0.3

Centrality 30-40%
{2}2v
{2}3v
{2}4v
{2}5v

/s = 0.0) (2v
/s = 0.08) (2v
/s = 0.0) (3v
/s = 0.08) (3v

Model: Schenke et al, hydro,
       Glauber init. conditions > 0.2full: 

 > 1.0open: A
LIC

E C
ollaboration, arX

iv:1105.3865

see presentation A. Bilandzic

The overall dependence of v2 and v3 is described
However there is no simultaneous description with a 
single η/s of v2 and v3 for Glauber initial conditions



The full harmonic spectrum  

Julia Velkovska (Vanderbilt)                    CMS Flow results, Quark Matter 2011  23 

vn vs Npart shows different trends:  
even harmonics have similar centrality dependence: 

 decreasing  0 with increasing  Npart  
v3 has weak centrality dependence, finite for central collisions  



Higher  Order  Flow  Harmonics  (v2-‐v6)  

10 

v n 
v n

 

Central  

Peripheral  

ATLAS,  Phys.  Rev.  C  86,  014907  (2012)  

Significant  v2   6    are  measured  in  broad  range  of  pT,     and  centrality  
pT  dependence  for  all  measured  amplitudes  show  similar  trend  
Stronger  centrality  dependence  of  v2  than  higher  order  harmonics  
In  most  central  collisions  (0-‐5%):  v3,  v4  can  be  larger  than  v2  

v n
 



Power  spectra  in  azimuth  angle 19

vn vs  n  for  n=1-15  in  0-5%  most  central  collisions  and  2.0-3.0  GeV

Significant  v2-v6 signal,  
higher  order  consistent  with  0

n,
n

v

-510

-410

-310

-210 same  charge
opp  charge
all
|<5,  2.0-3.0  GeV2<|
0-5%

-1b  Ldt  =  8  

ATLAS Preliminary

nv
-210

-110

|<5,  2.0-3.0  GeV2<|
0-5%

same  charge
opp  charge
all

-1b  Ldt  =  8  

ATLAS Preliminary

n0 5 10 15
-50
0
50

-610

n0 5 10 15
-5
0
5

-310

The  error  on  vn n,n is  highly  non-Gaussian  

Damping  of  higher  order  harmonics  



Paul  Sorensen  for  the  STAR  Collaboration

✩STAR

✩STAR

vn2{2}  vs  n  for  0-2.5%  Central

7

vn{4}  is  zero  for  0-2.5%  central:  look  at  v22{2}  vs  n  to  extract  the  power  spectrum  in  
nearly  symmetric  collisions

Fit  by  a  Gaussian  except  for  n=1.  The  width  can  be  related  to  length  scales  like  

-flow

This  is  the  Power  Spectrum  of  Heavy-Ion  Collisions

STAR  Preliminary

P.  Staig  and  E.  Shuryak,  arXiv:1008.3139  [nucl-th]
A.  Mocsy,  P.  S.,  arXiv:1008.3381  [hep-ph]

A.  Adare  [PHENIX],  arXiv:1105:3928



Early Responses to Flood of Data
• v2 alone indicates η/s roughly same at LHC as at RHIC.

• Full-scale relativistic viscous hydrodynamics calculations,

with systematic exploration of initial-state fluctuations,

and treatment of the late-stage hadron gas are being

done by many groups, but will take a little time. Early,

partial, analyses indicate that flood of data on v3...6 will

tighten the determination of η/s significantly. Eg. . .

• Measurements of v3 and v2 together allow separation of

effects of η/s from effects of different shapes of the initial

density profile.

• The higher vn’s are sensitive to the size of the density

fluctuations, and to η/s.

• Systematic, state-of-the-art, analyses are coming, but

take longer. The shape of things to come . . .



Using v3 and v2 to extract η/s 3
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MC-KLN η/s = 0.20 (b)
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MC-Glb. η/s = 0.08 (d)

ALICE v3{2}/ε3{2}
MC-Glb. v3/ε̄3

FIG. 3: Eccentricity-scaled, pT -integrated v2,3 for the hydrodynamically evolved MC-KLN (a,b) and MC-Glauber (c,d) models,
compared with ALICE v2,3 data for 2.76 ATeV Pb-Pb collisions [25] scaled by their corresponding eccentricities (see text).

harder than those from MC-Glauber initial conditions.
This is a consequence of larger radial flow caused by
larger transverse viscous pressure gradients in the MC-
KLN case where the fluid is taken to have 2.5 times larger
shear viscosity than for the MC-Glauber simulations, in
order to obtain the same elliptic flow [4, 6]. In periph-
eral collisions these viscous effects are stronger than in
more central collisions where the fireball is larger [48].
As shown in [21, 49], event-by-event evolution of fluctu-
ating initial conditions generates, for small values of η/s,
flatter hadron spectra than single-shot hydrodynamics,
especially in peripheral collisions, due to stronger radial
flow driven by hot spots in the fluctuating initial states.
Proper event-by-event evolution of the latter is there-
fore expected to reduce the difference between the MC-
Glauber and MC-KLN curves in Fig. 1(b) since this effect
is relatively strong for η/s =0.08 (MC-Glauber) [21] but
almost absent for η/s =0.2 (MC-KLN) [42].

3. pT -integrated elliptic and triangular flow. In Fig-
ure 2 we compare our pT -integrated v2 and v3 as func-
tions of centrality with ALICE v2{2}, v2{4}, v3{2}, and
v3{4} data, extracted from 2- and 4-particle correlations
[25]. For both models, v2,3 from averaged smooth ini-
tial conditions lie between the experimental v2,3{2} and
v2,3{4} values. This is consistent with the theoretical ex-
pectation [50, 51] that vn{2} (vn{4}) is shifted up (down)
relative to the average flow by event-by-event flow fluc-
tuations and was also found elsewhere [6, 8, 13]. Upon
closer inspection, however, and recalling that ideal single-
shot hydrodynamics with smooth initial condition was
shown [21] to generate v2 similar to v2{2} from the cor-
responding event-by-event evolution, it seems that the
MC-KLN is favored since it produces v2 results closer
to the v2{2} data. Unfortunately, a similar argument
using v3 can be held against the MC-KLN model. To
eliminate the interpretation difficulties associated with a
comparison of average flows from single-shot evolution of
averaged initial conditions with data affected irreducibly

by naturally existing event-by-event fluctuations, we pro-
ceed to a comparison of eccentricity-scaled flow coeffi-
cients.

Assuming linear response of v2,3 to their respective ec-
centricities ε2,3 (which was found to hold with reason-
able accuracy for v2 and v3 but not for higher order
anisotropic flows [21]), we follow [52] and scale the flow
v2,3 from single-shot hydrodynamics by the eccentricity
ε̄2,3 of the ensemble-averaged smooth initial energy den-
sity, while scaling the experimental v2,3{2} and v2,3{4}
data by the corresponding fluctuating eccentricity mea-
sures ε2,3{2} and ε2,3{4}, respectively, calculated from
the corresponding models. In [42] we justify this proce-
dure for v2,3{2} and v2{4} and also show that it fails for
v3{4}/ε3{4} since this ratio is found to differ strongly
from v3/ε̄3.

The eccentricity-scaled elliptic and triangular flow co-
efficients for the MC-KLN and MC-Glauber models are
shown in Figs. 3(a,b) and 3(c,d), respectively, and com-
pared with the corresponding data from ALICE. The
first thing to note is the impressively accurate agreement
between the experimentally measured v2{2}/ε2{2} and
v2{4}/ε2{4}, showing that for elliptic flow the idea of
scaling “each flow with its own eccentricity” [52] works
very well. The same is not true for v3{2}/ε3{2} and
v3{4}/ε3{4} for which the experimental do not at all
agree (not shown), nor are they expected to [42]. Sec-
ondly, both v2{2}/ε2{2} and v2{4}/ε2{4} measured by
ALICE agree well with the viscous hydrodynamic calcu-
lations, for both the MC-Glauber and MC-KLN models,
confirming that for each model the correct value of η/s
has been used as far as elliptic flow is concerned.

The bottom panels in Fig. 3 show the triangular flow
v3. Clearly, with the viscosities needed to reproduce
v2, the MC-KLN model badly disagrees with the ex-
perimental data. The measured triangular flow is too
big to accommodate a specific shear viscosity as large as
0.2. Within the present approach, the only possibility to

An example calculation showing LHC data on v2 alone can

be fit well with η/s = .08 and .20, by starting with different

initial density profiles, both reasonable. But, v3 breaks the

“degeneracy”. Qiu, Shen, Heinz 1110.3033



Early Responses to Flood of Data
• v2 alone indicates η/s roughly same at LHC as at RHIC.

• Full-scale relativistic viscous hydrodynamics calculations,

with systematic exploration of initial-state fluctuations,

and treatment of the late-stage hadron gas are being

done by many groups, but will take a little time. Early,

partial, analyses indicate that flood of data on v3...6 will

tighten the determination of η/s significantly. Eg. . .

• Measurements of v3 and v2 together allow separation of

effects of η/s from effects of different shapes of the initial

density profile.

• The higher vn’s are sensitive to the size of the density

fluctuations, and to η/s.

• Systematic, state-of-the-art, analyses are coming, but

take longer. The shape of things to come . . .



Hydrodynamic evolution
Given the initial energy density distribution we solve

∂µT
µν = 0

Tµν = (�+ P )uµuν − Pgµν + πµν

using only shear viscosity: πµ
µ = 0

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal η/s = 0.16

evolve to

τ = 6 fm/c

Björn Schenke (BNL) QM2012 4/19



Flow analysis B. Schenke, S. Jeon, C. Gale, Phys. Rev. C85, 024901 (2012)

After Cooper-Frye freeze-out and resonance decays
in each event we compute
vn = �cos[n(φ− ψn)]�
with the event-plane angle ψn = 1

n arctan �sin(nφ)�
�cos(nφ)�

Sensitivity of event averaged vn on
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Event-by-event distributions of vn
comparing to all new ATLAS data:
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-114/

see talk by Jiangyong Jia in Session 4A, today, 11:20 am
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Example of State-of-the-art
Gale, Jeon, Schenke, Tribedy, Venugopalan, 2013
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FIG. 1. (Color online) Gluon multiplicity distribution in the
IP-Glasma model.
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FIG. 2. (Color online) Identified particle transverse momen-
tum spectra including all resonances up to 2GeV compared
to experimental data from the ALICE collaboration [31].

ion experiments [29]. The gluon multiplicity distribution
is shown in Fig. 1. Centrality classes are determined from
the fraction of the integral over this distribution, begin-
ning with integrating from the right. As a consequence
of implementing this centrality selection, we properly ac-
count for impact parameter and multiplicity fluctuations.

Because entropy is produced during the viscous hydro-
dynamic evolution, we need to adjust the normalization
of the initial energy density commensurately to describe
the final particle spectra [30]. The obtained pT -spectra
of pions, kaons, and protons are shown for 0-5% central
collisions at

√
s = 2.76 TeV/nucleon, using η/s = 0.2,

in Fig. 2, and compared to data from ALICE [31]. The
results are for averages over only 20 events in this case,
but statistical errors are smaller than the line width for
the spectra. Overall, the agreement with experimental
data is good. However, soft pions at pT < 300 MeV are
underestimated.

We determine v1 to v5 in every event by first deter-
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FIG. 3. (Color online) Root-mean-square anisotropic flow co-
efficients �v2

n�1/2 as a function of transverse momentum, com-
pared to experimental data by the ATLAS collaboration using
the event plane (EP) method [4] (points). 200 events. Bands
indicate statistical errors. Experimental error bars are smaller
than the size of the points.

mining the exact event plane [32]

ψn =
1
n

arctan
�sin(nφ)�
�cos(nφ)� , (1)

and then computing

vn(pT ) = �cos(n(φ − ψn))�

≡
�

dφf(p⊥, φ) cos(n(φ− ψn))�
dφf(p⊥, φ)

, (2)

where f(p⊥, φ) are the thermal distribution functions ob-
tained in the Cooper-Frye approach (with additional con-
tributions from resonance decays).

We first present the root-mean-square (rms) vn(pT ) for
10− 20% central collisions and compare to experimental
data from the ATLAS collaboration [4] in Fig. 3. Agree-
ment for v2-v5 is excellent. We note that the vn from
the experimental event plane method do not exactly cor-
respond to the rms values, but lie somewhere between
the mean and the rms values. In this regard, a better
comparison is the pT -integrated rms vn to the ALICE
vn{2} results–which correspond to the rms values. Ex-
cellent agreement over the whole studied centrality range
is achieved for the experimentally available v2, v3 and v4,
as shown in Fig. 4.

We studied the effect of initial transverse flow included
in our framework by also computing vn(pT ) with uµ set
to zero at time τswitch. The effect on hadron anisotropic
flow turns out to be extremely weak - results agree within
statistical errors. Because photons are produced early
on in the collision, we expect a greater effect on photon
anisotropic flow; this will be examined in a subsequent
work. We emphasize that pre-equilibrium dynamics that
is not fully accounted for may still influence the amount
of initial transverse flow.
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FIG. 4. (Color online) Root-mean-square anisotropic flow co-
efficients �v2

n�1/2, computed as a function of centrality, com-
pared to experimental data of vn{2}, n ∈ {2, 3, 4}, by the
ALICE collaboration [3] (points). Results are for 200 events
per centrality with bands indicating statistical errors.
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FIG. 5. (Color online) Comparison of vn(pT ) using two dif-
ferent switching times τswitch = 0.2 fm/c (wide), and 0.4 fm/c
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ing the event-plane (EP) method [4] (points). Bands indicate
statistical errors.

The effect of changing the switching time from
τswitch = 0.2 fm/c to τswitch = 0.4 fm/c is shown in Fig. 5.
Results agree within statistical errors, but tend to be
slightly lower for the later switching time. The nonlinear
interactions of classical fields become weaker as the sys-
tem expands and therefore Yang-Mills dynamics is less
effective than hydrodynamics in building up flow at late
times. Yet it is reassuring that there is a window in time
where both descriptions produce equivalent results.

Because a constant η/s is at best a rough effective
measure of the evolving shear viscosity to entropy den-
sity ratio, we present results for a parametrized temper-
ature dependent η/s, following [33]. We use the same
parametrization (HH-HQ) as in [33, 34] with a minimum
of η/s(T ) = 0.08 at T = Ttr = 180 MeV. The result,
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FIG. 6. (Color online) Comparison of vn(pT ) using con-
stant η/s = 0.2 and a temperature dependent η/s(T ) as
parametrized in [33]. Experimental data by the ATLAS col-
laboration using the event-plane (EP) method [4] (points).
Bands indicate statistical errors.

compared to η/s = 0.2 is shown for 20−30% central col-
lisions in Fig. 6. The results are indistinguishable when
studying just one collision energy. The insensitivity of
our results to two very different functional forms may
suggest that a very large fraction of the magnitude of
the flow coefficients is built up at later times when η/s
is very small. Also, since second order viscous hydrody-
namics breaks down when Πµν is comparable to the ideal
terms, our framework may be inadequate for large values
of η/s.

At top RHIC energy, as shown in Fig. 7, the experi-
mental data from STAR [35] and PHENIX [1] is well de-
scribed when using a constant η/s = 0.12, which is about
40 % smaller than the value at LHC. A larger effective η/s
at LHC than at RHIC was also found in [36]. The tem-
perature dependent η/s(T ) used to describe LHC data
works well for low-pT RHIC data, but underestimates
v2(pT ) and v3(pT ) for pT > 1 GeV. The parametrizations
of η/s(T ) in the literature are not definitive and signif-
icant improvements are necessary. Our studies suggest
great potential for extracting the temperature dependent
properties of QCD transport coefficients by performing
complementary experiments extracting flow harmonics at
both RHIC and LHC.

In Fig. 8 we present results for v1(pT ) compared to ex-
perimental data from ALICE [37], extracted in [39], and
from ATLAS [38]. v1(pT ) cannot be positive definite be-
cause momentum conservation requires �v1(pT )pT � = 0.
There is a disagreement between the experimental results
(discussed in [38]) and between theory and experiment at
LHC. On the other hand, v1(pT ) at RHIC is very well re-
produced (see Fig. 7). One possible explanation for the
data crossing v1(pT ) = 0 at a lower pT than the calcu-
lation at LHC could be the underestimation of the pion
pT -spectra at very low pT – see Fig. 2. However, this is
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FIG. 8. (Color online) v1(pT ) compared to experimental data
from the ALICE [37] and ATLAS [38] collaborations.

not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that

Good fit to RHIC data (with η/s = 0.12) and LHC data (with
η/s = 0.20) for one model of initial fluctuations.
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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FIG. 9. (Color online) Scaled distributions of v2, v3, and v4

(from top to bottom) compared to experimental data from
the ATLAS collaboration [40, 41]. 1300 events. Bands are
systematic experimental errors.

tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that

And vn-fluctuations in the final state too. . .

Systematic use of data to constrain initial fluctuations under
investigation by several groups.



QGP cf CMB
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C. The Science of Quark-Gluon Plasma  720 
 721 
A look backwards in time reveals a universe at higher and higher temperatures. Just a microsec-722 
ond after the big bang, the entire universe was millions of times hotter than the center of the sun. 723 
As the infant universe cooled, it passed through various phase transitions, just as steam condens-724 
es to water and then freezes to ice. Above some almost unimaginably high temperature, it is pos-725 
sible that all known forces of nature were unified. A few microseconds after the big bang, the 726 
forces of nature were as we know them today but, because the universe was many trillions of de-727 
grees hot, the matter that filled it was still unrecognizable: no protons or neutrons had yet 728 
formed, therefore no nuclei, no atoms, and no molecules. The entire universe existed as a pri-729 
mordial fluid of quarks and gluons, called quark-gluon plasma, until after about 20 microseconds 730 
it "condensed", forming protons and neutrons, the first complex structures in the universe. 731 
 732 
The most powerful accelerators in the world today are capable of colliding nuclei at such high 733 
energies that they can recreate droplets of the quark-gluon plasma that filled the microseconds-734 
old universe, making it possible to study its properties in the laboratory and answer questions 735 
about the nature of the new-born universe that will never be accessible via astronomical observa-736 
tion. The formation of protons and neutrons from quark-gluon plasma is likely to be the earliest 737 
scene in the history of the universe that will ever be re-enacted in the laboratory. Each nuclear 738 
collision at RHIC makes a droplet of quark-gluon plasma, exploding in a "little bang" which rec-739 
reates the transition by which the first protons and neutrons were formed. These experi-740 
ments allow us to see the essence of the fundamental nuclear force, as described via the theory of 741 
QCD. Although the analysis of the experiments is challenging due to the short lifetime and small 742 
size of these droplets, we have the advantage of billions of little bangs to study as well as a sur-743 
prising degree of control over their initial conditions.  744 
 745 

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 746 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 747 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 748 



QGP cf CMB
• In cosmology, initial-state quantum fluctuations, processed

by hydrodynamics, appear in data as c�’s. From the c�’s,

learn about initial fluctuations, and about the “fluid” —

eg its baryon content.

• In heavy ion collisions, initial state quantum fluctuations,

processed by hydrodynamics, appear in data as vn’s. From

vn’s, learn about initial fluctuations, and about the QGP

— eg its η/s, ultimately its η/s(T ) and ζ/s.

• Cosmologists have a huge advantage in resolution: c�’s

up to � ∼ thousands. But, they have only one “event”!

• Heavy ion collisions only up to v6 at present. But they

have billions of events. And, they can do controlled varia-

tions of the initial conditions, to understand systematics. . .



New Experiments
• In Au-Au collisions, varying impact parameter gives you

one slice through the parameter space of shape and den-
sity. New experiments will bring us closer to independent
control of shape and density.

• Uranium-Uranium collisions at RHIC. Uranium nuclei are
prolate ellipsoids. When they collide “side-on-side”, you
get elliptic flow at zero impact parameter, ie at higher
energy density.

• Copper-Gold collisions at RHIC. Littler sphere on bigger
sphere. At nonzero impact parameter, get triangularity,
and v3, even in the mean. Not just from fluctuations.

• Both will provide new ways to understand systematics
and disentangle effects of η/s. Data from first runs of
each being analyzed.

• And, proton-Pb collisions at the LHC? Could such a small
droplet of stuff behave hydrodynamically? Surely not. . .



Gunther Roland                                    International Conference on the Initial Stages of High-Energy Nuclear Collisions              Illa da Toxa September 2013

Direct comparison of v2 in pPb and PbPb

v2 shows similar shape in pPb and PbPb, but is smaller in pPb

v2{4} is only 20% smaller than v2{2} below 2 GeV/c 

“Peripheral subtraction” has small effect at high multiplicity

Dash-dot line: peripheral subtracted

PbPb

pPb

multiplicity

6

CMS Phys. Lett. B 724 (2013) 213 ATLAS v2{4}:  Phys. Lett. B 725 (2013)

http://dx.doi.org/10.1016/j.physletb.2013.06.057
http://dx.doi.org/10.1016/j.physletb.2013.06.057


Gunther Roland                                    International Conference on the Initial Stages of High-Energy Nuclear Collisions              Illa da Toxa September 2013

Triangular flow vs multiplicity 
rather similar in pPb vs PbPb 

CMS 

Phys. Lett. B 724 (2013) 213 

Direct comparison of v3 in pPb and PbPb



Gunther Roland                                    International Conference on the Initial Stages of High-Energy Nuclear Collisions              Illa da Toxa September 20138

Mass-ordering of v2 vs pT seen in pPb, similar to PbPb

ALICE

arXiv:1307.3237! 

PID correlations in pPb vs PbPb



Hydrodynamics in pPb collisions?
• Almost nobody expected this. pPb collisions supposed to

be a control experiment. Too small for hydrodynamics.

• But, how large is the ‘hot-spot’ made when a proton
blasts through a nucleus? Maybe as large as 2-3 fm
across?? [Bozek] Hydrodynamics can work if equilibration
time much less than this. This is the case in the strongly
coupled plasmas with a holographic description. Further
evidence for the strongly coupled liquid nature of QGP?

• What are we selecting for when we select high multiplic-
ity pPb collisions? Not just impact parameter. Quantum
fluctuations of the proton important? Maybe we are se-
lecting ‘fat protons’?

• And, PHENIX has now gone back, looked for, and found
v2 in d-Au collisions at RHIC.

• Experimental and theoretical investigations still in progress.
Systematic investigation of initial conditions now requires
confronting PbPb and pPb data at LHC and RHIC.



Why care about the value of η/s?
• Here is a theorist’s answer. . .

• Any gauge theory with a holographic dual has η/s = 1/4π
in the large-Nc, strong coupling, limit. In that limit, the
dual is a classical gravitational theory and η/s is related
to the absorption cross section for stuff falling into a
black hole. If QCD has a dual, since Nc = 3 it must be a
string theory. Determining (η/s) − (1/4π) would then be
telling us about string corrections to black hole physics,
in whatever the dual theory is.

• For fun, quantum corrections in dual of N = 4 SYM give:

η

s
=

1

4π

�

1 +
15 ζ(3)

(g2Nc)3/2
+

5

16

(g2Nc)1/2

N2
c

+ . . .

�

Myers, Paulos, Sinha

with 1/N2
c and Nf/Nc corrections yet unknown. Plug in

Nc = 3 and α = 1/3, i.e. g2Nc = 12.6, and get η/s ∼ 1.73/4π.
And, s/sSB ∼ 0.81, near QCD result at T ∼ 2− 3Tc.

• A more serious answer. . .



Beyond Quasiparticles
• QGP at RHIC & LHC, unitary Fermi “gas”, gauge the-

ory plasmas with holographic descriptions are all strongly
coupled fluids with no apparent quasiparticles.

• In QGP, with η/s as small as it is, there can be no
‘transport peak’, meaning no self-consistent description
in terms of quark- and gluon-quasiparticles. [Q.p. de-
scription self consistent if τqp ∼ (5η/s)(1/T )� 1/T .]

• Other “fluids” with no quasiparticle description include:
the “strange metals” (including high-Tc superconductors
above Tc); quantum spin liquids; matter at quantum crit-
ical points;. . .

• Emerging hints of how to look at matter in which quasi-
particles have disappeared and quantum entanglement is
enhanced: “many-body physics through a gravitational
lens.” Black hole descriptions of liquid QGP and strange
metals are continuously related! But, this lens is at
present still somewhat cloudy. . .



A Grand Challenge
• How can we clarify the understanding of fluids without

quasiparticles, whose nature is a central mystery in so
many areas of science?

• We have two big advantages: (i) direct experimental ac-
cess to the fluid of interest without extraneous degrees
of freedom; (ii) weakly-coupled quark and gluon quasi-
particles at short distances.

• We can quantify the properties and dynamics of Liquid
QGP at it’s natural length scales, where it has no quasi-
particles.

• Can we probe, quantify and understand Liquid QGP at
short distance scales, where it is made of quark and gluon
quasiparticles? See how the strongly coupled fluid emerges
from well-understood quasiparticles at short distances.

• The LHC and newly upgraded RHIC offer new probes and
open new frontiers.



Jet Quenching at the LHC
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A very large effect at the LHC. 200 GeV jet back-to-back
with a 70 GeV jet. A strongly coupled plasma indeed. . ..
Jet quenching was discovered at RHIC (via the associated
diminution in the number of high-pT hadrons) but here it is
immediately apparent in a single event.



Jet Quenching @ LHC
• Jet quenching apparent at the LHC, eg in events with,

say, 205 GeV jet back-to-back with 70 GeV jet.

• But, the 70 GeV jet looks almost like a 70 GeV jet in
pp collisions. It has lost a lot of energy passing through
the QGP but emerges looking otherwise ordinary. Al-
most same fragmentation function; almost same angular
distribution. The “missing” energy is not in the form of
a spray of softer particles in and around the jet.

• Also, 70 GeV jet seems to be back-to-back with the 205
GeV jet; no sign of transverse kick.

• The “missing” energy is in the form of many ∼ 1 GeV
particles at large angle to the jet direction.

• Interestingly, STAR, PHENIX and ALICE may see evi-
dence that lower energy jets emerge surrounded by their
debris.
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Near-side (jet-like) structure 

13 August 2012    Overview of ALICE   K.Safarik 

N.Armesto et al., PRL 93, 242301 
16 

Isolation of near-side peak: 
+!–+, correlation with trigger 
Long-range (large +!)  correlation  
used as proxy for background -!)

-,)

Evolution of near-side-peak 
-! and -, with centrality: 
Strong -! increase for central 
collisions 

Interestingly: AMPT describes 
the data very well 

Influence of flowing medium? 

Talks by  
A.M.Adare 
F.Krizek  



$-h correlation in Au+Au 

2012-08-13 T. Sakaguchi, QM2012@Washington D.C. 25 

Low zT away side particles distributed over wider angle 

See J. Frantz (Thu) talk 



• As if an initially-200-GeV parton/jet in an LHC collision

just heats the plasma it passes through, losing significant

energy without significant spreading in angle or degrada-

tion of its fragmentation function. Are even 200 GeV

partons not “seeing” the q+g at short distances?

• One line of theoretical response: more sophisticated anal-

yses of conventional weak-coupling picture of jet quench-

ing. Advancing from parton energy loss and leading hadrons

to modification of parton showers and jets.

• We also need strongly coupled approaches to jet quench-

ing, even if just as a foil with which to develop new in-

tuition.

• Problem: jet production is a weakly-coupled phenomenon.

There is no way to make jets in the strongly coupled the-

ories with gravity duals.

• But we can make beams of gluons. . . and ‘jets’ . . .



Synchrotron Radiation in Strongly Coupled
Gauge Theories

Athanasiou, Chesler, Liu, Nickel, Rajagopal; arXiv:1001.388015
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Thursday, December 3, 2009

FIG. 4: Left: a cutaway plot of r2E/P for v = 1/2. Right: a cutaway plot of r2E/P for v = 3/4. In both plots the quark is at
x = R0, y = 0 at the time shown and its trajectory lies in the plane z = 0. The cutaways coincide with the planes z = 0, ϕ = 0
and ϕ = 7π/5. At both velocities the energy radiated by the quark is concentrated along a spiral structure which propagates
radially outwards at the speed of light. The spiral is localized about θ = π/2 with a characteristic width δθ ∼ 1/γ. As v → 1
the radial thickness ∆ of the spirals rapidly decreases like ∆ ∼ 1/γ3.

FIG. 5: Plot of r2E/P at θ = π/2 and ϕ = 5π/4 at t = 0 as a function of r for v = 1/2. The plot illustrates the fact that
the pulses of radiated energy do not broaden as they propagate outward. This implies that they do not broaden in azimuthal
angle, either. Strongly coupled synchrotron radiation does not isotropize.

boundary, corresponds to a fatter tube of energy density.
Our calculation shows that this intuitive way of thinking
about gauge/gravity duality need not apply. The rotat-
ing string falls deeper and deeper into the 5th dimension

with each turn of its coils and yet the thickness of the
spiral tube of energy density in the quantum field theory
that this string describes changes not at all.

The behavior of the outgoing pulse of radiation illus-

Fully quantum mechanical calculation of gluon radiation from a rotat-
ing quark in a strongly coupled large Nc non abelian gauge theory, done
via gauge/gravity duality. “Lighthouse beam” of synchrotron radiation.
Surprisingly similar to classical electrodynamics. Now, shine this beam
through strongly coupled plasma. . .



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691
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Quark in circular motion (v = 0.5; RπT = 0.15) makes a beam
of gluons that is attenuated dramatically by the plasma, with-
out being significantly broadened — in angle or in momen-
tum distribution.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691

A narrower beam made of higher momentum gluons travels
farther, still gets attenuated without spreading in angle or
degradation of its momentum distribution.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691
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Quark in circular motion (v = 0.3; RπT = 0.15) makes a beam

of lower momentum gluons that is quenched rapidly, and is

followed closely by its ‘debris’ — a sound wave.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691

• A beam of gluons with wave vector q � πT shines through
the strongly coupled plasma at close to the speed of light,
and is attenuated over a distance ∼ q1/3(πT )−4/3.

• Beam shows no tendency to spread in angle, or shift
toward longer wavelengths, even as it is completely at-
tenuated. Like quenching of highest energy jets at LHC?

• Beam sheds a trailing sound wave with wave vector ∼ πT .
A beam of higher q gluons travels far enough that it
leaves the sound far behind; sound thermalizes. (Highest
energy LHC jets?) A beam of not-so-high-q gluons does
not go as far, so does get far ahead of its trailing sound
wave, which does not have time to thermalize. If it were
to emerge from the plasma, it would be followed by its
‘lost’ energy. (Lower energy jets at RHIC and LHC?
Moreso at RHIC since sound thermalizes faster in the
higher temperature LHC plasma.)



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756

A light quark ‘jet’, incident with energy Ein, shoots through

a slab of strongly coupled N = 4 SYM plasma, temperature

T , thickness LπT = 10. What comes out the other side? A

‘jet’ with Eout ∼ 0.64Ei, that looks just like a vacuum ‘jet’

with that energy. And, entire calculation of energy loss is

geometric!

Two very different holographic approaches, quenching a beam

of gluons, quenching a light quark ‘jet’, give similar conclu-

sions, in qualitative agreement with aspects of what is seen.



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756

Here, a light quark ‘jet’ produced next to the slab of plasma

with incident energy Ein = 87
√

λπT ∼ 87
√

λ GeV shoots through

the slab and emerges with Eout ∼ 66
√

λ GeV. Again, the ‘jet’

that emerges looks like a vacuum ‘jet’ with that energy.

Geometric understanding of jet quenching, and Bragg peak

(maximal energy loss rate as the last energy is lost). Energy

propagates along the blue curves, which are null geodesics

in the bulk.



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756
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A Hybrid Weak+Strong Coupling
Approach to Jet Quenching?

Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal, in progress

• Although various holographic approaches at strong cou-
pling capture many qualitative features of jet quenching
(e.g. the previous two), it seems quite unlikely that the
high-momentum “core” of a quenched LHC jet can be
described quantitatively in any strong coupling approach.
(Precisely because so similar to jets in vacuum.)

• We know that the medium itself is a strongly coupled
liquid, with no apparent weakly coupled description. And,
the energy the jet loses seems to quickly become one with
the medium.

• A hybrid approach may be worthwhile. Eg think of each
parton in a parton shower losing energy to “friction”, à
la light quarks in strongly coupled liquid.

• We are exploring various different ways of adding “fric-
tion” to PYTHIA, looking at RAA, energy loss distribu-
tion, dijet asymmetry, jet fragmentation function.



How to see weakly Coupled q & g
in Liquid QGP

D’Eramo, Lekaveckas, Liu, Rajagopal, 1211.1922

• We know that at a short enough length scale, QGP is
made of weakly coupled quarks and gluons, even though
on its natural length scales QGP is a strongly coupled
fluid with no quasiparticles.

• Long-term challenge: understand how liquid QGP emerges
from an asymptotically free theory.

• First things first: how can we see the point-like quarks
and gluons at short distance scales? Need a ‘micro-
scope’. Need to look for large-angle scattering not as
rare as it would be if QGP were liquid-like on all length
scales. (Think of Rutherford.)

• γ-jet events: γ tells you initial direction of quark. Measure
deflection angle of jet. Closest analogy to Rutherford.
(Today, only thousands of events. Many more ∼ 2015.)



Photon"
191GeV"

Jet"
98GeV"

2011: Detected 3000 
photon-jet pairs in 
109 PbPb collisions "

Unbalanced photon-jet event in PbPb  "



Momentum Broadening in Weakly
Coupled QGP

Calculate P (k⊥), the probability distribution for the k⊥ that a
parton with energy E →∞ picks up upon travelling a distance
L through the medium:

• P (k⊥) ∝ exp(−#k2
⊥/(T3L)) in strongly coupled plasma. Qual-

itative calculation, done via holography.
D’Eramo, Liu, Rajagopal, arXiv:1006.1367

• For a weakly coupled plasma containing point scatterers
P (k⊥) ∝ 1/k4

⊥ at large k⊥. In the strongly coupled plasma
of an asymptotically free gauge theory, this must win at
large enough k⊥. Quantitative calculation, done using
Soft Collinear Effective Theory + Hard Thermal Loops.
D’Eramo, Lekaveckas, Liu, Rajagopal, arXiv:1211.1922

Expect: Gaussian at low k⊥; power-law tail at high k⊥.

Large deflections rare, but not as rare as if the liquid were a
liquid on all scales. They indicate point-like scatterers.
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D’Eramo, Lekaveckas, Liu, Rajagopal, arXiv:1211.1922

• Probability that a parton that travels L = 7.5/T through
the medium picks up k⊥ > k⊥min, for:
– Weakly coupled QCD plasma, in equilibrium, analyzed

via SCET+HTL. With g = 2, i.e. αQCD = 0.32.
– Strongly coupled N = 4 SYM plasma, in equilibrium,

analyzed via holography. With g = 2, i.e. λ�t Hooft = 12.

• Eg, for T = 300 MeV, L = 5 fm, a 60 GeV parton that
picks up 70T of k⊥ scatters by 20◦. Presence of point-
like scatterers gives this a probability ∼ 1%, as opposed
to negligible.



Measure the angle between jet
and photon

Measure angle between 
photon and jet"

Study the width of the Δϕ"
distribution"

Length of QGP traversed"

PbPb"

“pp”"

PbPb"
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Angle between photon and jet"
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arXiv:1205.0206"
submitted to PLB on 5/2"

CMS, arXiv:1205.0206

Need many more events before this can be a “QGP Ruther-

ford Experiment”. Something to look forward to circa 2015?



A Grand Challenge
• How can we clarify the understanding of fluids without

quasiparticles, whose nature is a central mystery in so

many areas of science?

• We are developing more, and better, ways of studying

the properties and dynamics of Liquid QGP — “our”

example of a fluid without quasiparticles.

• At some short length scale, a quasiparticulate picture of

the QGP must be valid, even though on its natural length

scales it is a strongly coupled fluid. It will be a challenge

to see and understand how the liquid QGP emerges from

short-distance quark and gluon quasiparticles.



Seeking the QCD Critical PointSearching for the QCD Critical Point

When ordinary substances are 
subjected to variations in tempera-

ture or pressure, they will often undergo 
a phase transition: a physical change 
from one state to another. At normal 
atmospheric pressure, for example, water 
suddenly changes from liquid to vapor 
as its temperature is raised past 100° C; 
in a word, it boils. Water also boils if the 
temperature is held !xed and the pres-
sure is lowered—at high altitude, say. The 
boundary between liquid and vapor for 
any given substance can be plotted as a 
curve in its phase diagram, a graph of tem-
perature versus pressure. Another curve 
traces the boundary between solid and 
liquid. And depending on the substance, 
still other curves may trace more exotic 
phase transitions. (Such a phase diagram 
may also require more exotic variables, as 
in the !gure).

One striking fact made apparent by 
the phase diagram is that the liquid-
vapor curve can come to an end. Beyond 
this “critical point,” the sharp distinction 
between liquid and vapor is lost, and 
the transition becomes continuous. The 
location of this critical point and the 
phase boundaries represent two of the 
most fundamental characteristics of any 
substance. The critical point of water, for 
example, lies at 374° C and 218 times nor-
mal atmospheric pressure. 

The schematic phase diagram shown 
in the !gure shows the di"erent phases 
of nuclear matter predicted for various 
combinations of temperature and baryon 
chemical potential. The baryon chemical 
potential determines the energy required 
to add or remove a baryon at !xed pres-
sure and temperature. It re#ects the net 
baryon density of the matter, in a similar 
way as the temperature can be thought to 
determine its energy density from micro-
scopic kinetic motion. At small chemical 
potential (corresponding to small net 
baryon density) and high temperatures, 
one obtains the quark-gluon plasma phase; 

a phase explored by 
the early universe dur-
ing the !rst few micro-
seconds after the Big 
Bang. At low tempera-
tures and high baryon 
density, such as those 
encountered in the 
core of neutron stars, 
the predictions call for 
color-superconduct-
ing phases. The phase 
transition between a 
quark-gluon plasma 
and a gas of ordinary 
hadrons seems to be 
continuous for small 
chemical potential 
(the dashed line in 
the !gure). However, 
model studies sug-
gest that a critical 
point appears at 
higher values of the 
potential, beyond 
which the bound-
ary between these 
phases becomes a sharp line (solid line in 
the !gure). Experimentally verifying the 
location of these fundamental “landmarks” 
is central to a quantitative understanding 
of the nuclear matter phase diagram.

Theoretical predictions of the loca-
tion of the critical point and the phase 
boundaries are still uncertain. However, 
several pioneering lattice QCD calculations 
have indicated that the critical point is 
located within the range of temperatures 
and chemical potentials accessible with 
the current RHIC facility, with the envi-
sioned RHIC II accelerator upgrade, and at 
existing and future facilities in Europe (i.e., 
the CERN SPS and the GSI FAIR). Indeed, 
the recent discovery of the quark-gluon 
plasma at RHIC gives evidence for the 
expected continuous transition (dashed 
line in the !gure) from plasma to hadron 
gas. Physicists are now eagerly anticipat-

ing further experiments in which nuclear 
matter will be prepared with a broad range 
of chemical potentials and temperatures, 
so as to explore the critical point and the 
phase boundary fully. As the experiments 
close in, for example, the researchers 
expect the critical point to announce itself 
through large-scale #uctuations in several 
observables. These required inputs will be 
achieved by heavy-ion collisions spanning 
a broad range of collision energies at RHIC, 
RHIC II, the CERN SPS and the FAIR at GSI.

The large range of temperatures and 
chemical potentials possible at RHIC and 
RHIC II, along with important technical 
advantages provided by a collider coupled 
with advanced detectors, give RHIC scien-
tists excellent opportunity for discovery of 
the critical point and the associated phase 
boundaries.

Search for the Critical Point: “A Landmark Study”
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Schematic QCD phase diagram for nuclear matter. !e solid lines show the 
phase boundaries for the indicated phases. !e solid circle depicts the critical 
point. Possible trajectories for systems created in the QGP phase at different 
accelerator facilities are also shown.

46 The Phases of Nuclear Matter

2007 NSAC Long Range Plan

3
Another grand challenge. . . Data from first phase of RHIC
Energy Scan in 2011. And, a theory development. . .



QCD phase diagram, critical point and RHIC
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Models (and lattice) suggest the transition becomes 1st order at some µB .
Can we observe the critical point in heavy ion collisions, and how?
Near critical point fluctuations grow and become more non-Gaussian.

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in√

s and therefore in µfreezeout.

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation
length (ξ7), which is non-trivial, non-monotonic function of µ and therefore
√

s. And, the prefactor in front of ξ7 changes sign! Stephanov, 1104.1627
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Can we observe the critical point in heavy ion collisions, and how?
Near critical point fluctuations grow and become more non-Gaussian.

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in

√

s and therefore in µfreezeout.

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation
length (ξ7), which is non-trivial, non-monotonic function of µ and therefore
√

s. And, the prefactor in front of ξ7 changes sign! Stephanov, 1104.1627



QCD phase diagram, critical point and RHIC
crit. contribution to Kurtosis (arb. units)
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Models (and lattice) suggest the transition becomes 1st order at some µB .
Can we observe the critical point in heavy ion collisions, and how?
Near critical point fluctuations grow and become more non-Gaussian.

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in

√

s and therefore in µfreezeout.

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation
length (ξ7), which is non-trivial, non-monotonic function of µ and therefore
√

s. And, the prefactor in front of ξ7 changes sign! Stephanov, 1104.1627



QCD phase diagram, critical point and RHIC
crit. contribution to Kurtosis (arb. units)
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Models (and lattice) suggest the transition becomes 1st order at some µB .
Can we observe the critical point in heavy ion collisions, and how?
Near critical point fluctuations grow and become more non-Gaussian.

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in

√

s and therefore in µfreezeout.

Once we find the µ (i.e. the
√

s) where the critical contribution to κ4 is large
enough — e.g. the “blue peak” — then there are then robust, parameter-
independent, predictions for various ratios of the kurtosis and skewness of
protons and pions. Athanasiou, Stephanov, Rajagopal 1006.4636.



Early RHIC Energy Scan Data

STAR, 2013

Very interesting to see data from 2014 run at
√

s = 14.5 GeV.
If negative kurtosis at

√
s = 19.6 GeV is due to critical point,

and if critical region is ∼ 100 MeV wide in µB, then expect
positive contribution to kurtosis at

√
s = 14.5 GeV.

Future: electron cooling → ×10 statistics at low
√

s.



Implications for the energy scan
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Implications for the energy scan
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Latest Lattice Calculations. . .
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Figure 2: The radius of convergence estimates for Nt = 8 (data) along with the Nt = 6 critical chemical potential (band)
at the critical temperature of TE/Tc = 0.94 (Left panel). QCD phase diagram with all known lattice determinations for
critical point (Right). Our new Nt = 8 results, presented in this talk, are denoted by the asterisk. Nt = 4 [5, 10] and 6
[11] results are shown by the circles and square respectively.

Fig. 2 in its left panel displays our new estimates for the Nt = 8, obtained by using the two
methods mentioned above and the coefficients in Fig. 1. The solid band indicates our critical
chemical potential estimate on Nt = 6 and the temperature chosen is the same as the correspond-
ing critical temperature TE . We see such behaviour in a small band near this temperature, leading
to a larger error band on TE , as exhibited in the QCD phase diagram in the right panel along with
our old results for Nt = 6 [11] and 4 [10], and those from Budapest-Wuppertal group both [5] of
which use Nt = 4.

3. Summary

The elusive QCD phase diagram in T -µB plane has begun to emerge using first principles
lattice approach. Our lattice results for Nt = 8 are in very good agreement with those for Nt = 6,
suggesting the continuum limit to be in sight and the critical point estimate to be robust.

This work was done on the Blue Gene P of Indian Lattice Gauge Theory Initiative, Tata
Institute (TIFR), Mumbai. We gratefully acknowledge financial and technical support of TIFR.
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Datta, Gavai and Gupta, 1210.6784

Lattice calculations remain challenging. ‘Systematic errors’

in methods used by various groups hard to estimate. To their

credit, Datta, Gavai and Gupta have stuck their necks out:

in their calculations with their two finer lattice spacings, they

report evidence for a critical point at µB/T , corresponding to

where RHIC has just finished taking data.



Early RHIC Energy Scan Data

STAR, 2013

Very interesting to see data from 2014 run at
√

s = 14.5 GeV.
If negative kurtosis at

√
s = 19.6 GeV is due to critical point,

and if critical region is ∼ 100 MeV wide in µB, then expect
positive contribution to kurtosis at

√
s = 14.5 GeV.

Future: electron cooling → ×10 statistics at low
√

s.



Stay Tuned. . .

Liquid QGP at LHC and RHIC. New data (vn at
RHIC and LHC; CuAu and UU collisions at RHIC)
and new calculations tightening the constraints on
η/s and perhaps its T -dependence . . .

Probing the Liquid QGP. Jet quenching. Heavy
quark energy loss. Upsilons. Photons. Photon+jet.
Each of these is a story now being written. See-
ing, and then understanding, how the liquid QGP
emerges from asymptotically free quarks and glu-
ons remains a challenge, as well as an opportunity. . .

Mapping the QCD phase diagram via the RHIC
energy scan has begun. . .
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FIG. 9: (Color online) Spectral plots for three for three
widths of the initial perturbation, 0.4,0.7 and 1 fm, from
top to bottom. The (magenta) small-dashed, the (red) dash-
dotted, the (green) solid and (black) dashed curves are for
η/s = 0, 0.08, 0.134, 0.16, respectively. The data points are
preliminary data from ATLAS reported at QM2001 [25]. Sim-
ilar data (not shown here) have been reported by the PHENIX
[28] and STAR [29] collaborations. All the curves are arbi-
trarily normalized to fit the third harmonic.

see, the curves look shifted toward the larger m from the
data points, especially well seen for m = 4..6. Larger m
corresponds to smaller angular size of the sound circles.
This happens because we have not fitted the freezeout
temperature and time τf to these data: decreasing the
former and increasing the latter one can certainly get
better fit. We have not done so because in any case our
calculation is done for conformal matter with fixed speed
of sound and �/T 4, and cannot accurately describe the
real collisions anyway.

E. The location of the perturbation

So far we have demonstrated some qualitative features
of the one-body spectrum and two-body correlations re-
sulting from a local perturbation, selecting one typical
location. In this section we provide further detail on the
modifications of the Green function we calculated on the
location of the initial hot spot. Since we only consider

FIG. 10: (Color online) Top: The two-pion distribution in
arbitrary units as a function of azimuthal angle difference ∆φ

(rad), for r =2(blue large dash),3(brown dash-dot),4.1(red
solid line) fm. Bottom: The two-pion distribution in arbitrary
units as a function of azimuthal angle difference ∆φ (rad),
for r =4.1(the same red solid line),4.7 (green small dash),5.5
(black dash-dot-dot) fm. All plots are for the same value of
the viscosity-to-entropy ratio η/s = 0.134

central collisions, by “location” we mean the radial posi-
tion of the “hot spot”. As shown in Fig.10, changing the
location of the spot visibly affects the quantitative shape
of the two-particle correlation as well as the power spec-
trum Fig.11. When the spot is located near the center
of the fireball, the two particle correlation presents only
one peak located at ∆φ = 0, and no structure on the
away side. The characteristic two peaks appear when
the initial perturbation is located not too close to the
center(r ∼ 3− 5 fm).

Furthermore, as one can see, the amplitude of the mod-
ulation decreases in this case. This happens not because
of a change of the hot spot amplitude (which is the same
in all cases), but because of the (partial) cancellation be-
tween hydro perturbations for velocities of the first type
(in the sound wave) and the second type (extra radial

• Analytic calculation of

“shape” of vn’s in a

simplified geometry with

small fluctuations of a

single size.
• Panels, top to bottom,

are for fluctuations with

size 0.4, 0.7 and 1 fm.
• Colors show varying η/s,

with magenta, red, green,

black being η/s =0, 0.08,

0.134, 0.16.
• Evidently, higher har-

monics will constrain

size of fluctuations and

η/s, which controls their

damping.

Staig, Shuryak, 1105.0676



Heavy Quark Energy Loss,
Far-from-Equilibrium

Chesler, Lekaveckas, Rajagopal 1306.0564
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• Drag force on a heavy quark moving with β = 0.95c
through far-from-equilibrium matter, and then anisotropic
fluid, made in the collision of two sheets of energy.

• Eqbm plasma with same instantaneous E provides a rea-
sonable guide to magnitude, but there is a time delay.

• Surprises at nonzero rapidity (not shown).
• Guidance for modeling heavy quark energy loss early in a

heavy ion collision.



Colliding Strongly Coupled Sheets of Energy

t z

Hydrodynamics valid ∼ 3 sheet thicknesses after the collision, i.e. ∼ 0.35

fm after a RHIC collision. Equilibration after ∼ 1 fm need not be thought

of as rapid. Chesler, Yaffe arXiv:1011.3562
Similarly ‘rapid’ hydrodynamization times (τT � 0.7 − 1) found for many

non-expanding or boost invariant initial conditions. Heller et al, arXiv:1103.3452,

1202.0981, 1203.0755, 1304.5172



Heavy quarks? Upsilons?

• Heavy quarks are ‘tracers’, dragged along by and diffus-
ing in the liquid. Diffusion constant tells you about the
medium, complementary to η/s. Holographic calculations
indicate the heavy quarks should ‘go with the flow’.

• If very energetic heavy quarks interact with strongly cou-
pled plasma as holographic calculations indicate, which is
to say like a bullet moving through water, b and c quark
energy loss is same for quarks with same velocity. Quite
different than weakly coupled expectations, where both
γ and M matter. Want to study b and c quark energy
loss vs. momentum. Data on identified b and c quarks
coming soon, at RHIC via upgrades being completed.

• Upsilons probe plasma on different length scales. 1S state
is very small. 3S state is the size of an ordinary hadron.
They “melt” (due to screening of b − b̄ attraction) at
different, momentum-dependent (cf holographic calcula-
tions), temperatures. This story is just beginning. Stay
tuned.



Gunther Roland Quark Matter 2012, Washington DC 24 

Sequential Upsilon suppression 
2010 data 2011 data 

Observation of sequential 
suppression of Y family 

Detailed studies 

PRL 107 (2011) 052302 

Indication of suppression  
of (Y(2S)+Y(3S)) relative to Y(1S)  

2.4  significance 

PRL 107 (2011) 052302 



QCD Sphalerons + Anomaly + �B ?

• In QGP, QCD sphalerons should be unsuppressed, with
a rate per unit volume ∝ constT4. Excess R quarks in
one event. Excess L quarks in the next. [Both weak and
strong coupling estimates suggest const ∼ few percent.]

• Chiral anomaly can be written

�jV =
Nce

2π2 µA
�B

so, in the presence of a magnetic field, an excess of R
quarks (ie µA > 0) results in an electric current!

• Spectator nuclei create B ∼ 1018−19 gauss in top energy
RHIC collisions with decent impact parameter. At LHC,
larger B, but it lasts for a shorter time.

• So, Kharzeev et al predicted charge-separation, event-by-
event parity violation.

• My a priori reaction, and that of many: reality will bite.



Searching for the Chiral Magnetic Effect

Quark Matter 2012, Washington DC, August 13-18, 2012page S.A. Voloshin

Searching for the Chiral Magnetic Effect
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Charge separation along the 
magnetic field manifests violation 
of parity (mirror symmetry)
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FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The red circles
indicate the ALICE results obtained from the cumulant anal-
ysis. The blue stars show the STAR data from [6]. The
green triangles represent the genuine three–particle correla-
tions (�cos(φα + φβ − 2φc)�) from HIJING [20] corrected for
the experimentally measured v2{2} [17]. A model prediction
for the same sign correlations incorporating the Chiral Mag-
netic Effect for LHC energies [21] is shown by the solid red
line. Points are displaced horizontally for visibility.

other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [19]. The small differences
between the methods are considered as part of the sys-
tematic uncertainty.

Figure 1b shows the centrality dependence of the two–
particle correlator �cos(φα − φβ)�, as defined in Eq. 3.
The statistical uncertainty is smaller than the symbol
size. The two–particle correlations for the same and op-
posite charge combinations are always positive and ex-
hibit qualitatively similar centrality dependence, while
the magnitude of the correlation is smaller for the same
charged pairs. Our results differ from those reported by
the STAR Collaboration for Au-Au collisions at

√
sNN =

200 GeV [6] for which a negative correlations are observed
for the same charged pairs.

Figure 1c shows the �cos∆φα cos∆φβ� and
�sin ∆φα sin∆φβ� terms separately. For pairs of
the same charge particles, we observe that the cor-
relations projected onto the direction perpendicular
to the reaction plane, �sin ∆φα sin∆φβ�, are larger
than those projected onto the reaction plane direction,
�cos∆φα cos∆φβ�. On the other hand, for pairs of
opposite charge, the two terms are almost identical
except for the most peripheral collisions.

Figure 2 presents the three–particle correlator
�cos(φα + φβ − 2ΨRP )� as a function of the collision cen-
trality compared to model calculations and results for

RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
different sources described above. Also shown in Fig. 2
are STAR results [6]. The small difference between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of√sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the ex-
pectations from the HIJING model [20]. The HIJING
results do not exhibit any significant difference between
the correlations of pairs with same and opposite charge
and were averaged in the figure. The correlations from
HIJING show a significant increase in the magnitude for
very peripheral collisions. This can be attributed to cor-
relations not related to the reaction plane orientation, in
particular, from jets [6].

For the correlations originating in CME, the correla-
tion of pairs with same and opposite charge should be
similar in magnitude and opposite in sign. The results
from ALICE in Fig. 2 show a strong correlation of pairs
with the same charge and simultaneously a very weak
correlation for the pairs of opposite charge. This could
be interpreted as “quenching” of the charge correlations
for the case when one of the particles is emitted toward
the centre of the dense medium created in a heavy–ion
collision [5]. An alternative explanation can be provided
by a recent suggestion [13] that the value of the charge
independent version of the correlator defined in Eq. 2 is
dominated by directed flow fluctuations. The sign and
the magnitude of these fluctuations based on a hydro-
dynamical model calculation for RHIC energies [13] ap-
pear to be very close to the measurement. Our results
for charge independent correlations are given by the blue
band in Fig. 2.

The thick solid line in Fig. 2 shows a prediction [21]
for the same sign correlations due to the CME at LHC
energies. The model makes no prediction of the absolute
magnitude of the effect, and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
the correlations by about a factor of five from RHIC to
LHC, which would significantly underestimate the ob-
served magnitude of the same sign correlations seen at
the LHC. At the same time in [5, 10], it was suggested
that the CME might have the same magnitude at the
LHC and at RHIC energies. Note that, in [8] it is argued
that local charge conservation effects may be responsible
for a significant part of the observed charge dependence
of the correlator �cos(φα +φβ−2ΨRP )�. A full discussion
of these effects is beyond the scope of this paper, and will
be presented in a future publication.

Figure 3 shows the dependence of the three–particle
correlator on the transverse momentum difference, |pt,α−
pt,β|, the average transverse momentum, (pt,α + pt,β)/2,
and the rapidity separation, |ηα − ηβ |, of the pair for the

ALICE: charge dependent  correlations 
qualitatively consistent with CME, and 
similar in strength to those observed by STAR. 
No present event generator can reproduce the 
signal. 

Voloshin, PRC70 057901 (2004)

Kharzeev, PLB633 260 (2006)
Kharzeev, Zhitnitski, NPA797 67 (2007)
Khrazeev, McLerran, Waringa, NPA803 227 (2008)
Fukushima, Kharzeev, Waringa, PRD 78 074033 (2008)

Figure 1: Charged pair azimuthal correlations measured by the STAR at RHIC
and the ALICE at LHC from Ref. [15].

of vector charge is positive). Consequently there are more positive charges at
the poles of almond-shape fireball (since B is primarily out-of-plane) than at
the equator (in the reaction plane). This eventually gives rise to the difference
in elliptic flows between positive charged particles and the negatively charged
ones. In other words, the combination of CME and CSE, that is the chiral
magnetic wave, leads to a charge dependence of the elliptic flow that survives
even after averaging over events.

2 The charge dependence of elliptic flow

We will estimate here the size of the charge quadrupole created by the chiral
magnetic wave in heavy ion collisions.

2.1 Chiral magnetic wave

The co-evolution of the vector and axial currents can be described in the frame-
work of Chiral Magnetic Wave (CMW) equation [19]. Let us first give a short
review of its derivation. We can rewrite the anomaly formulas (1,2) as
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Does Reality Bite?
• A clear signal, first at STAR then ALICE, in an observable

that could indicate event-by-event charge separation.

• BUT: this observable could instead indicate novel, but
prosaic, hadron-gas physics. Tendency for opposite-sign
hadrons to be near each other, plus v2, can “fake” this.

• So, turn off QGP, keep v2, and see whether the effect
goes away. . . It does!

• So, turn off �B, keep v2 [by colliding U-U, side-on-side]
and see whether the effect goes away. . . It does!

• And, most remarkably, look for a different manifestation
of the chiral anomaly one that requires �B, QGP, v2 and
a nonzero electric charge density:

�jA =
Nce

2π2 µV
�B �jV =

Nce

2π2 µA
�B

Select events with nonzero charge density, and look for. . .
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Disappearance of Charge Separation w.r.t. 
EP 

20 

STAR Preliminary 

 Motivated by search for local parity violation. Require sQGP formation. 
 The splitting between OS and LS correlations (charge separation) seen in top 

RHIC energy Au+Au collisions. 
This charge separation signal disappears at lower energies (<= 11.5 GeV)!       
 

Wang, IVB, Thu.   
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 A dedicated trigger selected events 
with 0-1% spectator neutrons. 
 
 With the magnetic field suppressed, 

the charge separation signal 
disappears (while v2 is still ~ 2.5%). 

LPV in U+U 
 The difference between OS and 

SS is still there in U+U, with 
similar magnitudes. 
 
 Consider OS-SS to be the signal 
 
 Npart accounts for dilution effects 

0-5% 

70-80% 
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Motivation 

Peak magnetic field ~ 
1015 Tesla !  

(Kharzeev et al. NPA 803 
(2008) 227) 

Chiral Magnetic Wave:  
 collective excitation 
 signature of Chiral Symmetry Restoration 
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Observable I 

Formation of electric quadrupole:                                      , 
 
 
where charge asymmetry is defined as                               . 
 
Then - v2 should have a positive slope as a function of A±,  
and + v2 should have a negative slope with the same magnitude. 
The integrated v2 of - is not necessarily bigger than +: (other physics) 
only the A± dependency matters for CMW testing. 

Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee,  
Phys. Rev. Lett. 107, 052303 (2011) 
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Charge asymmetry dependency 

 v2 was measured with the 
Q-cumulant method. 
 
 Clear A± dependency 
 
 v2(A±) slopes for ±: 

 opposite sign 
 similar magnitude 

 
 v2 difference vs A± may 

have a non-zero intercept: 
other physics? 



Sphalerons + Anomaly + �B ?

• Macroscopic realization of a quantum anomaly! Chiral
symmetry restored!

• Sphalerons, the same gauge theory dynamics whose SU(2)
incarnation may be responsible for the matter-antimatter
excess in the universe — via either leptogenesis or elec-
troweak baryogenesis — subject to experimental investi-
gation!! (Impossible any other way.)

• Sounds too good to be true. And, when more prosaic ex-
planations were posited after the initial discovery, reality
seemed to be intervening.

• But, this story has made three subsequent predictions, all
of which are now seen. In two cases, only very recently
meaning that confirmation and scrutiny are needed. And,
much more quantitative modelling. But, it is hard to see
how the prosaic can strike back.



Stay Tuned. . .

Liquid QGP at LHC and RHIC. New data (vn at
RHIC and LHC; CuAu and UU collisions at RHIC)
and new calculations tightening the constraints on
η/s and perhaps its T -dependence . . .

Probing the Liquid QGP. Jet quenching. Heavy
quark energy loss. Upsilons. Photons. Photon+jet.
Each of these is a story now being written. See-
ing, and then understanding, how the liquid QGP
emerges from asymptotically free quarks and glu-
ons remains a challenge, as well as an opportunity. . .

Mapping the QCD phase diagram via the RHIC
energy scan has begun. . .

And, maybe, sphaleron dynamics manifest in the
laboratory. . .
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ing, and then understanding, how the liquid QGP
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And, maybe, sphaleron dynamics manifest in the
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V2 at RHIC and LHC 
Song,  Bass & Heinz, PRC 2011 

The average QGP viscosity is roughly the same at RHIC and LHC  



Early Responses to Flood of Data
• v2 alone indicates η/s roughly same at LHC as at RHIC.

• Full-scale relativistic viscous hydrodynamics calculations,

with systematic exploration of initial-state fluctuations,

and treatment of the late-stage hadron gas are being

done by many groups, but will take a little time. Early,

partial, analyses indicate that flood of data on v3...6 will

tighten the determination of η/s significantly. Eg. . .

• Measurements of v3 and v2 together allow separation of

effects of η/s from effects of different shapes of the initial

density profile.

• The higher vn’s are sensitive to the size of the density

fluctuations, and to η/s.

• Systematic, state-of-the-art, analyses are coming, but

take longer. The shape of things to come . . .



Using v3 and v2 to extract η/s 3
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MC-KLN η/s = 0.20 (b)
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MC-Glb. η/s = 0.08 (d)

ALICE v3{2}/ε3{2}
MC-Glb. v3/ε̄3

FIG. 3: Eccentricity-scaled, pT -integrated v2,3 for the hydrodynamically evolved MC-KLN (a,b) and MC-Glauber (c,d) models,
compared with ALICE v2,3 data for 2.76 ATeV Pb-Pb collisions [25] scaled by their corresponding eccentricities (see text).

harder than those from MC-Glauber initial conditions.
This is a consequence of larger radial flow caused by
larger transverse viscous pressure gradients in the MC-
KLN case where the fluid is taken to have 2.5 times larger
shear viscosity than for the MC-Glauber simulations, in
order to obtain the same elliptic flow [4, 6]. In periph-
eral collisions these viscous effects are stronger than in
more central collisions where the fireball is larger [48].
As shown in [21, 49], event-by-event evolution of fluctu-
ating initial conditions generates, for small values of η/s,
flatter hadron spectra than single-shot hydrodynamics,
especially in peripheral collisions, due to stronger radial
flow driven by hot spots in the fluctuating initial states.
Proper event-by-event evolution of the latter is there-
fore expected to reduce the difference between the MC-
Glauber and MC-KLN curves in Fig. 1(b) since this effect
is relatively strong for η/s =0.08 (MC-Glauber) [21] but
almost absent for η/s =0.2 (MC-KLN) [42].

3. pT -integrated elliptic and triangular flow. In Fig-
ure 2 we compare our pT -integrated v2 and v3 as func-
tions of centrality with ALICE v2{2}, v2{4}, v3{2}, and
v3{4} data, extracted from 2- and 4-particle correlations
[25]. For both models, v2,3 from averaged smooth ini-
tial conditions lie between the experimental v2,3{2} and
v2,3{4} values. This is consistent with the theoretical ex-
pectation [50, 51] that vn{2} (vn{4}) is shifted up (down)
relative to the average flow by event-by-event flow fluc-
tuations and was also found elsewhere [6, 8, 13]. Upon
closer inspection, however, and recalling that ideal single-
shot hydrodynamics with smooth initial condition was
shown [21] to generate v2 similar to v2{2} from the cor-
responding event-by-event evolution, it seems that the
MC-KLN is favored since it produces v2 results closer
to the v2{2} data. Unfortunately, a similar argument
using v3 can be held against the MC-KLN model. To
eliminate the interpretation difficulties associated with a
comparison of average flows from single-shot evolution of
averaged initial conditions with data affected irreducibly

by naturally existing event-by-event fluctuations, we pro-
ceed to a comparison of eccentricity-scaled flow coeffi-
cients.

Assuming linear response of v2,3 to their respective ec-
centricities ε2,3 (which was found to hold with reason-
able accuracy for v2 and v3 but not for higher order
anisotropic flows [21]), we follow [52] and scale the flow
v2,3 from single-shot hydrodynamics by the eccentricity
ε̄2,3 of the ensemble-averaged smooth initial energy den-
sity, while scaling the experimental v2,3{2} and v2,3{4}
data by the corresponding fluctuating eccentricity mea-
sures ε2,3{2} and ε2,3{4}, respectively, calculated from
the corresponding models. In [42] we justify this proce-
dure for v2,3{2} and v2{4} and also show that it fails for
v3{4}/ε3{4} since this ratio is found to differ strongly
from v3/ε̄3.

The eccentricity-scaled elliptic and triangular flow co-
efficients for the MC-KLN and MC-Glauber models are
shown in Figs. 3(a,b) and 3(c,d), respectively, and com-
pared with the corresponding data from ALICE. The
first thing to note is the impressively accurate agreement
between the experimentally measured v2{2}/ε2{2} and
v2{4}/ε2{4}, showing that for elliptic flow the idea of
scaling “each flow with its own eccentricity” [52] works
very well. The same is not true for v3{2}/ε3{2} and
v3{4}/ε3{4} for which the experimental do not at all
agree (not shown), nor are they expected to [42]. Sec-
ondly, both v2{2}/ε2{2} and v2{4}/ε2{4} measured by
ALICE agree well with the viscous hydrodynamic calcu-
lations, for both the MC-Glauber and MC-KLN models,
confirming that for each model the correct value of η/s
has been used as far as elliptic flow is concerned.

The bottom panels in Fig. 3 show the triangular flow
v3. Clearly, with the viscosities needed to reproduce
v2, the MC-KLN model badly disagrees with the ex-
perimental data. The measured triangular flow is too
big to accommodate a specific shear viscosity as large as
0.2. Within the present approach, the only possibility to

An example calculation showing LHC data on v2 alone can

be fit well with η/s = .08 and .20, by starting with different

initial density profiles, both reasonable. But, v3 breaks the

“degeneracy”. Qiu, Shen, Heinz 1110.3033
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FIG. 9: (Color online) Spectral plots for three for three
widths of the initial perturbation, 0.4,0.7 and 1 fm, from
top to bottom. The (magenta) small-dashed, the (red) dash-
dotted, the (green) solid and (black) dashed curves are for
η/s = 0, 0.08, 0.134, 0.16, respectively. The data points are
preliminary data from ATLAS reported at QM2001 [25]. Sim-
ilar data (not shown here) have been reported by the PHENIX
[28] and STAR [29] collaborations. All the curves are arbi-
trarily normalized to fit the third harmonic.

see, the curves look shifted toward the larger m from the
data points, especially well seen for m = 4..6. Larger m
corresponds to smaller angular size of the sound circles.
This happens because we have not fitted the freezeout
temperature and time τf to these data: decreasing the
former and increasing the latter one can certainly get
better fit. We have not done so because in any case our
calculation is done for conformal matter with fixed speed
of sound and �/T 4, and cannot accurately describe the
real collisions anyway.

E. The location of the perturbation

So far we have demonstrated some qualitative features
of the one-body spectrum and two-body correlations re-
sulting from a local perturbation, selecting one typical
location. In this section we provide further detail on the
modifications of the Green function we calculated on the
location of the initial hot spot. Since we only consider

FIG. 10: (Color online) Top: The two-pion distribution in
arbitrary units as a function of azimuthal angle difference ∆φ

(rad), for r =2(blue large dash),3(brown dash-dot),4.1(red
solid line) fm. Bottom: The two-pion distribution in arbitrary
units as a function of azimuthal angle difference ∆φ (rad),
for r =4.1(the same red solid line),4.7 (green small dash),5.5
(black dash-dot-dot) fm. All plots are for the same value of
the viscosity-to-entropy ratio η/s = 0.134

central collisions, by “location” we mean the radial posi-
tion of the “hot spot”. As shown in Fig.10, changing the
location of the spot visibly affects the quantitative shape
of the two-particle correlation as well as the power spec-
trum Fig.11. When the spot is located near the center
of the fireball, the two particle correlation presents only
one peak located at ∆φ = 0, and no structure on the
away side. The characteristic two peaks appear when
the initial perturbation is located not too close to the
center(r ∼ 3− 5 fm).

Furthermore, as one can see, the amplitude of the mod-
ulation decreases in this case. This happens not because
of a change of the hot spot amplitude (which is the same
in all cases), but because of the (partial) cancellation be-
tween hydro perturbations for velocities of the first type
(in the sound wave) and the second type (extra radial

• Analytic calculation of

“shape” of vn’s in a

simplified geometry with

small fluctuations of a

single size.
• Panels, top to bottom,

are for fluctuations with

size 0.4, 0.7 and 1 fm.
• Colors show varying η/s,

with magenta, red, green,

black being η/s =0, 0.08,

0.134, 0.16.
• Evidently, higher har-

monics will constrain

size of fluctuations and

η/s, which controls their

damping.

Staig, Shuryak, 1105.0676



Flow analysis B. Schenke, S. Jeon, C. Gale, Phys. Rev. C85, 024901 (2012)

After Cooper-Frye freeze-out and resonance decays
in each event we compute
vn = �cos[n(φ− ψn)]�
with the event-plane angle ψn = 1

n arctan �sin(nφ)�
�cos(nφ)�

Sensitivity of event averaged vn on
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Experimental data:
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Unfolded  v2,  v3  and  v4  Distributions  
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  vn  distributions  normalized  to  unity  for  n  =  2,3  and  4  
  Lines  represent  radial  projections  of  2D  Gaussians,  rescaled  to  <vn> 

 for  v2  only  in  the  0-‐2%  of  most  central  collisions    
  for  v3  and  v4  over  all  centralities    

Direct  measure  of  flow  harmonics  fluctuations  
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Event-by-event distributions of vn
comparing to all new ATLAS data:
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-114/

see talk by Jiangyong Jia in Session 4A, today, 11:20 am
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Beam Energy Scan 
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0) Turn-off of sQGP signatures 
 

1) Search for the signals of 
    phase boundary 
                                       
2) Search for the QCD critical 
    point 

Kumar, VA, Fri. 

BES Phase-I 
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Breakdown of NCQ-scaling 
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mT-m0 (GeV/c2) 

 Significant difference between baryon-antibaryon v2 at lower energies. 
 No clear baryon/meson grouping for anti-particles at <=11.5 GeV.       

                               NCQ scaling is broken! 

Shi, 6B, Fri;; Schmah, poster #141 

STAR Preliminary 

STAR Preliminary 
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Disappearance of Rcp Suppression 

Zhang, 5A, Thu. Sangaline, 5C, Thu. 
Horvat, poster #94 
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 Baryon-meson splitting reduces and 
disappears with decreasing energy. 
 /  ratio falls off at 11.5 GeV.  

 
 Rcp >~ 1 at 11.5, 7.7 GeV.   - Cronin effect? 

     Rcp suppression NOT seen at lower 
energies!  



























EXTRACTING SHEAR VISCOSITY RECENT RESULTS

SYSTEMATIC UNCERTAINTY FOR η/s

(Preliminary!)
Experimental uncertainties ±0.020

Initial eccentricity ±0.050
vn/εn = constant ∼ ±0.010
Thermalization time ±0.030
Initialization of shear tensor ±0.005
Initial flow ±0.050

Equation of State ±0.015
Second-order transport coeff. ±0.005
Bulk Viscosity ∼ ±0.010
Deviation from boost-invariance / longitudinal fluct. ∼ ±0.005

Viscous correction to f.o. distribution ±0.015
Other aspects of freeze out ∼ ±0.025

(Preliminary!)
MATT LUZUM (SACLAY) VISCOSITY OF THE QGP 8/14//2012 19 / 20
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Jet-hadron correlations
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Au+Au 0-20%
High Tower Trigger 
1 tower 

0.05x0.05 (!x!) 
with Et> 5.4 GeV

 Jet trigger:

Anti-kT, 

R=0.4, 

pt,rec(jet) using

pt,(particle)>2 GeV

!./$'0#1.2

34'55.4#1.2

&!

Direct measurement of 
modified fragmentation due 

to presence of sQGP

 Away-side:   Broadening
                     Softening 
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jet

T
AuAu, 0-20%, 20 < p

pp

v2 & detector uncert.

trigger jet uncert.

Width including di-jet smearing.

Low pT assoc
       Au-Au away-side width broader
High pT assoc
      Au-Au away-side width same

Majority of broadening due to 
fragmentation not deflection

Helen Caines - QM - May 2011 

Broadening not deflection

14

  pTrec,jet > 20 GeV/c, pTrec,dijet > 10 GeV
 Di-jet: highest pT with |'jet-'dijet| > 2.6

&' of identified di-jets
(Au-Au            ~ 0.2
(PYTHIA,Embed   ~ 0.14
(p-p ~ (PYTHIA  ~ 0.1



b and c Quark Energy Loss
Horowitz and Gyulassy

Testing AdS/CFT Drag and pQCD Heavy Quark Energy Loss 4

from Bethe-Heitler to LPM loss perturbatively with one less power of T/Mq. To get
a sense of these scales we include a “(” for the smallest possible γc, γc

�
T (�x⊥ = �0, τ =

τ0)
�
, and “]” for the largest, γc

�
Tc

�
in Fig. 2.

Figure 4. R
cb predictions for RHIC using WHDG pQCD and AdS string

drag for a range of input parameters. While the hardening of the production
spectrum reduces the dramatic bunching at RHIC as compared to LHC,
the lower temperature at RHIC means the AdS/CFT drag formalism is
applicable up to higher momenta. Note that R

cb is plotted only to 50 GeV
for RHIC.

Future detector upgrades at RHIC should allow individual measurements of c
and b quarks. We show predictions for the individual RQ

AA(pT ) in Fig. 3 (b) and for
the double ratio in Fig. 4. Since the production spectra are much harder and have
significant pT dependence, Fig. 3 (a), one does not see scaling as cleanly as in the
LHC predictions. An advantage of RHIC, however, will be its lower multiplicity and
hence medium temperature: corrections to the string drag energy loss will occur at
higher momenta.

3. Conclusions

RHIC and LHC predictions of RQ
AA for charm and bottom quarks using pQCD

and AdS string drag energy loss were found. Reasonable input parameters lead to
different pT dependencies for the two model classes, but extreme extrapolations to
LHC mask the results. Examining the ratio Rcb = Rc

AA/Rb
AA cancels much of the

dependence on input parameters and groups the predictions into pQCD and AdS
bunches, especially at LHC. However a thorough understanding of the regions of
theoretical self-consistency will be crucial for strong experimental statements to be
made.
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In strongly coupled plasma, c and b with same v lose the
same energy, so more energy loss for c than for b with same
momentum. In weakly coupled plasma, closer to same energy
loss for c and b with same momentum.
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Charge separation along the 
magnetic field manifests violation 
of parity (mirror symmetry)

ALICE:  arXiv:1207:3272
8
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FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The red circles
indicate the ALICE results obtained from the cumulant anal-
ysis. The blue stars show the STAR data from [6]. The
green triangles represent the genuine three–particle correla-
tions (〈cos(φα + φβ − 2φc)〉) from HIJING [20] corrected for
the experimentally measured v2{2} [17]. A model prediction
for the same sign correlations incorporating the Chiral Mag-
netic Effect for LHC energies [21] is shown by the solid red
line. Points are displaced horizontally for visibility.

other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [19]. The small differences
between the methods are considered as part of the sys-
tematic uncertainty.

Figure 1b shows the centrality dependence of the two–
particle correlator 〈cos(φα − φβ)〉, as defined in Eq. 3.
The statistical uncertainty is smaller than the symbol
size. The two–particle correlations for the same and op-
posite charge combinations are always positive and ex-
hibit qualitatively similar centrality dependence, while
the magnitude of the correlation is smaller for the same
charged pairs. Our results differ from those reported by
the STAR Collaboration for Au-Au collisions at

√
sNN =

200 GeV [6] for which a negative correlations are observed
for the same charged pairs.

Figure 1c shows the 〈cos∆φα cos∆φβ〉 and
〈sin∆φα sin∆φβ〉 terms separately. For pairs of
the same charge particles, we observe that the cor-
relations projected onto the direction perpendicular
to the reaction plane, 〈sin∆φα sin∆φβ〉, are larger
than those projected onto the reaction plane direction,
〈cos∆φα cos∆φβ〉. On the other hand, for pairs of
opposite charge, the two terms are almost identical
except for the most peripheral collisions.

Figure 2 presents the three–particle correlator
〈cos(φα +φβ − 2ΨRP )〉 as a function of the collision cen-
trality compared to model calculations and results for

RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
different sources described above. Also shown in Fig. 2
are STAR results [6]. The small difference between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of

√
sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the ex-
pectations from the HIJING model [20]. The HIJING
results do not exhibit any significant difference between
the correlations of pairs with same and opposite charge
and were averaged in the figure. The correlations from
HIJING show a significant increase in the magnitude for
very peripheral collisions. This can be attributed to cor-
relations not related to the reaction plane orientation, in
particular, from jets [6].
For the correlations originating in CME, the correla-

tion of pairs with same and opposite charge should be
similar in magnitude and opposite in sign. The results
from ALICE in Fig. 2 show a strong correlation of pairs
with the same charge and simultaneously a very weak
correlation for the pairs of opposite charge. This could
be interpreted as “quenching” of the charge correlations
for the case when one of the particles is emitted toward
the centre of the dense medium created in a heavy–ion
collision [5]. An alternative explanation can be provided
by a recent suggestion [13] that the value of the charge
independent version of the correlator defined in Eq. 2 is
dominated by directed flow fluctuations. The sign and
the magnitude of these fluctuations based on a hydro-
dynamical model calculation for RHIC energies [13] ap-
pear to be very close to the measurement. Our results
for charge independent correlations are given by the blue
band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [21]

for the same sign correlations due to the CME at LHC
energies. The model makes no prediction of the absolute
magnitude of the effect, and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
the correlations by about a factor of five from RHIC to
LHC, which would significantly underestimate the ob-
served magnitude of the same sign correlations seen at
the LHC. At the same time in [5, 10], it was suggested
that the CME might have the same magnitude at the
LHC and at RHIC energies. Note that, in [8] it is argued
that local charge conservation effects may be responsible
for a significant part of the observed charge dependence
of the correlator 〈cos(φα+φβ−2ΨRP )〉. A full discussion
of these effects is beyond the scope of this paper, and will
be presented in a future publication.
Figure 3 shows the dependence of the three–particle

correlator on the transverse momentum difference, |pt,α−
pt,β|, the average transverse momentum, (pt,α + pt,β)/2,
and the rapidity separation, |ηα − ηβ |, of the pair for the

ALICE: charge dependent  correlations 
qualitatively consistent with CME, and 
similar in strength to those observed by STAR. 
No present event generator can reproduce the 
signal. 
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V2 at RHIC and LHC 
Song,  Bass & Heinz, PRC 2011 

The average QGP viscosity is roughly the same at RHIC and LHC  




