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The nearly perfect liquid paradigm

• a large amount, if not most, of the observables in 
the soft sector can be interpreted in terms of 
collective behaviour in AA collisions  

• viscous hydrodynamics very successful in 
describing, and even predicting semi-
qualitative, simultaneously these observables
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The nearly perfect liquid paradigm

• many open questions still 

• how well do we know the initial conditions? 

• if, when and how does the system thermalize? 

• what is the hadronization mechanism? 

• hadronic interactions and their contribution to observables? 

• …… 

• would like to answer what is the magnitude of transport coefficients and how 
do they depend on e.g. T and what the relevant degrees of freedom are 

• Are we able to do this now?
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The nearly perfect liquid paradigm

Extracting quantitative information

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

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.  
 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 



Many Collisions versus the 
Reaction Plane
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Symmetry Plane
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Using the particles produced we (experimentalists) 
determine, due to the fluctuations, a symmetry 
plane which is different than the Reaction Plane

vn / "n for n=2 and 3



Symmetry Planes
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The asymmetry of the system is larger versus this 
symmetry plane
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Fluctuations
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D. Spatial anisotropy

The initial repartition of the entropy density is clearly
anisotropic in the transverse plane for a peripheral col-
lision, as can be seen in Fig. 1. As we explained in Sec.
II B, this anisotropy initially present in the spatial distri-
butions is at the origin of the anisotropy in momentum
distributions. It is therefore interesting to define a mea-
sure of this spatial anisotropy. For this purpose, consider
the region in the (x,y) plane where the initial entropy
density is at least equal to half its maximum value. If L,
is the size of this region in the x direction (direction of
impact parameter) and L~ its size in the orthogonal direc-
tion y (L )L„),a natural measure of the spatial anisot-
ropy a, is

Ly —L„
L +L (4.18)

a, can then be computed as a function of impact parame-
ter for a given colliding system, or equivalently, as a func-
tion of the number of participating nucleons. The result
is displayed in Fig. 3. As expected, a, is an increasing
function of impact parameter and thus a decreasing func-
tion of the number of participants N, and it vanishes for
central collisions as a consequence of isotropy. The de-
crease of a, for very peripheral collisions is an effect of
the skin thickness of the nuclei, g, which enters the pa-
rametrization of the nuclear density in Eq. (4.16). Since g
is approximately the same for all nuclei, this effect is
more important for smaller nuclei such as S, where g is
larger compared to the size of the nucleus than for a
heavy nucleus. Note that the decrease of a, with N is ap-
proximately linear for the three colliding systems con-
sidered here. The maximum value of a, is about 0.3 for a
Pb-Pb collision, and somewhat smaller for the two other
systems. Thus, a, tends to increase with size of target
and/or projectile.
We expect that the anisotropy in transverse momenta,

for the target nucleus, and a similar formula with A and
8 exchanged for the projectile nucleus. In Eq. (4.17), b is
the impact parameter and cr,„=33mb is the total inelas-
tic nucleon-nucleon cross section The initial entropy
density is then taken proportional to the total density of
participants: so ~ dN& /d r+dN&/d r. The propor-
tionality constant is chosen in such a way that the final
multiplicity corresponds to the experimental value. At
CERN energies, the multiplicity per unit rapidity and per
participant is approximately 2. This is the value we take
in the numerical calculations presented in the following
sections. At energies to be reached at the BNL Relativis-
tic Heavy Ion Collider (RHIC) and CERN Large Hadron
Collider (LHO), the multiplicity per participant will be
larger. The effect of a change in the bombarding energy
will be studied in Sec. V D. We recall that the multiplici-
ty per unit rapidity and the transverse energy per unit ra-
pidity are both proportional, to a good approximation, to
the number of participants. In the following sections, we
shall consider any of these quantities as a measure of the
impact parameter.

1 0
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0.0 '

0.0 0.2 0.4 0
N/N

O.B 1.0

FIG. 3. Spatial anisotropy for various colliding systems. a„
defined by Eq. (4.18), is plotted against the number of participat-
ing nucleons, scaled to its maximum value (reached for a central
collision) N,„.Short dashes: lead-lead collision (N,„=395).
Long dashes: sulfur-sulfur collision (N,„=51).Solid line:
sulfur-tungsten collision (N,„=121).

a, will be comparable to the spatial anisotropy a, . How-
ever, while a, only involves the initial conditions, other
parameters come into play in the determination of a,
which are the parameters of hydrodynamics: initial time,
decoupling temperature, and equation of state. In Secs.
V and VI, we study their inAuence on a.

V. MASSLESS PION GAS

The simplest equation of state one can think of is that
of blackbody radiation, which corresponds here to taking
only pions into account, and neglect their mass and in-
teractions. The entropy density s is then

(5.1)

where v&=3 is the pion degeneracy factor. Such an
equation of state considerably overestimates the tempera-
ture for a given density, as is shown [12,14] by a discus-
sion of the average transverse momentum (pr ). Howev-
er, we use it as a reference case because it does not con-
tain any dimensional parameter: thus, the only tempera-
ture scale in the problem is the initial temperature.

A. Variation of a with the multiplicity

Using Eq. (5.1), we computed the anisotropy a defined
by Eq. (4.9) as a function of the number of participants.
We take the values to=1 fm/c for the initial time and
Td=150 MeV/c for the decoupling temperature and
postpone the discussion concerning these parameters un-
til the following sections. The result is displayed in Fig. 4
for a Pb-Pb collision. a is very close to the spatial anisot-
ropy a, displayed in Fig. 3, which shows that the anisot-
ropy in the final momenta is tightly related to the spatia1
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Jean-Yves Ollitrault; PRD 46 (1992)

Mike Miller, RS nucl-ex/0312008 (2003)

The asymmetry is larger and even non-zero for 
perfectly central collisions 

This asymmetry in coordinate space is though to be 
responsible, due to e.g. final state interactions, for 

the observed anisotropy in particle production  
vn / "n
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Fluctuations
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Fluctuations
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the initial spatial distributions

• Important input for determining 
response of the system are the 
initial conditions

3

where ta are the generators of SU(Nc) in the fundamental
representation (The cell index j is omitted here). The
N2

c −1 equations (4) are highly non-linear and for Nc = 3
are solved iteratively.
The total energy density on the lattice at τ = 0 is given

by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [32, 34].
We note that the boost-invariant CYM framework ne-
glects fluctuations in the rapidity direction. Anisotropic
flow at mid-rapdity is dominated by fluctuations in the
transverse plane but fluctuations in rapidity could have
an effect on the dissipative evolution; the framework to
describe these effects has been developed [35] and will
be addressed in future work. Other rapidity dependent
initial conditions are discussed in Ref. [36].
In Fig. 1 we show the event-by-event fluctuation in

the initial energy per unit rapidity. The mean was ad-
justed to reproduce particle multiplicities after hydro-
dynamic evolution. This and all following results are for
Au+Au collisions at RHIC energies (

√
s = 200AGeV) at

midrapidity. The best fit is given by a negative binomial
(NBD) distribution, as predicted in the Glasma flux tube
framework [37]; our result adds further confirmation to a
previous non-perturbative study [38]. The fact that the
Glasma NBD distribution fits p+p multiplicity distribu-
tions over RHIC and LHC energies [24] lends confidence
that our picture includes fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. 2. We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 8]. In the latter, for ev-
ery participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particular,
fluctuations in the IP-Glasma occur on the length-scale
Q−1

s (x⊥), leading to finer structures in the initial energy
density relative to the other models. As noted in [25],
this feature of CGC physics is missing in the MC-KLN
model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[39], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

√

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2
⟨rn⟩

, (6)

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [8] models.

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing well with the MC-Glauber model using binary
collision scaling (Nbinary). We note however that this
agreement is accidental; binary collision scaling of eccen-
tricities, as shown explicitly in a previous work applying
average CYM initial conditions [40], does not imply bi-
nary collision scaling of multiplicities.
The triangularities are very similar, with the MC-KLN

result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.
We have checked that our results for ε2, ε3 are insensi-
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Symmetry Planes
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Higher harmonics
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For central collisions 0-5% we observe that at p
t

⇡ 2
GeV/c v

3

becomes equal to v
2

and at p
t

⇡ 3 GeV/c v
4

also reaches the same magnitude as v
2

and v
3

. For more
central collisions 0-2%, we observe that v

3

becomes equal
to v

2

at lower p
t

and reaches significantly larger values
than v

2

at higher-p
t

. The same is true for v
4

compared
to v

2

.
We compare the structures found with azimuthal cor-

relations between triggered and associated particles to
those described by the measured v

n

components. The
two-particle azimuthal correlations are measured by cal-
culating:

C(��) ⌘ N
mixed

N
same

dN
same

/d��

dN
mixed

/d��
, (3)

where �� = �
trig

��
assoc

. dN
same

/d�� (dN
mixed

/d��)
is the number of associated particles as function of ��
within the same (di↵erent) event, and N

same

(N
mixed

)
the total number of associated particles in dN

same

/d��
(dN

mixed

/d��). Figure 4 shows the azimuthal correla-

 (rad.)φΔ
-1 0 1 2 3 4

)φ
Δ

C
(
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1
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 < 3.0t,trig2.0 < p
 < 2.0t,assoc1.0 < p

| < 0.8ηCentrality 0-1%, |
| > 1ηΔ|

| > 1}ηΔ{2, |2,3,4,5v

FIG. 4. (color online) The two-particle azimuthal correla-
tion, measured in 0 < �� < ⇡ and shown symmetrized over
2⇡, between a trigger particle with 2 < pt < 3 GeV/c and
an associated particle with 1 < pt < 2 GeV/c for the 0–1%
centrality class. The solid red line shows the sum of the mea-
sured anisotropic flow Fourier coe�cients v2, v3, v4 and v5
(dashed lines).

tion observed in very central collisions 0–1%, for trigger
particles in the range 2 < p

t

< 3 GeV/c with associated
particles in 1 < p

t

< 2 GeV/c for pairs in |�⌘| > 1.
We observe a clear doubly-peaked correlation structure
centered opposite to the trigger particle. This feature
has been observed at lower energies in broader central-
ity bins [32, 33], but only after subtraction of the elliptic
flow component. This two-peak structure has been in-
terpreted as an indication for various jet-medium modi-

fications (i.e. Mach cones) [32, 33] and more recently as
a manifestation of triangular flow [10–13]. We therefore
compare the azimuthal correlation shape expected from
v
2

, v
3

, v
4

and v
5

evaluated at corresponding transverse
momenta with the measured two-particle azimuthal trig-
gered correlation and find that the combination of these
harmonics gives a natural description of the observed cor-
relation structure on the away-side.
In summary, we have presented the first measurement

at the LHC of triangular v
3

, quadrangular v
4

and pen-
tagonal particle flow v

5

. We have shown that the trian-
gular flow and its fluctuations can be understood from
the initial spatial anisotropy. The transverse momentum
dependence of v

2

and v
3

compared to model calculations
favors a small value of the shear viscosity to entropy ratio
⌘/s. For the 5% most central collisions we have shown
that v

2

rises strongly with centrality in 1% centrality per-
centiles. The strong change in v

2

and the small change
in v

3

as a function of centrality in these 1% centrality
percentile classes follow the centrality dependence of the
corresponding spatial anisotropies. The two-particle az-
imuthal correlation for the 0–1% centrality class exhibits
a double peak structure around �� ⇠ ⇡ (the “away
side”) without the subtraction of elliptic flow. We have
shown that the measured anisotropic flow Fourier coe�-
cients give a natural description of this structure.
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ALICE published the first results on higher harmonics 
showing that for very central collisions the azimuthal correlations showed clear evidence for 

higher order harmonics without having to do any subtraction  
It also showed for the first time that v3{4} is unequal to zero, a signature of the collective effect 

and the non gaussian fluctuations!
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FIG. 8. Simulated observables compared to experimental data from the ALICE experiment [108, 109]. Top row: explicit model
calculations for each of the 300 design points, bottom: emulator predictions of 100 random samples drawn from the posterior
distribution. Left column: identified particle yields dN/dy, middle: mean transverse momenta hpT i, right: flow cumulants
vn{2}.

IV. RESULTS

The primary result of this study is the posterior dis-
tribution for the model parameters, Fig. 7. In fact, this
figure contains two posterior distributions: one from cal-
ibrating to identified particle yields dN/dy (blue, lower
triangle), and the other from calibrating to charged par-
ticle yields dN

ch

/d⌘ (red, upper triangle). We performed
the alternate calibration to charged particles because
the model could not simultaneously describe all identi-
fied particle yields for any parameter values, as will be
demonstrated shortly.

In Fig. 7, the diagonal plots are marginal distributions
for each model parameter (all other parameters inte-
grated out) from the calibrations to identified (blue) and
charged (red) particles, while the o↵-diagonals are joint
distributions showing correlations among pairs of param-
eters from the calibrations to identified (blue, lower tri-
angle) and charged (red, upper triangle) particles. Op-
erationally, these are all histograms of MCMC samples.

We discuss the posterior distributions in detail in the
following subsections. First, let us introduce several an-
cillary results.

Table III contains quantitative estimates of each pa-
rameter extracted from the posterior distributions. The
reported values are the medians of each parameter’s
distribution, and the uncertainties are highest-posterior

density2 90% credible intervals. Note that some esti-
mates are influenced by limited prior ranges, e.g. the
lower bound of the nucleon width w.
Figure 8 compares simulated observables (see Table II)

to experimental data. The top row has explicit model
calculations at each of the 300 design points; recall that
all model parameters vary across their full ranges, lead-
ing to the large spread in computed observables. The
bottom row shows emulator predictions of 100 random
samples from the identified particle posterior distribution
(these are visually indistinguishable for the charged parti-
cle posterior). Here, the model has been calibrated to ex-
periment, so its calculations are clustered tightly around
the data—although some uncertainty remains since the
samples are drawn from a posterior distribution of fi-
nite width. Overall, the calibrated model provides an
excellent simultaneous fit to all observables except the
pion/kaon yield ratio, which (although it is di�cult to
see on a log scale) deviates by roughly 10–30%. We ad-
dress this deficiency in the following subsections.

A. Initial condition parameters

The first four parameters are related to the initial con-
dition model. Proceeding in order:

2
The highest-posterior density credible interval is the smallest

range containing the desired fraction of the distribution.
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FIG. 9. Posterior distribution of the TRENTo entropy de-
position parameter p introduced in Eq. (14). Approximate
p-values are annotated for the KLN (p ⇡ 0.67 ± 0.01),
EKRT (p ⇡ 0.0 ± 0.1), and wounded nucleon (p = 1)
models.

The normalization factor is not a physical parame-
ter but nonetheless must be tuned to fit overall particle
production. Both calibrations produced narrow poste-
rior distributions, with the identified particle result lo-
cated slightly lower to compromise between pion and
kaon yields. There are some mild correlations between
the normalization and other parameters that a↵ect par-
ticle production.

The TRENTo entropy deposition parameter p intro-
duced in Eq. (14) has a remarkably narrow distribution,
with the two calibrations in excellent agreement. The
estimated value is essentially zero with approximate 90%
uncertainty ±0.2, meaning that initial state entropy de-
position is roughly proportional to the geometric mean

of participant nuclear thickness functions, s ⇠
p

T̃AT̃B .
This confirms previous analysis of the TRENTo model
which demonstrated that p ⇡ 0 simultaneously produces
the correct ratio between initial state ellipticity and tri-
angularity and fits multiplicity distributions for a variety
of collision systems [38]. We observe little correlation be-
tween p and any other parameters, suggesting that its
optimal value is mostly factorized from the rest of the
model.

Further, recall that the p parameter smoothly interpo-
lates among di↵erent classes of initial condition models;
Fig. 9 shows an expanded view of the posterior distribu-
tion along with the approximate p-values for the other
models in Fig. 4. The EKRT model (and presumably
IP-Glasma as well) lie squarely in the peak—this helps
explain their success—while the KLN and wounded nu-
cleon models are considerably outside.

The distributions for the multiplicity fluctuation pa-
rameter k are quite broad, indicating that it’s relatively
unimportant for the present model and observables. In-
deed, these fluctuations are overwhelmed by nucleon
position fluctuations in large collision systems such as
Pb+Pb.

The Gaussian nucleon width w has fairly narrow dis-
tributions mostly within 0.4–0.6 fm. It appears we did
not extend the initial range low enough and so the pos-
teriors are truncated; however we still resolve peaks at
⇠0.43 and ⇠0.49 fm for the identified and charged parti-
cle calibrations, respectively. Since the distributions are
asymmetric, the median values are somewhat higher than

the modes. The quantitative estimates and uncertainties
are in good agreement with the gluonic widths extracted
from deep inelastic scattering data at HERA [115–117]
and support the values used in EKRT and IP-Glasma
studies [18, 19]. We also observe striking correlations
between the nucleon width and QGP viscosities—this is
because decreasing the width leads to smaller scale struc-
tures and steeper gradients in the initial state. So e.g.
as the nucleon width decreases, average transverse mo-
mentum increases, and bulk viscosity must increase to
compensate. This explains the strong anti-correlation
between w and ⇣/s norm.

B. QGP medium parameters

The shear viscosity parameters (⌘/s)
min,slope

set the
temperature dependence of ⌘/s according to the linear
ansatz

(⌘/s)(T ) = (⌘/s)
min

+ (⌘/s)
slope

(T � Tc) (31)

for T > Tc. The full parametrization Eq. (4) also in-
cludes a constant (⌘/s)

hrg

for T < Tc; this parameter
was included in the calibration but yielded an essentially
flat posterior distribution, implying that it has little to
no e↵ect. This is not surprising, since hadronic viscos-
ity is largely handled by UrQMD, not the hydrodynamic
model. Therefore, we omit (⌘/s)

hrg

from the posterior
distribution visualizations and tables.
Examining the marginal distributions for ⌘/s min and

slope, we see a clear preference for (⌘/s)
min

. 0.15 and
a slight disfavor of steep slopes; however, the marginal
distributions do not paint a complete picture. The joint
distribution shows a salient correlation between the two

TABLE III. Estimated parameter values (medians) and un-
certainties (90% credible intervals) from the posterior distri-
butions calibrated to identified and charged particle yields
(middle and right columns, respectively). The distribution
for Tswitch based on charged particles is essentially flat, so we
do not report a quantitative estimate.

Calibrated to:

Parameter Identified Charged

Normalization 120.

+8.
�8. 132.

+11.
�11.

p �0.02+0.16
�0.18 0.03+0.16

�0.17

k 1.7+0.5
�0.5 1.6+0.6

�0.5

w [fm] 0.48+0.10
�0.07 0.51+0.10

�0.09

⌘/s min 0.07+0.05
�0.04 0.08+0.05

�0.05

⌘/s slope [GeV�1] 0.93+0.65
�0.92 0.65+0.77

�0.65

⇣/s norm 1.2+0.2
�0.3 1.1+0.5

�0.5

Tswitch [GeV] 0.148+0.002
�0.002 —

14

0.15 0.20 0.25 0.30
TePSerature [Ge9]

0.0

0.2

0.4

0.6

η/
s

.66 bRunG 1/4π

3riRr range
3RVteriRr PeGian
90% C5

FIG. 10. Estimated temperature dependence of the shear
viscosity (⌘/s)(T ) for T > Tc = 0.154 GeV. The gray
shaded region indicates the prior range for the linear (⌘/s)(T )
parametrization Eq. (31), the blue line is the median from
the posterior distribution, and the blue band is a 90% credi-
ble region. The horizontal gray line indicates the KSS bound
⌘/s � 1/4⇡ [12–14].

parameters, hence, while neither ⌘/s min nor slope are
strongly constrained independently, a linear combination
is quite strongly constrained. Figure 10 visualizes the
complete estimate of the temperature dependence of ⌘/s
via the median min and slope from the posterior (for
identified particles) and a 90% credible region. This vi-
sualization corroborates that the posterior for (⌘/s)(T )
is markedly narrower than the prior and further reveals
that the uncertainty is smallest at intermediate temper-
atures, T ⇠ 200–225 MeV. We hypothesize that this is
the most important temperature range for the present
observables at

p
sNN = 2.76 TeV—perhaps it is where

the system spends most of its time and hence where
most anisotropic flow develops, for instance—and thus
the data provide a “handle” for ⌘/s around 200 MeV.
Data at other beam energies and other, more sensitive
observables could provide additional handles at di↵erent
temperatures, enabling a more precise estimate of the
temperature dependence of ⌘/s.

This result for (⌘/s)(T ) supports several recent find-
ings using other models: a detailed study using the
EKRT model [19] showed that a combination of RHIC
and LHC data prefer a flat or shallow high-temperature
slope, while an analysis using a three-dimensional con-
stituent quark model [118] demonstrated that a similar
flat or shallow slope best describes the rapidity depen-
dence of elliptic flow at RHIC. In addition, the estimated
temperature-averaged shear viscosity is consistent with
the (constant) ⌘/s = 0.095 reported [44] using the IP-
Glasma model and the same bulk viscosity parametriza-
tion, Eq. (5). Finally, the present result remains compati-
ble (within uncertainty) with the KSS bound ⌘/s � 1/4⇡
[12–14].

One should interpret the estimate of (⌘/s)(T ) depicted
in Fig. 10 with care. We asserted a somewhat restricted

linear parametrization reaching a minimum at a fixed
temperature, and evidently may not have extended the
prior range for the slope high enough to bracket the pos-
terior distribution; these assumptions, along with the flat
10% uncertainty [see Eq. (30)], surely a↵ect the precise
result. And in general, a credible region is not a strict
constraint—the true function may lie partially or com-
pletely (however improbably) outside the estimated re-
gion. Yet the overarching message holds: we find the
least uncertainty in ⌘/s at intermediate temperatures,
and estimate that its temperature dependence has at
most a shallow positive slope.

For the ⇣/s norm [the prefactor for the parametriza-
tion Eq. (5)], the calibrations yielded clearly peaked pos-
terior distributions located slightly above one. Hence,
the estimate is comfortably consistent with leaving the
parametrization unscaled, as in [44]. As noted in the
previous subsection, there is a strong anti-correlation be-
tween ⇣/s norm and the nucleon width. We also observe
a positive correlation with ⌘/s min, which initially seems
counterintuitive. This dependence arises via the nu-
cleon width: increasing bulk viscosity requires decreasing
the nucleon width, which in turn necessitates increasing
shear viscosity to damp out the excess anisotropy. Given
the previously mentioned shortcomings in the current
treatment of bulk viscosity (neglecting bulk corrections
at particlization, lack of a dynamical pre-equilibrium
phase), we refrain from making any quantitative state-
ments. What is clear, however, is that a nonzero bulk
viscosity is necessary to simultaneously describe trans-
verse momentum and flow data.

The distributions for the particlization temperature
T

switch

have by far the most dramatic di↵erence between
the two calibrations. The posterior from identified parti-
cle yields shows a sharp peak centered at T ⇡ 148 MeV,
just below Tc = 154 MeV; but with charged particle
yields, the distribution is nearly flat. This is because the
final particle ratios—while somewhat modified by scat-
terings and decays in the hadronic phase—are largely
determined by the thermal ratios at the particlization
temperature. So, when we require the model to describe
identified particle yields, T

switch

is tightly constrained; on
the other hand, lacking these data there is little else to
determine an optimal switching temperature. This re-
inforces the original hybrid model postulate—that both
hydro and Boltzmann transport models predict the same
medium evolution within a temperature window [50–52].

Note that, while we do see a narrow peak for T

switch

,
the model cannot simultaneously fit pion, kaon, and pro-
ton yields; in particular, the pion/kaon ratio is 10–30%
low. The peak thus arises from a compromise between
pions and kaons—not an ideal fit—so we do not con-
sider the quantitative value of the peak to be particu-
larly meaningful. This is a long-standing issue in hybrid
models [119] and therefore likely indicates a more fun-
damental problem with the particle production scheme
rather than one with this specific model.
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can be improved by using data from RHIC and the 
LHC at the different energies
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detailed calculations for LHC at 
different energies 

constraints will improve when full 
dataset is analysed
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fully described by fluid dynamics. Therefore, even if the
fluid dynamical models have been very successful in de-
scribing the low-pT hadron spectra measured at RHIC
and LHC energies, it is still not clear in how detail one
should trust the fluid dynamical description, and what
are its limitations.

It is then clear that reaching the final goal of deter-
mining the transport properties of the matter from the
experimental data requires that also the uncertainties re-
lated to the fluid dynamical evolution are systematically
charted. There are currently a few ways of extending the
applicability of fluid dynamics. For example, the moment
expansion of the Boltzmann equation provides a way to
include in principle arbitrary orders of the gradients into
the description, and it has been shown that including all
the second order terms consistently into the description
is essential in describing the detailed structure of shock
waves [93]. One of the characteristics of heavy-ion col-
lisions is that the early expansion is highly asymmetric,
i.e. the system starts with a fast longitudinal expansion,
and transverse expansion develops only later. This kind
of anisotropic expansion results in also highly anisotropic
local momentum distributions, which can lead to a break-
ing of the usual fluid dynamical description. This is
the motivation for the so-called anisotropic hydrodynam-
ics [94–96], where the functional form of the expansion
around the equilibrium state is designed to allow large de-
viations from an isotropic momentum distributions. Nei-
ther of these methods are, however, applied to a full de-
scription of heavy-ion collisions, yet.

One of the important conditions for the applicability
of fluid dynamics is that different systems should be de-
scribed by the same transport coefficients that can de-
pend on temperature and chemical potentials, but not
e.g. on the collision energy or the nuclear mass number.

C. Our fluid dynamical setup

In this work we employ the setup previously used
in Refs. [13, 14, 24, 55], where the longitudinal ex-
pansion is approximated by a scaling flow consistent
with longitudinal boost-invariance. In this approxima-
tion the longitudinal flow velocity is given by vz = z/t,
and the components of the energy-momentum tensor,
Eq. (1), become independent of the spacetime rapidity
⌘s = (1/2) ln [(t+ z)/(t� z)], i.e., they depend on the
transverse coordinates, r = (x, y), and the longitudinal
proper time, ⌧ =

p
t

2 � z

2, only. From a numerical point
of view, this reduces the (3+1)–dimensional problem to
a (2+1)–dimensional one.

The coefficients of the non-linear terms in the equa-
tions of motion for the shear-stress tensor, Eq. (4), are
taken from the 14-moment approximation to the ultra-
relativistic gas [68, 69, 71], i.e., c1 = �(4/3)⌧⇡, c2 =

�(10/7)⌧⇡, c3 = 2⌧⇡, and c4 = 9/(70P0), and the relation

FIG. 1. (Color online) Parametrizations of the temperature
dependence of the shear-viscosity to entropy ratio, labelled
here in the order of increasing ⌘/s at T = 100 MeV. For more
details, see the text and Table I.

between the relaxation time ⌧⇡ and the shear viscosity is

⌧⇡ =

5⌘

e+ P0
. (7)

In thermodynamical equilibrium, the properties of the
matter are essentially given by the EoS that gives pres-
sure as a function of temperature. Here we use the
s95p-PCE-v1 parametrization of lattice QCD results at
zero net-baryon density [97]. The high-temperature part
of this EoS is from the hotQCD collaboration [98, 99]
and it is smoothly connected to a hadron resonance gas,
where resonances up to mass of 2 GeV are included. The
hadronic part of the EoS includes a chemical freeze-out
at Tchem = 175 MeV, where all stable hadron ratios are
fixed [100–102]. A hadron is considered stable, if its life-
time is more than 10 fm. In the perfect fluid limit the
construction of the chemical freeze-out also conserves the
number of stable particles. However, in the viscous fluid
there is still small (approximately 1%) entropy produc-
tion below Tchem = 175 MeV, and this leads to a small
increase in the number of particles during the evolution
of chemically frozen hadronic matter.

Once the transport coefficients and EoS above are
given, the only degrees of freedom left are the shear vis-
cosity to entropy density ratio ⌘/s(T ) and the initial com-
ponents Tµ⌫

(⌧0, r). In the boost-invariant approximation
it is enough to specify T

µ⌫
(⌧0, r) in the transverse plane

at some initial proper time ⌧0. The initial conditions
calculated from the EbyE EKRT setup are discussed in
detail in the next section.

As shown in Fig. 1, we parametrize the temperature
dependence of the ⌘/s ratio in a similar manner as we did
in [55], by assuming a minimum of ⌘/s at T = Tmin to
be somewhere in the cross-over temperature-region and a
linearly rising (decreasing) behavior in the QGP (HRG)

arXiv:1505.02677 
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FIG. 9. Posterior distribution of the TRENTo entropy de-
position parameter p introduced in Eq. (14). Approximate
p-values are annotated for the KLN (p ⇡ 0.67 ± 0.01),
EKRT (p ⇡ 0.0 ± 0.1), and wounded nucleon (p = 1)
models.

The normalization factor is not a physical parame-
ter but nonetheless must be tuned to fit overall particle
production. Both calibrations produced narrow poste-
rior distributions, with the identified particle result lo-
cated slightly lower to compromise between pion and
kaon yields. There are some mild correlations between
the normalization and other parameters that a↵ect par-
ticle production.

The TRENTo entropy deposition parameter p intro-
duced in Eq. (14) has a remarkably narrow distribution,
with the two calibrations in excellent agreement. The
estimated value is essentially zero with approximate 90%
uncertainty ±0.2, meaning that initial state entropy de-
position is roughly proportional to the geometric mean

of participant nuclear thickness functions, s ⇠
p

T̃AT̃B .
This confirms previous analysis of the TRENTo model
which demonstrated that p ⇡ 0 simultaneously produces
the correct ratio between initial state ellipticity and tri-
angularity and fits multiplicity distributions for a variety
of collision systems [38]. We observe little correlation be-
tween p and any other parameters, suggesting that its
optimal value is mostly factorized from the rest of the
model.

Further, recall that the p parameter smoothly interpo-
lates among di↵erent classes of initial condition models;
Fig. 9 shows an expanded view of the posterior distribu-
tion along with the approximate p-values for the other
models in Fig. 4. The EKRT model (and presumably
IP-Glasma as well) lie squarely in the peak—this helps
explain their success—while the KLN and wounded nu-
cleon models are considerably outside.

The distributions for the multiplicity fluctuation pa-
rameter k are quite broad, indicating that it’s relatively
unimportant for the present model and observables. In-
deed, these fluctuations are overwhelmed by nucleon
position fluctuations in large collision systems such as
Pb+Pb.

The Gaussian nucleon width w has fairly narrow dis-
tributions mostly within 0.4–0.6 fm. It appears we did
not extend the initial range low enough and so the pos-
teriors are truncated; however we still resolve peaks at
⇠0.43 and ⇠0.49 fm for the identified and charged parti-
cle calibrations, respectively. Since the distributions are
asymmetric, the median values are somewhat higher than

the modes. The quantitative estimates and uncertainties
are in good agreement with the gluonic widths extracted
from deep inelastic scattering data at HERA [115–117]
and support the values used in EKRT and IP-Glasma
studies [18, 19]. We also observe striking correlations
between the nucleon width and QGP viscosities—this is
because decreasing the width leads to smaller scale struc-
tures and steeper gradients in the initial state. So e.g.
as the nucleon width decreases, average transverse mo-
mentum increases, and bulk viscosity must increase to
compensate. This explains the strong anti-correlation
between w and ⇣/s norm.

B. QGP medium parameters

The shear viscosity parameters (⌘/s)
min,slope

set the
temperature dependence of ⌘/s according to the linear
ansatz

(⌘/s)(T ) = (⌘/s)
min

+ (⌘/s)
slope

(T � Tc) (31)

for T > Tc. The full parametrization Eq. (4) also in-
cludes a constant (⌘/s)

hrg

for T < Tc; this parameter
was included in the calibration but yielded an essentially
flat posterior distribution, implying that it has little to
no e↵ect. This is not surprising, since hadronic viscos-
ity is largely handled by UrQMD, not the hydrodynamic
model. Therefore, we omit (⌘/s)

hrg

from the posterior
distribution visualizations and tables.
Examining the marginal distributions for ⌘/s min and

slope, we see a clear preference for (⌘/s)
min

. 0.15 and
a slight disfavor of steep slopes; however, the marginal
distributions do not paint a complete picture. The joint
distribution shows a salient correlation between the two

TABLE III. Estimated parameter values (medians) and un-
certainties (90% credible intervals) from the posterior distri-
butions calibrated to identified and charged particle yields
(middle and right columns, respectively). The distribution
for Tswitch based on charged particles is essentially flat, so we
do not report a quantitative estimate.

Calibrated to:

Parameter Identified Charged

Normalization 120.

+8.
�8. 132.

+11.
�11.

p �0.02+0.16
�0.18 0.03+0.16

�0.17

k 1.7+0.5
�0.5 1.6+0.6

�0.5

w [fm] 0.48+0.10
�0.07 0.51+0.10

�0.09

⌘/s min 0.07+0.05
�0.04 0.08+0.05

�0.05

⌘/s slope [GeV�1] 0.93+0.65
�0.92 0.65+0.77

�0.65

⇣/s norm 1.2+0.2
�0.3 1.1+0.5

�0.5

Tswitch [GeV] 0.148+0.002
�0.002 —
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FIG. 10. Estimated temperature dependence of the shear
viscosity (⌘/s)(T ) for T > Tc = 0.154 GeV. The gray
shaded region indicates the prior range for the linear (⌘/s)(T )
parametrization Eq. (31), the blue line is the median from
the posterior distribution, and the blue band is a 90% credi-
ble region. The horizontal gray line indicates the KSS bound
⌘/s � 1/4⇡ [12–14].

parameters, hence, while neither ⌘/s min nor slope are
strongly constrained independently, a linear combination
is quite strongly constrained. Figure 10 visualizes the
complete estimate of the temperature dependence of ⌘/s
via the median min and slope from the posterior (for
identified particles) and a 90% credible region. This vi-
sualization corroborates that the posterior for (⌘/s)(T )
is markedly narrower than the prior and further reveals
that the uncertainty is smallest at intermediate temper-
atures, T ⇠ 200–225 MeV. We hypothesize that this is
the most important temperature range for the present
observables at

p
sNN = 2.76 TeV—perhaps it is where

the system spends most of its time and hence where
most anisotropic flow develops, for instance—and thus
the data provide a “handle” for ⌘/s around 200 MeV.
Data at other beam energies and other, more sensitive
observables could provide additional handles at di↵erent
temperatures, enabling a more precise estimate of the
temperature dependence of ⌘/s.

This result for (⌘/s)(T ) supports several recent find-
ings using other models: a detailed study using the
EKRT model [19] showed that a combination of RHIC
and LHC data prefer a flat or shallow high-temperature
slope, while an analysis using a three-dimensional con-
stituent quark model [118] demonstrated that a similar
flat or shallow slope best describes the rapidity depen-
dence of elliptic flow at RHIC. In addition, the estimated
temperature-averaged shear viscosity is consistent with
the (constant) ⌘/s = 0.095 reported [44] using the IP-
Glasma model and the same bulk viscosity parametriza-
tion, Eq. (5). Finally, the present result remains compati-
ble (within uncertainty) with the KSS bound ⌘/s � 1/4⇡
[12–14].

One should interpret the estimate of (⌘/s)(T ) depicted
in Fig. 10 with care. We asserted a somewhat restricted

linear parametrization reaching a minimum at a fixed
temperature, and evidently may not have extended the
prior range for the slope high enough to bracket the pos-
terior distribution; these assumptions, along with the flat
10% uncertainty [see Eq. (30)], surely a↵ect the precise
result. And in general, a credible region is not a strict
constraint—the true function may lie partially or com-
pletely (however improbably) outside the estimated re-
gion. Yet the overarching message holds: we find the
least uncertainty in ⌘/s at intermediate temperatures,
and estimate that its temperature dependence has at
most a shallow positive slope.

For the ⇣/s norm [the prefactor for the parametriza-
tion Eq. (5)], the calibrations yielded clearly peaked pos-
terior distributions located slightly above one. Hence,
the estimate is comfortably consistent with leaving the
parametrization unscaled, as in [44]. As noted in the
previous subsection, there is a strong anti-correlation be-
tween ⇣/s norm and the nucleon width. We also observe
a positive correlation with ⌘/s min, which initially seems
counterintuitive. This dependence arises via the nu-
cleon width: increasing bulk viscosity requires decreasing
the nucleon width, which in turn necessitates increasing
shear viscosity to damp out the excess anisotropy. Given
the previously mentioned shortcomings in the current
treatment of bulk viscosity (neglecting bulk corrections
at particlization, lack of a dynamical pre-equilibrium
phase), we refrain from making any quantitative state-
ments. What is clear, however, is that a nonzero bulk
viscosity is necessary to simultaneously describe trans-
verse momentum and flow data.

The distributions for the particlization temperature
T

switch

have by far the most dramatic di↵erence between
the two calibrations. The posterior from identified parti-
cle yields shows a sharp peak centered at T ⇡ 148 MeV,
just below Tc = 154 MeV; but with charged particle
yields, the distribution is nearly flat. This is because the
final particle ratios—while somewhat modified by scat-
terings and decays in the hadronic phase—are largely
determined by the thermal ratios at the particlization
temperature. So, when we require the model to describe
identified particle yields, T

switch

is tightly constrained; on
the other hand, lacking these data there is little else to
determine an optimal switching temperature. This re-
inforces the original hybrid model postulate—that both
hydro and Boltzmann transport models predict the same
medium evolution within a temperature window [50–52].

Note that, while we do see a narrow peak for T

switch

,
the model cannot simultaneously fit pion, kaon, and pro-
ton yields; in particular, the pion/kaon ratio is 10–30%
low. The peak thus arises from a compromise between
pions and kaons—not an ideal fit—so we do not con-
sider the quantitative value of the peak to be particu-
larly meaningful. This is a long-standing issue in hybrid
models [119] and therefore likely indicates a more fun-
damental problem with the particle production scheme
rather than one with this specific model.
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smallest uncertainties at 
temperatures which determine 
the anisotropic flow at the LHC

Is our picture 

correct??



22

Centrality percentile
0 10 20 30 40 50 60 70

S
C

(m
,n

)
2−

1−

0

1

2

3

6−10×

 = 2.76 TeV
NN

sALICE Pb-Pb 

SC(4,2)

SC(3,2)

HIJING

SC(4,2)

SC(3,2)

How well do we understand the dynamics?

• SC(m,n) = <v2
m v2

n> - 
<v2

m><v2
n> measures 

correlations between 
magnitudes of vn and vm 

• while both terms are nonzero 
in most models, the SC are 
zero in HIJING this illustrates 
that they are nearly 
insensitive to nonflow 

• a clear correlations between 
v2 and v4 and anti-correlation 
between v2 and v3 are 
measured by ALICE

ALICE  arXiv:1604.07663
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fully described by fluid dynamics. Therefore, even if the
fluid dynamical models have been very successful in de-
scribing the low-pT hadron spectra measured at RHIC
and LHC energies, it is still not clear in how detail one
should trust the fluid dynamical description, and what
are its limitations.

It is then clear that reaching the final goal of deter-
mining the transport properties of the matter from the
experimental data requires that also the uncertainties re-
lated to the fluid dynamical evolution are systematically
charted. There are currently a few ways of extending the
applicability of fluid dynamics. For example, the moment
expansion of the Boltzmann equation provides a way to
include in principle arbitrary orders of the gradients into
the description, and it has been shown that including all
the second order terms consistently into the description
is essential in describing the detailed structure of shock
waves [93]. One of the characteristics of heavy-ion col-
lisions is that the early expansion is highly asymmetric,
i.e. the system starts with a fast longitudinal expansion,
and transverse expansion develops only later. This kind
of anisotropic expansion results in also highly anisotropic
local momentum distributions, which can lead to a break-
ing of the usual fluid dynamical description. This is
the motivation for the so-called anisotropic hydrodynam-
ics [94–96], where the functional form of the expansion
around the equilibrium state is designed to allow large de-
viations from an isotropic momentum distributions. Nei-
ther of these methods are, however, applied to a full de-
scription of heavy-ion collisions, yet.

One of the important conditions for the applicability
of fluid dynamics is that different systems should be de-
scribed by the same transport coefficients that can de-
pend on temperature and chemical potentials, but not
e.g. on the collision energy or the nuclear mass number.

C. Our fluid dynamical setup

In this work we employ the setup previously used
in Refs. [13, 14, 24, 55], where the longitudinal ex-
pansion is approximated by a scaling flow consistent
with longitudinal boost-invariance. In this approxima-
tion the longitudinal flow velocity is given by vz = z/t,
and the components of the energy-momentum tensor,
Eq. (1), become independent of the spacetime rapidity
⌘s = (1/2) ln [(t+ z)/(t� z)], i.e., they depend on the
transverse coordinates, r = (x, y), and the longitudinal
proper time, ⌧ =

p
t

2 � z

2, only. From a numerical point
of view, this reduces the (3+1)–dimensional problem to
a (2+1)–dimensional one.

The coefficients of the non-linear terms in the equa-
tions of motion for the shear-stress tensor, Eq. (4), are
taken from the 14-moment approximation to the ultra-
relativistic gas [68, 69, 71], i.e., c1 = �(4/3)⌧⇡, c2 =

�(10/7)⌧⇡, c3 = 2⌧⇡, and c4 = 9/(70P0), and the relation

FIG. 1. (Color online) Parametrizations of the temperature
dependence of the shear-viscosity to entropy ratio, labelled
here in the order of increasing ⌘/s at T = 100 MeV. For more
details, see the text and Table I.

between the relaxation time ⌧⇡ and the shear viscosity is

⌧⇡ =

5⌘

e+ P0
. (7)

In thermodynamical equilibrium, the properties of the
matter are essentially given by the EoS that gives pres-
sure as a function of temperature. Here we use the
s95p-PCE-v1 parametrization of lattice QCD results at
zero net-baryon density [97]. The high-temperature part
of this EoS is from the hotQCD collaboration [98, 99]
and it is smoothly connected to a hadron resonance gas,
where resonances up to mass of 2 GeV are included. The
hadronic part of the EoS includes a chemical freeze-out
at Tchem = 175 MeV, where all stable hadron ratios are
fixed [100–102]. A hadron is considered stable, if its life-
time is more than 10 fm. In the perfect fluid limit the
construction of the chemical freeze-out also conserves the
number of stable particles. However, in the viscous fluid
there is still small (approximately 1%) entropy produc-
tion below Tchem = 175 MeV, and this leads to a small
increase in the number of particles during the evolution
of chemically frozen hadronic matter.

Once the transport coefficients and EoS above are
given, the only degrees of freedom left are the shear vis-
cosity to entropy density ratio ⌘/s(T ) and the initial com-
ponents Tµ⌫

(⌧0, r). In the boost-invariant approximation
it is enough to specify T

µ⌫
(⌧0, r) in the transverse plane

at some initial proper time ⌧0. The initial conditions
calculated from the EbyE EKRT setup are discussed in
detail in the next section.

As shown in Fig. 1, we parametrize the temperature
dependence of the ⌘/s ratio in a similar manner as we did
in [55], by assuming a minimum of ⌘/s at T = Tmin to
be somewhere in the cross-over temperature-region and a
linearly rising (decreasing) behavior in the QGP (HRG)

arXiv:1505.02677

How well do we understand the dynamics?

• Hydrodynamics describes 
the trend in the correlation, 
however does not 
describe quantitatively the 
magnitude ALICE  arXiv:1604.07663
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Elliptic flow increases from RHIC to LHC 
collision energies about 30% 

Detailed measurements of v2{4} at RHIC 
in the beam energy scan combined with 
the LHC measurements show tantalising 

evidence for a change in slope.
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The pT-differential elliptic flow also 
increases with collision energy but 

difference is small over two orders of 
magnitude   

Is this expected/understood?

How well do we understand the dynamics?
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In the hydro picture particles have a common temperature and flow velocity 
at freeze-out. The difference in pT-differential elliptic flow depends mainly on 
one parameter: the mass of the particle and changes with the magnitude of 

the radial flow
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Collision energy dependence of elliptic 
flow for particles with different masses
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mass hierarchy follows hydrodynamics at low pT

ALICE  arXiv:1405.4632STAR QM2014
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Hydrodynamic behaviour
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hydro picture 
particles have a common temperature and flow velocity 

larger radial flow increases mass splitting
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Collision energy dependence of elliptic 
flow as function of transverse momentum
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while the pT-differential charged particle v2 changes very little over two 
orders of magnitude the v2 of heavier particles clearly shows the effect of 

the larger collective flow at higher collision energies

ALICE  arXiv:1405.4632 STAR QM2014
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Compared to viscous hydrodynamics
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pure viscous hydrodynamics  VISH2+1, status at QM2011

ALICE  arXiv:1405.4632 ALICE  arXiv:1405.4632

Viscous hydrodynamics predictions worked reasonably well for more peripheral 
collisions 40-50% 

For more central collisions, 10-20%, the radial flow seems to be under-predicted 
as the protons deviate a lot and this was part of the proton puzzle (the data 

plotted here shows this is not just for protons but all heavy particles)  
can this be understood by a more dissipative hadronic phase (model with a 

hadron cascade)? 
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Viscous hydrodynamics and the effect 
of the hadronic cascade 

30

VISH2+1 viscous hydrodynamics 
“standard” mass scaling

VISHNU viscous hydrodynamics + 
hadron cascade 

mass scaling broken, 
depending on individual hadronic re-
interaction cross sections (pion wind 

pushing the protons) 
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Viscous hydrodynamics and the effect 
of the hadronic phase 
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VISHNU viscous hydrodynamics + hadron cascade 
big effect for the protons! 

mass scaling broken, 
depending on individual hadron-hadron re-interaction cross sections 
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Viscous hydrodynamics + hadron cascade

32

Viscous hydro +hadron cascade improves the Kaon v2 
It increases the push for the protons but actually over does it 
It breaks the mass scaling and is incompatible with the data 
It does a worse job than “simple” viscous hydrodynamics!! 

over estimating effect of hadronic cascade? 
or is the model lacking pre-equilibrium flow?

ALICE  arXiv:1405.4632 ALICE  arXiv:1405.4632
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Final state: hadrons & nuclei

 Similar production  
mechanism for h and d ?

even deuteron v2 follows mass 
scaling other particles, described 

by common freeze-out temperature 
and flow velocity
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v3, v4, v5, follow mass scaling as expected for boosted system
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Hydro describes vn well for pions, kaons and protons, however probably same 
problem as in v2 for heavier strange particles
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even v4, which is not only a response to ε4 is described well
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sensitive to dynamics in AMPT, in this model radial flow is underestimated. 
different mechanism for anisotropic and radial flow



Summary?
• large fraction observables understood in nearly 

perfect liquid paradigm 

• used to constrain EoS and transport parameters  

• Important question still are all ingredients already in 
place? 

• pre-equilibrium phase, hadronization, hadronic 
phase, … 
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