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Using the geometry
•Use geometry as a control parameter

•anisotropic flow 
•use to constrain initial conditions and the 

transport parameters of the created 
system 

•use the geometry to learn about parton 
energy loss and the opacity of the system
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Due to event-by-event fluctuations of the initial conditions not only v2 but also higher harmonics are generated v3, v4 etc
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Anisotropic Flow

•Our constraints on transport parameters come from the 
comparison between anisotropic flow measurements and 
viscous hydrodynamic model and parton energy loss 
calculations 
•Why do we believe these constraints?
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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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Anisotropic Flow
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1) superposition of independent p+p:
momenta pointed at random 
relative to symmetry plane

b

Ollitrault 1992

2) evolution as a bulk system high
density / pressure

at center

“zero” pressure
in surrounding vacuum

pressure gradients (larger in-
plane) push bulk “out” ! “flow”

more, faster particles 
seen in-plane
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Anisotropic Flow (momentum space)

•Use geometry as a control 
parameter 

• If the constituents interact they 
convert the coordinate space 
asymmetries into momentum space 
asymmetries  

•The vn coefficients provide 
information about the initial state 
anisotropies, the transport 
parameters and the EoS, and can 
be used to constrain them 

•viscous hydro is very successful in 
describing the measured vn 
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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 dNch/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.

J. Bernhard, J. Scott Moreland, S. Bass, J. Liu, U. Heinz, 
arXiv:1605.03954

dN
dφ

∝ 1 + 2
+ ∞

∑
n= 1

vn cos[n(φ −Ψn)]
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Anisotropic Flow: experimental constraints
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•The vn coefficients provide information about the 

initial state anisotropies, the transport parameters 
and the EoS 
•However, these are many important physics 

parameters; how to constrain all of them to better 
precision? 

•Experimentally we can use within one experiment 
detailed measurements of the energy dependence 
of the vn to constrain the temperature dependence of 
the parameters on which they depend the most   

• In addition we can use detailed cumulant 
measurements to constrain the p.d.f. of the vn and 
with that constrain the initial spatial distributions

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow: η/s
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Phys. Rev. C 93, 014912
Niemi et al.
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•The difference between 
v2{2} and v2{4} depends 
on the v2 event-by-event 
fluctuations (later in this 
talk) and provide a 
constraint on the vn p.d.f. 

•A small increase 
between 2-10% for the vn 
is observed from 2.76 to 
5.02 TeV 

•The two 
parameterisations of η/s 
which describe the data 
indicate no or a small 
dependence on 
temperature

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow

•The dependence of vn on 
transverse momentum provides 
more differential information 

•At low transverse momentum 
the data can be interpreted in a 
"hydrodynamical" picture while 
at high-pt the dominant 
mechanism is though to be path 
length dependent energy loss 
of high energetic partons  

•The v2 coefficients dominates 
over all transverse momenta 
except for the most central 
collisions 

•The v2 is significant up to the 
highest transverse momenta
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Anisotropic Flow: η/s
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•The increase in integrated vn due to 

increase in <pt> (due to radial flow in 
hydro picture) 

•Also consistent with almost no change of η/s 
between the two beam energies
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Anisotropic Flow; compared to models
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•Models use IP-Glasma, AMPT-IC or TRENTo initial conditions 
and all use UrQMD for the hadronic phase 
•All models qualitatively describe the low-pt data 
•The measurement of vn(pt) by itself is not enough to constrain 

the initial conditions 
•At large pt the azimuthal asymmetries are though to be due to 

path length dependent parton energy loss 
•The model compared to the data uses an event-by-event 

hydro description (v-USPhydro) and jet quenching model 
(BBMG) 

•Tested is a linear dE/dx ~L and quadratic energy loss 
•The v2 at large pt is compatible with linear energy loss 

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions

�11

Centrality (%)
0 10 20 30 40 50 60 70

{m
}

2v

0

0.05

0.1

ALICE Pb-Pb

c < 3 GeV/
T
p0.2 < 

| < 0.8η|

2.76    5.02 TeV      

 {2}2v

 {4}2v

 {6}2v

 {8}2v

The different estimates of v2 are sensitive to the moments of 
the v2 distribution, if v2{4}=v2{6}=v2{8} the distribution is a 
Bessel-Gaussian p.d.f.

vn{2} = 2 ⟨v2
n ⟩
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n ⟩
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arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions

�12

Centrality (%)
0 10 20 30 40 50 60 70

{m
}

2v/
{n

}
2v

0.96

0.98

1

1.02

2.76  5.02  TeV         

 {4}2v/{6}2v

 {4}2v/{8}2v

ALICE Pb-Pb
c < 3 GeV/

T
p0.2 < 

| < 0.8η|

Centrality (%)
0 10 20 30 40 50 60 70

{m
}

2v/
{n

}
2v

0.96

0.98

1

1.02

Pb-Pb 2.76 TeV

{4}2v/{6}2vALICE 

{4}2v/{8}2vALICE 

{4}2v/{6}2vATLAS EbyE 

{4}2v/{8}2vATLAS EbyE 

Glauber+v-USPhydro

c < 3 GeV/
T
p0.2 < 

| < 0.8η|

A fine splitting is 
observed which is 
centrality dependent 
showing the non 
Bessel Gaussian 
contribution 

The splitting does not 
depend on the pt 
range used and 
collision energy 

The results agree well 
with model 
calculations as well 
as with ATLAS results 
based on a different 
technique

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions
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The standardised 
skewness 

The standardised 
skewness can 
estimated using the 
multi-particle 
cumulants 

This experimental 
estimate depends on 
the fact that the 
higher order 
moments, e.g. 
kurtosis are small, 
which can be tested

What are we studying?

Main questions addressed in this contribution
How does flow depend on transverse momentum and centrality?
How does flow fluctuate, event-by-event?
How does flow depend on system size / transverse energy density?

�! two new ALICE papers: arXiv:1804.02944, arXiv:1805.01832

Distribution of IS eccentricity "2 in MC-Glauber
Predictions for vn (n = 2, 3, 4) in Xe–Xe collisions, with (continuous line)
and without (dashed line) viscous corrections

Jacopo Margutti, 15 May 2018 Flow and its fluctuations in Pb-Pb and Xe-Xe 3 / 18

v2{6} −v2{8} = 1
11 (v2{4} −v2{6})

γexp
1 = −6 2v2{4}2 v2{4} −v2{6}

(v2{2}2 −v2{4}2)3/2

γ1 = ⟨(vn{RP} −⟨vn{RP}⟩)3⟩
⟨(vn{RP} −⟨vn{RP}⟩)2⟩3/2

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions
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A fine splitting is 
observed between 
v2{8} and v2{6} 

Can be contributed 
to the skewness of 
the p.d.f. 

Higher order 
contributions are 
constrained in the 
equality

v2{6} −v2{8} = 1
11 (v2{4} −v2{6})

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions
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•A negative skewness is observed as expected due 
to the constrains on ε2 between 0-1 

•The skewness agrees well with model calculations 
and increases towards peripheral collisions due to 
the constraint of 1

γexp
1 = −6 2v2{4}2 v2{4} −v2{6}

(v2{2}2 −v2{4}2)3/2

arXiv:1804.02944 [nucl-ex] 9 April 2018
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Anisotropic Flow Fluctuations: Constraints on Initial Conditions
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The elliptic power 
distribution can be 
used to describe the 
underlying p.d.f. of ε2 

The parameter α 
qualifies the 
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Anisotropic Flow p.d.f.: Constraints on Initial Conditions
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Summary

•Anisotropic flow is precisely measured at the 
LHC as function of collision energy using 
multi-particle cumulants  

•The underlying p.d.f. of v2 can be determined 
with high precision using the cumulants and 
are used to constrain the initial conditions 

•Viscous hydrodynamical calculations with 
these initial conditions describe well the 
centrality, energy and collision system 
dependence of the vn 

•The measurements provide strong constrains 
on the temperature dependence of the 
transport coefficients and the path length 
dependence of parton energy loss
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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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Thanks!


