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what is flow?
Anisotropic Flow: anisotropies in the azimuthal distribution of 
particles in momentum space.
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why does it flow?

+
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at low pT (< 10 GeV/c), it is commonly interpreted as the result of 
the hydrodynamic behaviour of strongly-interacting QCD matter:
‣ strongly-interacting non-spherical system  

—> anisotropic pressure —> anisotropic flow
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‣ event-by-event fluctuations 

‣ impact parameter

spatial anisotropies of the initial system are due to:
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at higher pT (> 10 GeV/c), 
mostly set by path-length 
dependent parton energy 
loss
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⇢
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pressure

hydro
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momenta
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⇢
d~v

dt
= �~rP

spatial anisotropies momentum anisotropies
hydro
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why does it flow?

H. Mäntysaari et al. Phys. Rev. Lett. 117, 052301 (2016)

spatial anisotropies 
also in p-p collisions!
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in heavy-ion collisions, 
strong elliptical 
anisotropy, depending 
on centrality / impact 
parameter.

at low pT (< 10 GeV/c), it is commonly interpreted as the result of 
the hydrodynamic behaviour of strongly-interacting QCD matter:
‣ strongly-interacting non-spherical system  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at higher pT (> 10 GeV/c), 
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dependent parton energy 
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how do we quantify it?

+
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flow is quantified in terms of Fourier coefficients:
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directed flow elliptic flow triangular flow

v1 v2 v3 v4
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how do we measure it?
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‣ multi-particle correlations 

‣ scalar product method

two methods employed:
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‣ multi-particle correlations 

‣ scalar product method

hh2ii = Rehhein('1�'2)ii = hv2ni
hh4ii = Rehhein('1+'2�'3�'4)ii = hv4ni

2-particle:

4-particle:

vn{2} =
p

hv2ni

vn{4} = 4
p

2hv2ni2 � hv4ni

‣ provide additional information on flow fluctuations 
‣ analytically suppress background (“non-flow”)

two methods employed:
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QV0C

u

ALICE

correlate particles at  
mid-rapidity with a forward 
event plane (V0C):

‣ multi-particle correlations 

‣ scalar product method

u, Q =
X

wje
in�j

vn{SP} =
Rehu ·Q⇤

V0Ciq
RehQV0C·Q⇤

V0Ai RehQV0C·Q⇤
TPCi

RehQV0A·Q⇤
TPCi

how do we measure it?

4



ϕ-meson flow
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Invariant mass method:

vtotn (MK+K�) =
N sig

N sig +Nbg

vsig
2

+
Nbg

N sig +Nbg

vbg
2

‣ measure vn{SP} of kaon 
pairs: vntot

‣ measure yields Nsig, Nbg 
from fits of the invariant 
mass distribution

‣ extract vnsig



a first look
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integrated flow of charged particles, 0.2 < pT < 30  GeV/c



centrality dependence
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v2: impact 
parameter 
dominated

v3, v4 , v5, v6: 
fluctuations 
dominated
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integrated flow of charged particles, 0.2 < pT < 30  GeV/c
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energy dependence
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increase of 
all harmonics 
w.r.t. energy
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energy dependence
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integrated flow of charged particles, 0.2 < pT < 30  GeV/c
ratio between 5.02 TeV and 2.76 TeV 

‣ theoretical 
uncertainties partially 
cancel out 

‣ great potential to 
constrain models, e.g. 
η/s(T) in hydro

Phys. Rev. C 93, 014912 (2016)
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pT dependence
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v2{2}, v2{4}, v3{2}, v4{2} of charged particles, 0.2 < pT < 50  GeV/c 



pT dependence
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pT dependence
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pT dependence
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low pT (pT < 6 GeV/c):
‣ v2{2} > v2{4} —> 

flow fluctuations 
‣ qualitatively 

similar among all 
harmonics 

‣ sensitive to 
collectivity



pT dependence
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high pT (pT > 10 GeV/c):

‣ v2{2} ~ v2{4} 
‣ v3, v4 ~ 0 
‣ sensitive to 

path-length 
dependent 
energy loss
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identified particles
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v2{SP} of charged pions, kaons, protons and ϕ meson, 0.2 < pT < 15  GeV/c
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v2{SP} of charged pions, kaons, protons and ϕ meson, 0.2 < pT < 15  GeV/c
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identified particles
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mass ordering:
‣ system expands also isotropically (radial flow) 
‣ for a fixed initial geometry, stronger vn at higher pT
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vmax

2

|⇡ < vmax

2

|K < vmax

2

|p ⇡ vmax

2

|�

mass ordering:
‣ final hadron momenta: 
‣ expected scaling of v2max(pT): 
‣ respected up to pT = 2 GeV/c

12

p ⇠ �m�c
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identified particles
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quark number ordering:
‣ vn set by particle type (meson vs baryon) 
‣ partially respected above pT = 2 GeV/c

1211



identified particles
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open theoretical challenge to explain this transition:
‣ hadronic re-scattering? 
‣ hadronization mechanisms?
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identified particles
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v3{SP}, v4{SP} of charged pions, kaons and protons, 0.2 < pT < 15  GeV/c

all centralities in backup



identified particles
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good agreement with hydro models at low pT  (pT < 1 GeV/c)

all centralities in backup



conclusions

+
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‣ we measured anisotropic flow coefficients (v2, … v6) 
of unidentified and identified particles in  
√sNN = 5.02 TeV Pb-Pb collisions 

‣ unidentified: comparison with lower energies 
provides important constrains to transport 
coefficients of models 

‣ identified: we observed mass ordering at  
pT < 2 GeV and approximate particle type ordering 
at pT > 2 GeV, open theoretical challenge



BACKUP
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tracking and particle identification
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‣ Charged hadron tracking:

‣ Particle Identification:
Time Projection Chamber (TPC): specific energy loss (dE/dx) 
Time-Of-Flight (TOF): flight time + track length

Inner Tracking System (ITS) + Time Projection Chamber (TPC)

pT < 4 GeV/c �! n

2
� PID = n

2
� TPC + n

2
� TOF

pT > 4 GeV/c �! �⇡ = dE/dx⇡ � hdE/dxi⇡
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improvements over run I:

‣ extended kinematic range 
‣ better precision,  

especially ϕ meson 
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hydro predictions for Pb-Pb at 5.02 TeV

‣ unidentified: H. Niemi et al. (Phys. Rev. C 93, 014912, 2016) 
‣ initial conditions: EKRT (pQCD + saturation) 
‣ viscous hydrodynamics: 2+1D w/ EoS s95p-PCE-v1 
‣ no hadronic re-scattering 

‣ identified: S. McDonald et al. (arXiv:1609.02958v3): 
‣ initial conditions: IP-Glasma (CGC/saturation) 
‣ viscous hydrodynamics: MUSIC w/ EoS s95p-v1 
‣ hadronic cascade: UrQMD 
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v3{SP} of charged pions, kaons and protons, 0.2 < pT < 15  GeV/c
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v4{SP} of charged pions, kaons and protons, 0.2 < pT < 15  GeV/c
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v2{SP} of charged pions, kaons and protons, compared to hydro model
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v3{SP} of charged pions, kaons and protons, compared to hydro model
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v4{SP} of charged pions, kaons and protons, compared to hydro model


