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• de-correlations of  Vn vs pT & η
• correlations between vn and vm ?
• correlations between ψn and ψm ?

ΨRP: Reaction Plane

2014

�!
V2

�!
V3

General flow pictures and methods
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ΨRP

1992 2010

• Flow coefficient vn

• E-by-E vn fluctuations

vn = hcos n('� n)i
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Event-plane (1998) Q-Cumulant (2010) Generic framework (2014)
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Studying flow in nuclear collisions
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Collective effects  
in nuclear collisions

New ideas

• Power-spectra
• Deep Learning

• Charged hadron vn vs centrality, pT, η
• vn(pT) of π±, K±, KS0, p(p), Λ, Φ, Ξ, Ω, 3He, 

D, J/Ψ
-

vn

• E-By-E vn distribution and/or cn{m} -> p(vn) 
• De-correlations of  Vn vs η

Vn fluctuations

Vn correlations

-• Differential non-linear flow mode with π±, K±, p(p)
• Symmetric cumulants in Pb-Pb, Xe-Xe
• <pT> & vn correlations

-



                                                                                                                                                                                                                                                                                                                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                                                                             

You Zhou (Niels Bohr Institute) @ QM2018, VeneziaMay 17th, 2018

Studying flow in nuclear collisions
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Collective effects  
in nuclear collisions

• Charged hadron vn vs centrality, pT, η
• vn(pT) of π±, K±, KS0, p(p), Λ, Φ, Ξ, Ω, 3He, 

D, J/Ψ
-

vn
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New Systems! Flow in Xe-Xe collisions
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❖ First measurement of v2, v3 and v4 with 2- and multi-
particle cumulants in Xe-Xe collisions at 5.44 TeV 

precious opportunity to examine hydrodynamic 
model (constrain the initial state models & transport 
properties)
various initial state models have or will be examined

EKRT, TRENTo, MC-KLN, MC-Glauber (nucleon, 
quark) (✔)
IP-Glasma, AMPT-IC (?)

ALICE, arXiv:1805.01832 Talk: H. Niemi, May 16th

K.J. Eskola et al, 
PRC97, 034911 (2018)
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ALICE, arXiv:1805.01832

Flow in Xe-Xe and Pb-Pb

❖ v2 in Xe-Xe vs Pb-Pb 
in central collisions, Xe-Xe v2 is higher up to 35% → Initial geometry fluctuations with consideration of Xeon deformation

for non-central collisions, it is smaller in Xe-Xe by 10% → smaller radial flow and/or large viscous effects
❖ v3 in Xe-Xe 

larger in almost all centralities, decreasing from central to peripheral→larger initial geometry fluctuations in Xe-Xe

K.J. Eskola et al, 
PRC97, 034911 (2018)

G. Giacalone et al.,
PRC97, 034904 (2018)
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vn/εn vs transverse energy density 
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❖ v2 and v3 vs transverse energy density (1/S) dNch/dη 
 Hydro predicts vn/εn to increase with (1/S) dNch/dη, same for Pb-Pb and Xe-Xe 
 Central collisions: the increasing trend of v2/ε2 is not observed for most IS models, deficiencies in ε2 calculation?

ALICE, arXiv:1805.01832
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ATLAS/CMS: Xe-Xe flow
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❖ Precision measurements of 2- and multi-particle cumulants
Similar trends of vn(pT) are observed among LHC experiments (v2 > v3 > v4 > v5 and v2{2} > v2{4} = v2{6} = v2{8}), direct 
comparisons are certainly needed!
Further constraints on theory with “medium collisions systems” 

e.g. Global Bayesian Analysis with Pb-Pb & Xe-Xe combined fits to extract common transport coefficients 

Talk: T. Bold, May 15th Talk: M. Stojanovic, May 15th
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 STAR measurements of v1(y) for 10 species at 8 energies
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❖ Fruitful data from v1(y) with many particle species at various collisions energies in Au-Au 10-40%
 Allows to perform a detailed study of quark v1

STAR, PRL 120 (2018) 062301

Talk: G. Wang, May 16th

STAR, PRL 112 (2014) 162301
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If simple coalescence works
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❖ ū(đ) and s quarks have similar dv1/dy at 200 GeV, and deviate at 
lower energies

❖ s and    quarks are consistent with each other, except at the lowest 
energy (not shown here see G. Wang’s talk). 

v1 of produced quarks

(v1)trans. u(d) = [(v1)net p - (3 - Ntrans. u+d) * (v1)ū(đ)] / Ntrans. u+d 

❖ v1 of transported u(d) is positive for all beam energies

v1 of transported quarks

STAR, PRL 120 (2018) 062301 Talk: G. Wang, May 16th

A minimum at ~14.5 GeV
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HADES: v2 of light nuclei at 1.23 GeV
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❖ Comparisons of proton, deuteron and triton v2 at mid-rapidity
❖ Scaling of v2 and pT with nuclear mass number A

 A good scaling observed, as expected from nucleon coalescence

Talk: B. Kardan, May 16th
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ALICE 3He flow
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❖ v2 measurements of the heaviest baryon so far (3He)!
The overall agreement of the Blast-Wave fitted to lighter species prediction for 3He is better in the most central 
collisions
Simple coalescence expectation (using proton v2) gets closer to the measured 3He v2 for semi-central collisions
Coming Pb-Pb run this year and future data taking at Run3 and Run4 of LHC will help to disentangle this 
discrepancy!

Talk: M. Puccio, May 16th Poster: A. CalivàDeuteron v2 @RUN1 3He v2@RUN2
ALICE, EPJC (2017) 77, 658
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Higher harmonic flow of identified particles
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ALICE, arXiv: 1805.04390

❖ Precision measurements of vn(pT) of π±, K±, KS0, p(p), Λ, Φ, Ξ, Ω, D, J/psi @ RUN2 (not all are shown here)
Low pT: mass ordering -> interplay between radial flow and vn, reproduced by hydrodynamic calculations 
Intermediated pT, baryon-meson vn grouping, partonic collectivity and coalescence?  
high pT: non-zero vn(pt) for all particle species, better understanding on parton energy loss relies on future data vs theory 
comparison

Talk: V. Pacik, May 14th

Poster: Y. Zhu

Note: Results are also 
available for v2 and v4

-

Talk: N. Mohanmodi, May 15th
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Studying flow in nuclear collisions
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Collective effects  
in nuclear collisions

• E-By-E vn distribution and/or cn{m} -> p(vn) 
• De-correlations of  Vn vs η

Vn fluctuations
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Underlying p.d.f. P(v2)
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Talk: J. Margutti, May 15thALICE, arXiv:1804.02944 

❖ Run1: ATLAS studied p(vn) via Bayesian unfolding procedure
❖ Run2: ALICE extracted p(v2) via fitting the 2- and multi-

particle cumulants via Elliptic-Power function
P(v2) rescaled by <v2> in agreement with ATLAS results 
->  flow fluctuations has no/weak dependence on energy and 
kinematic cuts
Similar results available from CMS
Reproduced by hydro calculations

ATLAS, JHEP11(2013)183
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STAR: Longitudinal decorrelation with rn
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❖ r2(η) decreases linearly for the shown centralities, and shows a strong pT dependence
❖ r3(η) decreases linearly for the shown centralities but shows weaker pT dependence
❖ Similar observations at the LHC energy, where the breakdown of factorization is weaker than RHIC

Talk: M. Nie, May 15th
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Studying flow in nuclear collisions
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Collective effects  
in nuclear collisions

• Differential non-linear flow mode with π±, K±, p(p)
• Symmetric cumulants in Pb-Pb, Xe-Xe
• <pT> & vn correlations

-
Vn correlations
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Non-linear flow mode
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V NL
n = �V m

2,3

V L
n

Vn

linear responsenon-linear response

    

Vn = V NL
n + V L

n

❖Higher harmonic flow is modeled as the sum of 
linear and nonlinear response terms to the initial 
anisotropy coefficients εn

ALICE, PLB773 (2017) 68vn,mk @RUN1

 Similar results were presented by CMS @ QM17, 
and by ATLAS using Event-Shape Engineering

▪ Linear mode 
  V L

n

naively expected to 
correspond to εn

vnL: magnitude of 
linear response in Vn

• Non-linear mode   V NL
n

corresponds to lower order 
initial anisotropy coefficient ε2,3

 Vn projection on V2 or V3

vn,m : magnitude of non-linear 
response in Vn
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Non-linear flow mode vn,mk with identified particles
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❖ First measurement of vn,mk(pT) for identified particles
Mass ordering in the low pT region (pT <2.5 GeV/c)
Particle type grouping in the intermediate pT region (pT >2.5 GeV/c)
Similar observations as vn 

❖ Comparisons to hydrodynamic calculations using iEBE-VISHNU
Compatible results between data and theory
new handle of constraining initial conditions and transport coefficients 

PID vn,mk(pT) @RUN2 Talk: N. Mohanmodi, May 15th
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ALICE, arXiv: 1805.04390
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Symmetric cumulants in Xe-Xe and Pb-Pb
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Talk: K. Gajdosova, May 15th

ALICE, PRL117, 182301 (2016)

A. Bilandzic et al., PRC 89, 064904 (2014)

SC(m,n) = hv2m v2ni � hv2mi hv2ni

Correlations between vm and vn via 
Symmetric cumulants:

❖ Weaker (anti-)correlations in Xe-Xe than Pb-Pb at same Nch

❖ Unique sensitivity to initial conditions (εm and εn correlations) 
and η/s(T), constraining future theoretical calculations.
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ATLAS: <pT> & vn correlations
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P. Bozek, PRC 93, 044908 (2016)

Quantify the correlations between <pT> and vn coefficient:

❖ For v2
in peripheral events, negative correlation for v2
rise above Npart ≃ 100, saturation at ρ ≃0.28 
 difference between various pT intervals

❖ For v3
correlation for v3 weaker compared to v2 
positive except for pT > 1GeV below Npart ≃ 100

❖ Will be also interesting to explore further with PID

Talk: T. Bold, May 15th
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Studying flow in nuclear collisions
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Collective effects  
in nuclear collisions

New ideas

• Power-spectra
• Machine Learning
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New way to study anisotropy:  Power spectra

�23

A new study proposes to map the final particle distribution to 
the surface of a sphere, 
❖ allows for its expansion in spherical harmonics
❖ allows the calculation of an angular power spectrum 

sensitive to anisotropies in both polar and azimuthal (φ) 
directions
probes the properties of the QGP

      

ALICE open data 
Pb-Pb 2.76 TeV

M. V. Machado  
Poster #270

“Sky” mapped by power spectra 
using ALICE open data
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Deep learning

❖Future possibilities for flow studies in EXP.

�24

Talk: L-G. Pang, May 16th Talk: H.F. Huang, May 16th
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Remarkable sets of new results in Quark Matter 2018
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Collective dynamics: I

Collective dynamics: II

Collective dynamics: III

Collective dynamics: IV
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Theory overview:

Flow in small systems:

Many exciting results reported in the poster session
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Thanks for your attentions!
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backup
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Probes of QGP
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M. Roirdan and W. Zajc, Scientific American 34A May (2006)  
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STAR: Longitudinal decorrelation of  V2 at RHIC and the LHC
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❖ Significant energy dependence is observed, ~ 2 times stronger de-correlation effect (vs pseudorapidity) than at the  
LHC energy 2.76 TeV

❖ Energy dependence remains after ybeam normalization, and changes with centrality
can’t be explained by simple beam rapidity scaling

❖ Ideal hydro calculation, which roughly describes the LHC data, overestimates the decorrelation effect at RHIC. 

Talk: M. Nie, May 15th
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Study the coalescence via net-particles v1
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STAR, PRL 120 (2018) 062301 Talk: G. Wang, May 16th

For net particles that contain transported
quarks, replace a u quark in net p with an s quark 
to reproduce net-Λ in two scenarios.

the u quark (being replaced) was produced: 
works at higher energies
all the quarks in net p have the same v1 (mostly 
transport quarks) works at the lowest energy. 


