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Outlook
• The flow observable 
 
 
 
 
 
 

• Motivations for charmonium flow study

• Why is it interesting ?

• How to measure it ?

• What are the results ?
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Flow coefficients :  
 
directed flow (v1), elliptic flow (v2), triangular flow (v3), …

b

Z
X

Y’ X’

ɸ 𝚿RPɸ

ɸ’



Audrey	Francisco	 	 				Strangeness	in	Quark	MaMer	 	 				Utrecht,	July	14th	2017Audrey Francisco       QGP France           Etretat, Octobre 9-12th 2017

Hydrodynamics	:	charged	hadrons	with	ALICE

Comparison to hydro at low pT :

• v2 origin: early, partonic stages 
of the system

• v2  governed by the QGP 
evolution

3
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Mass	ordering

4
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Mass	ordering

4

 At low pT (pT < 2 GeV/c) :  
mass ordering
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Mass	ordering

4

For intermediate pT :  
 v2 (Baryons) > v2 (Mesons)

 At low pT (pT < 2 GeV/c) :  
mass ordering



Audrey	Francisco	 	 				Strangeness	in	Quark	MaMer	 	 				Utrecht,	July	14th	2017Audrey Francisco       QGP France           Etretat, Octobre 9-12th 2017

Mo(va(ons	for	charmonium	studies

• Heavy	quarks	in	Pb-Pb	collisions	at	the	LHC	

• early production (c ~ 0.1 fm/c  vs. QGP ~ 0.3 fm/c)  
→  experience the full system evolution 

• interact with the QGP : sensitive to the medium properties

• Charmonium	(cc)	in	Pb-Pb	collisions	:	hard	probes	of	the	QGP

5

Nucl.Phys. A757 (2005) 184-283

Open	ques(ons	:	

➡ Do charm quarks thermalize? 

➡ Do they follow collective dynamics of bulk?

http://inspirehep.net/record/661031
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Charmonium	produc(on	in	the	QGP

6

Quarkonium suppression :

• Initially : J/𝞇 suppression predicted by 
Matsui and Satz in 1986 by Debye 
screening mechanism 

• Different quarkonium binding energy : 
sequential suppression with increasing 
medium temperature

(Re)combination : 

• Increased charm quark density 
→enhanced quarkonia production

• Less relevant for bottomonium than 
charmonium

Phys.Lett. B178 (1986) 416-422 

Phys. Rev. C 63 (2001) 054905 
Phys. Lett. B 490 (2000) 196–202  
J. Phys. Conf. Ser. 509 (2014) 012019

 
Quarkonium yield in AA compared 
to the pp one, scaled by the overlap 
factor TAA (from Glauber model)
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YAA
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Eur.Phys.J. C39 (2005) 335-345 
Phys.Rev. C84 (2011) 054912 
Phys.Rev. C86 (2012) 064901 
Phys.Rev.Lett. 109 (2012) 072301 
Phys. Lett. B 766 (2017) 212-224

Phys. Rev. D 64 (2001) 094015

http://inspirehep.net/record/230496
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.63.054905
http://www.sciencedirect.com/science/article/pii/S0370269300009916?via=ihub
http://iopscience.iop.org/article/10.1088/1742-6596/509/1/012019/meta
https://arxiv.org/pdf/hep-ex/0412036.pdf
http://inspirehep.net/record/894560
http://inspirehep.net/record/1127261
https://journals.aps.org/prl/references/10.1103/PhysRevLett.109.072301
https://arxiv.org/abs/1606.08197
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.094015
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• Heavy quarks participate to the collective expansion dynamics 
 
 
 

 
 
 
 

• Recombined states should inherit their flow

• Relevant observable for quarkonium (re)generation study

• Further constrain theoretical models describing quarkonium production  

The	ellip(c	flow	of	D	mesons

7



Audrey	Francisco	 	 				Strangeness	in	Quark	MaMer	 	 				Utrecht,	July	14th	2017Audrey Francisco       QGP France           Etretat, Octobre 9-12th 2017

Results	of	J/𝞇	v2	at	RHIC

8

Wangmei Zha - SQM 2017

 

Acta Phys.Polon.Supp. 5 (2012) 323-328 Phys. Rev. Lett. 111, 052301 (2013)

v2 ~0 at RHIC energies

http://download.springer.com/static/pdf/98/art%253A10.1140%252Fepjc%252Fs10052-017-4781-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1140%2Fepjc%2Fs10052-017-4781-1&token2=exp=1493800099~acl=%2Fstatic%2Fpdf%2F98%2Fart%25253A10.1140%25252Fepjc%25252Fs10052-017-4781-1.pdf%3ForiginUrl%3Dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1140%252Fepjc%252Fs10052-017-4781-1*~hmac=5a0e4770398bc3991bb48e8ec106aa137fd657bd3ca30d814099058e5dc84ad4
http://iopscience.iop.org/article/10.1088/0954-3899/35/10/104136/meta;jsessionid=36DC53128564919664778FD32B3CDE20.ip-10-40-1-105
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.052301
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Results	of	J/𝞇	v2	at	√sNN	=	2.76TeV

9
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EPJC 77 (2017) 252

First hint of J/𝞇 v2

 measured by both 
CMS and ALICE 

➡ different kinematic 
regions !

http://download.springer.com/static/pdf/98/art%253A10.1140%252Fepjc%252Fs10052-017-4781-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1140%2Fepjc%2Fs10052-017-4781-1&token2=exp=1493800099~acl=%2Fstatic%2Fpdf%2F98%2Fart%25253A10.1140%25252Fepjc%25252Fs10052-017-4781-1.pdf%3ForiginUrl%3Dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1140%252Fepjc%252Fs10052-017-4781-1*~hmac=5a0e4770398bc3991bb48e8ec106aa137fd657bd3ca30d814099058e5dc84ad4
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e+ e-

J/𝞇	v2	measurements	with	ALICE	in	Pb-Pb
Run 2 (2015-2016)  Pb-Pb at √sNN=5.02 TeV

V0 : Event plane (EP) + centrality
ITS (SPD) : vertex + EP

T0 : luminosity 

Muon	
spectrometer

μ+

μ-

10

Quarkonium → e+e- :
• |y| < 0.9
• down to pT = 0
• L = 13µb-1

Quarkonium → μ+μ- :
• 2.5 < y < 4
• down to pT = 0
• L = 225µb-1

Performed both at 
mid and forward 

rapidity

TPC



Audrey	Francisco	 	 				Strangeness	in	Quark	MaMer	 	 				Utrecht,	July	14th	2017Audrey Francisco       QGP France           Etretat, Octobre 9-12th 2017
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• Focus on methods based on event plane determination

• Fit of ⟨cos(2 Δφ)⟩ distribution  
vs inv. mass with  
Δφ = 𝛗µµ - 𝚿2,EP 

• Model total flow as

J/𝞇	ellip(c	flow:	how	to	measure	it	?

11

background : e.g.  
polynomial function

S

S +B
signal shape extracted  

from Minv fit    

v2(mµµ) = v2sig α(mµµ) + v2bck(1-α(mµµ)) 
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Results	at	√sNN	=	5.02TeV

Compatible results between 
both rapidity measurements

12

Highest significance : 6.6σ for 20-40% and 4<pT<6 GeV/c 
v2 = 0.113 ± 0.015(stat) ± 0.008(syst) 

A significant v2 is observed for 
various centrality and pT bins
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J/𝞇	v2	comparison	with	√sNN	=2.76	TeV	and	D	mesons

Comparison to open charm   
→ indication of :  
charm recombination and 
thermalization in the medium

13

Compatible with results at 
√sNN = 2.76TeV with a higher 
precision
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Collec(ve	effect	for	J/𝞇	in	p-Pb	?

• Angular correlations between inclusive J/𝞇 (in the dimuon channel) and charged hadrons

• Sizeable v2 measured in p-Pb collisions at 5.02 and 8.16 TeV (compatible with Pb-Pb in 5-20%)

• No significant (re)generation contribution is expected and lesser path-length effect w.r.t Pb-Pb

14

Pb-Pb
p-Pb

5.02 TeV

8.16 TeV

forward y backward y
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Comparison	with	theory

15
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Comparison	with	theory

15

Magnitude at low pT is 
reproduced by including a 
strong J/𝞇 (re)generation  
component
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Comparison	with	theory

15

Magnitude at low pT is 
reproduced by including a 
strong J/𝞇 (re)generation  
component

At high pT the v2 is 
underestimated (prompt J/𝞇  

from CMS also indicate a  
non-zero v2 )
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Comparison	with	theory

15

Magnitude at low pT is 
reproduced by including a 
strong J/𝞇 (re)generation  
component

At high pT the v2 is 
underestimated (prompt J/𝞇  

from CMS also indicate a  
non-zero v2 )

Additionnal 
component from 

initial magnetic field 
could help better 
describe high pT 

anisotropy
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Comparison	with	theory
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• The J/𝞇 particle flows !

• First hints at 2.76 TeV

• Clear signal at 5.02TeV

• Why not at lower energies ?

• Transport models reproduce the amplitude…

•  but not the pT dependance

• at high pT the J/𝞇 v2 is largely underestimated

• Papers on arXiv :  
1709.05260	:	J/𝞇	ellip1c	flow	in	Pb-Pb	collisions	at	√sNN	=	5.02	TeV  
1709.06807	:	Search	for	collec1vity	with	azimuthal	J/𝞇	hadron	correla1ons	in	high	mul1plicity	p-Pb	

collisions	at	√sNN	=	5.02	and	8.16	TeV

Summary

16

Thank you for 
your attention !

https://arxiv.org/abs/1709.06807


Back-up
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CMS	measurement	of	prompt	D0	v2		at	5.02	TeV

18
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STAR	measurement	of	prompt	D0	v2		at	200	GeV

19
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D0	meson	v2	with	STAR	at	200GeV/c

v2 consistent with light mesons

suggestion of local thermal 
equilibrium for charm quarks

20
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Non-prompt	J/𝞇	v2	with	CMS

21
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Quarkonium	studies	

22
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ALI-DER-112313

• Suppression + (re)combination : description of experimental results 

• Main sources of uncertainties 

• Feed-down from higher quarkonium resonances and b decays 

• Precise determination of open charm cross-section 

• CNM effects on quarkonium production

NPA 904-5 (2013) 535c

PLB 731 (2014) 57

NPA 859 (2011) 114, PRC 89 no.5, 459 (2014) 054911
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ALI-PREL-120574

23

J/𝞇	Nuclear	Modifica(on	factor	vs	pT,	<pT>,	rAA

• J/𝞇 suppression is stronger at high pT and in central 
collisions

• Transport model predicts similar trend

• Brackets give limits for possible contamination from 
J/𝞇  photo-production 
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hp2T ipp
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Theore(cal	models	for	J/𝞇	produc(on	in	Pb-Pb

24

• Transport	models:	based	on	thermal	rate	equa(on	with	con(nuous	J/𝞇	dissocia(on	and	
(re)genera(on	in	QGP	and	hadronic	phase	

• Sta(s(cal	hadroniza(on:	J/𝞇	produced	at	chemical	freeze-out	according	to	their	sta(s(cal	
weight	

• Co-mover	model:	J/𝞇	dissociated	via	interac(ons	with	partons	-	hadrons	+	regenera(on	
contribu(on	

X. Zhao, R. Rapp NPA 859 (2011) 114, K. Zhou et al, PRC 89 (2011) 05491 


A. Andronic et al., NPA 904-905 (2013) 535 

E. Ferreiro, PLB749 (2015) 98, PLB731 (2014) 57 
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Quarkonia	par(cles

25
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𝞇(2S)	Nuclear	Modifica(on	factor

• 𝞇(2S) is expected to be more easily dissociated than J/𝞇  
(lower binding energy)

• Data shows a stronger suppression in semi-central and central collisions 

• For low significance : upper limit at 95% CL

• More statistics are needed → upgrades for LHC run 3

26
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𝞇(2S)/𝞇(1S)	RAA	ra(o	comparisons

27
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𝞤(1S)	Nuclear	Modifica(on	factor	

• Strong 𝞤(1S) suppression vs centrality  (similar to √sNN =2.76 TeV)

• Compatible with transport models w/wo (re)generation 

• No significant variation with pT

• Need precise feed-down measurement for 2S and 3S (from pp)

28
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 Transport Model [Zhou et al., PRC89 (2014) 054911, private comm.]
 without regeneration
 feed-down: (1P,2P) 27% and (2S,3S) 11%
 feed-down: (1P,2P) 37% and (2S,3S) 12%

ALI-PREL-120287

regeneration
regeneration
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𝞤(2S)	Nuclear	Modifica(on	factor	and	1S/2S	ra(o

• Stronger suppression of Υ(2S) with respect to Υ(1S)

• Compatible with anisotropic dynamics description and transport 
models without regeneration

• More statistics are needed → LHC run3

29
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Low-pT	excess

30

Compared to expected shape from J/𝞇 hadro-production : 

visible excess of 
 
J/𝞇 at low pT in semi-peripheral and peripheral 

collisions 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Event	by	event	analysis		of	azimuthal	correla(ons

• For 2 independant sub-events and if no correlation except flow 
:  
             ⟨QaQb⟩ = ⟨Qa⟩⟨Qb⟩   and V2	=	v2a	*v2b

• Applying it to J/𝞇 and SPD tracklet correlation:  
              V2 = v2 J/𝚿 *v2SPD

• Extract signal and 2nd harmonic contributions from yield  
Y(Δɸ,Δη) per trigger

• Then the same analysis is performed using SPD trackers only : 
V2SPDonly = v2SPD *v2SPD

31



Audrey	Francisco	 	 				Strangeness	in	Quark	MaMer	 	 				Utrecht,	July	14th	2017Audrey Francisco       QGP France           Etretat, Octobre 9-12th 2017

How	to	get	V2	from	Y(Δɸ,Δη)?

1. Combine z bins and project Y on Δɸ axis  
       Yi,j,k(Δɸ,Δη) → Yi,k(Δɸ)

2. Extract signal and 2nd harmonic contributions

• Dimuon fit : α(Mµµ)YJ/𝚿 +(1-α(Mµµ))YBck  

• Fourrier fit : a0 + a1 cos(Δɸ) +2 a2 cos(2Δɸ) 

• From peripheral collisions (in p-Pb 40-100%) : assuming v2 ~ 0

• get baseline : b0 +2 b1 cos(Δɸ-1)

• subtract yields Ysub = Ycent  - Yperiph

32

V2 = a2 /(a0 + b0)

D
ifferent com

binations  
are possible
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Flow	of	iden(fied	par(cles

• For pT<2 GeV/c: observe mass ordering indicative of  radial flow 
• For pT~2-3.5 GeV/c: crossing between v2 of  p and π± 
• For pT>3 GeV/c: particles tend to group into mesons and baryons 

33
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Pseudo-rapidity	dependency

• depends on particle multiplicity

34
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pT/nq	scaling	?

• below 1 GeV/c : ok

• then : 20% variations in both centralities

35
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Second	method	for	v2	extrac(on
• First method  dNJ/ψ/dΔφ with Δφ = φµµ - 𝚿EP

• Division of Δ𝛗 into 6 bins

• NJ/ψ extraction (Fit of the inv. mass spectra)

• Invariant mass fit using the same signal and background functions as 
used for the RAA analysis (arXiv:1606.08197)

• Signal: Extended Crystal Ball and NA60 

• Background: Variable width gaussian and Pol2-to-Pol3 ratio 

• Fit of NJ/ψ = f(Δ𝛗) with N0 {1+2v2 cos(Δ𝛗)}

36

Δ𝛗
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J/𝞇	ellip(c	flow	:	non	flow	evalua(on

37
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J/𝞇	v2	with	the	<v2>	method	:	results	with	the	SPD

38
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	J/𝞇→µµ	reconstruc(on

• 137 QA validated runs of LHC15o muon_calo_pass1 (RCT)

• Event Selection :  
Centrality : 0-90%, zvertex = [-10,10]cm,  
kMUU7|kMUL7 (CMUL7-B-NOPF_MUFAST|CMLL7-B-NOPF_MUFAST) 

• Standard muon and dimuon cuts :

• Each track :  
   

• Dimuons : 

39

LpT trigger matching,  
-4.0 < ηµ < -2.5,  
17.6 cm < Rabs < 89.5 cm

Opposite sign,  
2.5 < y < 4.0

https://alimonitor.cern.ch/configuration/index.jsp?partition=LHC15o&pass=1&muon_quality=1
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• Signal extraction  

• Event plane determination :  ± 1% (centr. correlated) 

• J/ψ reconstruction efficiency (embedding) : ±0.006 (uncorr.) 

• EP from the real event and randomly generated J/ψ 

• Maximum observed for the centrality 20-40% : 2 < pT < 4 GeV/c for 
the SPD and 4 < pT < 6 GeV/c for the V0A

40
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 x.x%±global syst. = V0ASPD

v2, obs signal = -0.0058 ± 0.0023 ± 0.0000

v2, obs signal = 0.0064 ± 0.0040 ± 0.0000

Sources of uncertainty
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	J/𝞇→ee	reconstruc(on

• Full LHC15o (194 runs)  is in use e.g. lowIR + highIR + highIR pidfix

• Event Selection :  
Centrality : 20-40%, zvertex = [-10,10]cm,  
kINT7 

• muon and dimuon cuts :  
 
 
 
 

41

pT ≥ 1 
−0.9 ≤ η ≤ 0.9  
−1.0 ≤ dcaXY ≤ 1.0 
−3.0 ≤ dcaZ ≤ 3.0  

Tracks with kinks rejected 
ITS refit required 

ITS 0 ≤ χ2 / NCls ≤ 5.0  
SPD any  
TPC refit required  
TPC 70.0 ≤ NCls ≤ 160.0  

TPC 0 ≤ χ2 / NCls ≤ 2.75 
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Systema(cs	for	J/ψ->ee

42
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Detector	equaliza(on	and	resolu(on

43

𝚿EP

Qn

• Focus on methods based on event plane determination

• From detector multiplicities :  
 
 
 
 
 

• Correct for detector resolution : using 3 sub-event method

• Detector equalization to deal with non-uniform acceptance
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Event	plane	calibra(on	:	FlowVectorCorrec(ons	framework

• Framework ran on :

• For J/𝞇→µµ

• 137 (MUON) QA validated runs of LHC15o muon_calo_pass1 (RCT)

• Event Selection :  
Centrality: V0M 00:90%; zvertex: -10.0:10.0cm; kMB | kMUSPB  
(CINT7-B-NOPF-CENT|C0V0L7-B-NOPF-CENT|CINT7-B-NOPF-MUFAST)

• For J/𝞇→ee

• Full LHC15o (194 runs)  is in use e.g. lowIR + highIR + highIR pidfix

• Corrections up to pass 4

• Event Selection :  
Centrality: VOM 20:40%; zvertex: -10.0:10.0cm; 2D correction on NTrk  and MultV0

• Auto-correlation removal

44

https://alimonitor.cern.ch/configuration/index.jsp?partition=LHC15o&pass=1&muon_quality=1
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Detector	equaliza(on	and	resolu(on

45

• Resolution calculated using the 3 sub-events 
method with V0A, V0C and SPD

• Centrality bins used for J/𝞇 v2 analysis are large

• Non uniform distribution of the number of J/𝞇 

• Maximum residual oscillations after equalisation :  
SPD (20-30%): v2 ≃ 0.0012; v4 ≃ 0.015; v6 ≃ 2e-6 

• ratio of cross-terms to same-terms as an estimation of the uncertainty 
on the EP determination : 1% systematic uncertainty correlated with 
centrality
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Equaliza(on	steps

46

Before correction

After correction
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EP	equaliza(on	:	residuals	oscilla(ons

• Maximum variation

• V0A: from ± 2% (5-10%) to ±3% (50-60%)

• SPD: ± 7%

• Fit to : 1 + v2cos(2Δɸ) + v4cos(4Δɸ) + v6cos(6Δɸ)

• SPD (20-30%): v2 ≃ 0.0012; v4 ≃ 0.015; v6 ≃ 2e-6
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 Event plane 𝚿SPD Event plane 𝚿V0A

𝚿EP,SPD


