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Outline 
�  Physics motivation  

�  Color screening suppression  
versus J/ψ (re)generation 

�  Does J/ψ flow or not flow  
     ⇒ J/ψ production mechanism  
          in heavy-ion collisions 

�  ALICE setup 
�  Data analysis 

�  J/ψ signal and elliptic flow extraction 

�  Results and discussion 
�  Differential J/ψ v2 in 20%-60%  

�  Comparison with STAR results and theory calculations 
�  Differential J/ψ v2: centrality scan 
�  Centrality dependence of J/ψ v2 with pT ≥ 1.5 GeV/c  

�  Summary and conclusions 
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J/ψ RAA down to pT = 0 at LHC (2011 data) 

�  In Pb-Pb collisions at LHC energy 
�  Less suppression at LHC than at 

RHIC 
�  No strong centrality dependence in 

most central collisions 
�  Less suppression at low pT 

�  Described by various models 
including a large fraction of  
regenerated J/ψ from charm 
quarks in the QGP 

Talk by R. Arnaldi, Parallel 1D 

Results from 2010 data soon appear on PRL: arXiv:1202.1383v1 [hep-ex] 
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Z. Tang [STAR Collaboration] QM2011, JPG38 (2011)  
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At RHIC energy à results favor zero or very small v2 
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pQCD and thermal scenarios è small v2 at RHIC 

If charm quark participates in collective 
motion of QGP, its v2 will be transferred to 

J/ψ when charm quarks recombine 
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J/ψ elliptic flow at the LHC energies 

a significant elliptic flow may be expected at LHC energies  
due to the significant contribution of (re)generated J/ψ 
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ALICE experimental setup 

VZERO 

Muon spectrometer acceptance: 
−4 < ηµ< −2.5, pT

J/ψ
 ≥ 0 with 2.5 < yJ/ψ< 4 

µ−	

µ+	


e−	
e+	


J/ψ from e+e– channel at mid-rapidity  
I. Arsene, parallel 2D 
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Muon tracks reconstructed  
by the muon spectrometer 

J/ψ in Pb-Pb collisions at 2.76 TeV 
�  Event selection  

�  Unlike sign muon trigger 
�  Require |Zvtx| < 10 cm 
�  Centrality: from a geometrical  

Glauber model fit of the  
VZERO amplitude 
�  Centrality bins used for this study  

[5, 20]%, [20, 40]%, [40, 60]%   
[60, 90]%, [20, 60]% 

�  J/ψ candidates selection 
�  J/ψà µ+µ− with muons measured  

in the muon spectrometer 
�  Opposite-sign dimuons rapidity  

2.5 < yµ+µ− < 4 
�  Decay daughters:  

1) muon track with low pT trigger  
    matching (pT > 1 GeV/c )  
2) −4 < ηµ+/µ− < −2.5  
3) 170° < θabs < 178° 

Silicon Pixel Detector (SPD) 

VZERO-C/VZERO-A 
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J/ψ signal (yield) extraction 

�  Fit the invariant mass spectrum of opposite sign dimuons  
�  Signal 

�  Crystal Ball (CB) function  
�  Signal shape fixed via the J/ψ production in pp simulation 

i.e. non-Gaussian tail 
�  Extended Crystal Ball (CB2) function 

�  Signal shape fixed via the reconstructed J/ψ from a MC sample with 
embedding 1 simulated J/ψ in each real MB Pb-Pb event 
i.e. non-Gaussian tails on both sides of the J/ψ peak 

�  Background 
�  Variable width Gaussian (VWG) 
�  3rd order polynomial (POL3) function 

�  Fitting range 
�  Varies for systematics study 
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J/ψ elliptic flow analysis methods 

�  With event plane (by VZERO-A) 
�  Standard event plane method (nΔφ method):  

�    
�  Invariant mass fit technique: 

�    
 

èFinally, correct v2
obs by the event plane resolution σEP 

 
 

�  Method w/o event plane – a cumulant method 
�  2-particle correlation method with detectors with large η gap:  

dimuon + SPD tracklets + VZERO-A for dimuon v2  
�  Combine with invariant mass fit technique for extraction of v2

sig 
�  Largely limited by statistical uncertainties   

N Borghini, P M Dinh, J-Y Ollitrault: PRC63 (2001) 054906, PRC64(2001)054901 

v2 = vobs2 /σEP

vµ
+µ−

2 = �cos 2(∆ϕ)�
vµ

+µ−

2 = (S × vsig2 +B × vbkg2 )/(S +B)

dNJ/ψ/d∆ϕ = A× (1 + 2v2 cos 2∆ϕ)

∆ϕ = φ−ΨEP,2
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Event plane determination from VZERO 
�  VZERO detectors 

�  2 arrays of 32 scintillators  
on both side of IP:  
VZERO-A: 2.8 < η < 5.1  
VZERO-C: −3.7 < η < −1.8 

�  Event plane from VZERO-A1 
second harmonics 

 
 

 

�  EP flattened (~ 1% fluctuation) and resolution obtained from 3 sub-events method 

 

�  Event plane resolution in a large centrality bin 
�  Estimated by a weighted sum of event plane resolutions using J/ψ yields as weights in its 

sub-centrality bins     

A. M. Poskanzer and S. A. Voloshin, Phys Rev. C58, 1671 
�cos[n(Ψa

2 −Ψr)]� =

�
�cos[n(Ψa

2 −Ψb
2)]��cos[n(Ψa

2 −Ψc
2)]�

�cos[n(Ψb
2 −Ψc

2)]�

__________ 
1VZERO-C was not used due to acceptance overlap with the muon spectrometer ( −4.0 < η < −2.5 ) to avoid autocorrelation effects 
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J/ψ elliptic flow extraction 
�  Methods using VZERO-A event plane 

invariant mass fit technique 6-Δφ method 

2nd order polynomial function used to  
describe 〈pT〉 and v2 of the background 

dNJ/ψ

d∆ϕ = A× [1 + 2vobs2 cos(2∆ϕ)]

v2 = vobs2 /σEP

vµ
+µ−

2 = (S × vsig2 +B × vbkg2 )/(S +B)
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J/ψ v2 in centrality 20%-60% 

�  2 ≤ pT < 4 GeV/c  
hint of non-zero v2 with significance ~ 2.2 sigma 
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J/ψ v2 in centrality 20%-60% 

�  2 ≤ pT < 4 GeV/c: contrary to STAR measurement  
hint of non-zero v2 with significance ~ 2.2 sigma 
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�  versus calculations from parton transport models: 
in agreement within errors 

 

J/ψ v2 in centrality 20%-60% 
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�  Agreement achieved between two methods 
�  Invariant mass fit technique is used for J/ψ v2 in finer centrality bins 

(5%-20%, 20%-40%, 40%-60% and 60%-90%) 

 

6-Δφ method vs. inv. mass fit technique 
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J/ψ v2 in smaller centrality bins 
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At intermediate pT: 2 ≤ pT < 6 GeV/c 
 

Ø  5%-20%: hint of non-zero v2 with  
significance ~ 2.2 sigma 

Ø  20%-40%: indication of non-zero v2 
with significance ~ 3.0 sigma 

Ø  40%-60%:  
statistical errors too large 
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Centrality dependence of J/ψ v2 
�  Non-zero v2 in central and semi-central collisions 

�  Low pT J/ψ has almost v2 ≈ 0: apply a cut at pT = 1.5 GeV/c to remove 
most of the J/ψ that contribute with very small v2 and leave the bulk of 
the J/ψ where the v2 is maximum 
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J/ψ v2 at forward rapidity in Pb-Pb collisions at 2.76 TeV by ALICE 

 
 

 

�  Hint of non-zero v2 in (20%-60%) collisions at intermediate pT:  
2 ≤ pT < 4 GeV/c  
➢ contrary to zero or small v2 observed at RHIC  

�  Non-zero v2 in semi-central (20%-40%) collisions for intermediate pT:  
➢ 2 ≤ pT < 6 GeV/c: with significance ~ 3.0 sigma  

�  Non-zero v2 for J/ψ with pT  ≥ 1.5 GeV/c in central (5%-20%) and  
semi-central (20%-40%) collisions 

Summary 
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6-Δφ method 
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�  In 20%-60% collisions (same as RHIC measurements) 
�  ALICE measured J/ψ v2: in qualitative  

agreement with transport models with  
50% regeneration 

�  At high pT: the flow of B feed-down J/ψ  
might have a major impact on the  
measured inclusive v2 

�  In central (5%-20%) and semi-central (20%-40%) collisions 
�  Indication of non-zero v2 favors regeneration mechanism which may 

contribute significantly to the production of J/ψ in more central Pb-Pb 
collisions at LHC energy 

�  Complement to J/ψ RAA results:  
�  The non-zero J/ψ v2 at intermediate pT and less suppression 

with respect to RHIC are indications for an observation of 
regeneration from charm quarks in the QGP phase  

 

Conclusions 



Thanks!  
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Backup slides 
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Results from other methods	


�  Hadronization model 	


�  Event plane (EP) method with VZERO-A 	

�  EP flattening 	

�  EP resolution in various centralities used in these analyses	


�  6-Δφ method in centrality 20% - 60% vs. other methods	

�  2-Δφ method: anisotropy in/out-of-plane	

�  Cumulant (2-particle correlation) method	


�  Signal extraction and result 	


�  Centrality dependence of J/ψ v2 without pT cut	


�  Differential J/ψ v2 in various centrality bins	
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�  By statistical hadronization model	

�  More (re)generated J/ψ at LHC energy comparing to RHIC energy 

in the hadronization phase ���
à leads to less suppression ���
	


J/ψ suppression at RHIC and LHC	


events will scale as A4/3. Individual collisions between protons are thought 
to occur independently of each other, and their number can be computed 
from the distributions of the nuclear densities, the nuclear overlap for a 
given impact and the inelastic proton–proton cross-section.

Collisions of nuclei differ from collisions between protons in that the 
hard scattered partons may traverse the quark–gluon plasma before or 
during their hadronization into a jet. Jets are characteristic of collisions 
between protons in which two constituent partons scatter and recede 
from each other with a significant fraction of the initial beam momen-
tum. In the plane transverse to the beams, the momenta are large and 
opposite in direction. The two scattered partons hadronize mainly into 
mesons that are emitted in a cone — the jet — around the direction of 
parton momentum. It was realized very early31 that the quark–gluon 
plasma could modify jets resulting from collisions between nuclei. 
Calculations showed that a parton traversing a hot and dense medium 
consisting of other partons — that is, a quark–gluon plasma — should 
lose substantially more energy than one traversing cold nuclear mat-
ter32–34. This prediction appears to be borne out by data from all four 
experiments at RHIC.

A jet is much more difficult to see in a heavy-ion collision than after a 
collision between protons. The reason is the sheer number of particles 
produced: a single central (head-on) gold–gold collision generates about 
5,000 charged particles, and unless the jet has very high (transverse) 
momentum, it will not stand out in the crowd. But the presence of jets 
will affect the overall transverse momentum distribution. At low trans-
verse momenta, the spectrum in a heavy-ion collision is complex, as it is 
a superposition of hydrodynamic expansion effects and random thermal 
motion. Nevertheless, for particles of a particular species with transverse 
momenta that are significantly larger than their mass, the resulting spec-
trum is nearly exponential. The contribution of jets with high transverse 
momentum leads to a distinct power-law behaviour typically visible for 
values of transverse momentum of a few GeV or more.

To judge a possible modification of the shape of the spectrum in a 
high-energy nuclear collision, the transverse-momentum distribution 
of π mesons produced in central gold–gold collisions at RHIC can be 
compared with that measured in proton–proton collisions. To quantify 
this comparison, the ratio of the gold–gold-collision spectrum to the 
proton–proton-collision spectrum is scaled to the total number of ine-
lastic collisions in the nuclear case, providing the suppression factor RAA. 
For larger transverse momenta, this factor settles at about 0.2 (Fig. 4); 

that is, the production of high-momentum π mesons is suppressed by a 
factor of five in gold–gold collisions.

What is the origin of this suppression? The transverse-momentum 
spectrum for collisions between protons agrees well35 with theoretical 
calculations that use next-to-leading-order quantum chromodynamic 
perturbation theory. When the spectra of deuteron–gold collisions of 
varying centrality are compared with the proton–proton spectrum, RAA 
is 1 or larger (for more central collisions, values larger than 1 are even 
expected — a phenomenon known as the Cronin effect, caused by the 
scattering of partons before the hard collision). For peripheral gold–gold 
collisions, the values of RAA also correspond well to the expectation from 
collisions between protons. The clear implication is that something 
special and new happens in central gold–gold collisions: the precursor 
parton of the jet produced must lose a lot of energy, causing the trans-
verse-momentum spectrum of the mesons in the jet to fall off steeply.

Several researchers have shown that only calculations including large 
energy loss in the medium can account for these data. The clear implica-
tion is that the medium present in the collision fireball is hot and dense, 
and when partons pass through it, they lose energy. Both radiation of 
gluons and elastic scattering seem to be important here. In deuteron–
gold collisions, by contrast, the jet sees at most cold nuclear matter (or 
a vacuum), and does not seem to be perturbed.

Calculating the energy loss of a fast parton in a quantum chromody-
namic liquid, as suggested by the data discussed in the previous section, 
is beyond the current theoretical state-of-the-art. To gain insight into the 
underlying physics of energy loss, it is helpful to resort to another aspect 
of the medium: that it contains many gluons. Indeed, the RHIC data on 
parton energy loss are well explained by modelling the medium formed 
by the collision as an ultra-dense gluon gas with a density of the number 
of gluons (Ng) per rapidity interval of dNg /dy = 1,100. Here, the rapidity y 
is a logarithmic measure of the gluon’s longitudinal velocity, v. With the 
simple assumption that v = z/t (z is the longitudinal space coordinate), 
Bjorken36 showed how to map rapidity densities to spatial densities. The 
spatial gluon density in turn is linked directly to entropy density. Using 
relations from statistical mechanics for a relativistic gas of bosons (and 
fermions if quarks are included), the temperature and energy density 
can be obtained from these gluon densities. The high gluon densities 
needed to reproduce the observed gold–gold RAA correspond to an initial 
temperature of about twice the critical temperature for the formation of a 
quark–gluon plasma. The initial energy densities of 14–20 GeV fm–3 are 
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Figure 6 | Charmonium suppression. a, At low energies, the quark–gluon 
plasma screens interaction between the only pair of charm quark and 
antiquark produced (red dots) and any other two quarks (up, down, 
strange) will find themselves paired with the charm quark/antiquark in 
D mesons at hadronization (purple circles). At high energies, by contrast, 
many charm–anticharm pairs are produced in every collision and at 
hadronization, charm and anticharm quarks from different original pairs 
may combine to form a charmonium J/Ψ particle. Grey dots indicate 

light partons produced in the collision. b, Theory and experiment 
compared quantitatively. Model predictions55 for the charmonium 
suppression factor agree well with recent RHIC data from the PHENIX 
collaboration66. Owing to the increased level of statistical recombination 
expected, enhancement rather than suppression is predicted for LHC 
conditions. What the experiments deliver will be a further crucial test of 
theories of the quark–gluon plasma. Part b reproduced, with permission, 
from ref. 55.
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Elliptic flow with event plane method 	


 

�  Spatial anisotropy is converted via multiple collisions into an 
anisotropy of momentum distribution	


�  The azimuthal dependence of the particle yield can be written in 
the form of a Fourier series: 	
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Event plane flattening from VZERO	

�  Event plane flattening steps:	


�  gain equalization ring by ring	

�  recentering, twisting and rescaling of VZERO EP cumulant���
���
���
���
	


�  finally remove residual fluctuations due to azimuthal 
segmentation of VZERO rings with Fourier flattening technique 
using one single parameter                         , represents the 8th  
Fourier moment of the event-plane distribution	


where the parameters �Q2,x�, �Q2,y�, A+, A−,Λ+

and Λ− are extracted from the mean and RMS of the
Q2,x, Q2,y and Q2,xQ2,ydistributions

Q2,x = �Q2,x�+A+[cos 2Ψ2 + Λ+ sin 2Ψ2]

Q2,y = �Q2,y�+A−[cos 2Ψ2 + Λ− sin 2Ψ2]

�sin 8ΨEP,2�
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VZERO-A event plane in MB events
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Event plane from VZERO-A	

�  Event plane flatness	


�  Deviation from constant ���
within 1% deviation	


�  Event plane resolution	

�  Two sets of 3 sub-events in ���

MB events in the same runs ���
for systematics	

�  TPC + full V0A + full V0C 	

�  V0A + two rings in V0C 	


�  Event plane resolution within large centrality bins	

�  Resolution weighted by the number of J/ψ in smaller centrality bins	


3

TABLE I. VZERO-A event plane resolution correction fac-

tor for the centrality classes expressed in percentages of the

nuclear cross section [16].

Centrality Correction factor

5%–20% 0.548±0.003 (stat)±0.009 (syst)

20%–40% 0.610±0.002 (stat)±0.008 (syst)

40%–60% 0.451±0.003 (stat)±0.008 (syst)

60%–90% 0.185±0.005 (stat)±0.013 (syst)

20%–60% 0.576±0.002 (stat)±0.008 (syst)

 (GeV/c) 
T

p

0 1 2 3 4 5 6 7 8 9 10

2
v

-0.1

0

0.1

0.2

0.3
 = 2.76 TeV, centrality 20% - 40%, 2.5 < y < 4.0NNs Pb-Pb 

FIG. 2. (Color online) Inclusive J/ψ v2(pT) for semi-central

(20%–40%) Pb–Pb collisions at
√
sNN=2.76 TeV.

bers reported on v2 are corrected for this resolution.
Figure 2 shows the inclusive J/ψ v2(pT) for semi-

central (20%–40%) Pb–Pb collisions at
√
sNN=2.76 TeV.

The vertical bars show the statistical uncertainties while180

the boxes indicate the point-to-point systematic uncer-
tainties. A non-zero v2 is observed in the intermediate
transverse momentum range 2 ≤ pT < 6 GeV/c. Taking
into account statistical and systematic uncertainties the
combined significance of a non-zero v2 is 3σ. At lower185

and higher transverse momentum the inclusive J/ψ v2 is
compatible with zero within uncertainties.

Figure 3 (a) shows the centrality dependence of the
measured v2 for inclusive J/ψ with pT ≥ 1.5 GeV/c.
The measured v2 depends on the pT distribution of the190

reconstructed J/ψ . Therefore, �pT�uncor of the recon-
structed J/ψ is also shown in Fig. 3 (b) as a function
of the collision centrality. For the two most central
bins, 5%− 20% and 20%− 40% the inclusive J/ψ v2 for
pT ≥ 1.5 GeV/c are 0.101 ± 0.044(stat.) ± 0.003(syst.)195

and 0.116± 0.045(stat.)± 0.017(syst.), respectively. For
the two most peripheral bins the v2 is consistent with
zero within uncertainties. Although there is a small vari-
ation with centrality, the �pT�uncor stays in the range
∼ 3.0− 3.3 GeV/c indicating that the bulk of the recon-200

structed J/ψ are in the same intermediate pT range for
all centralities. Thus, the observed centrality dependence
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FIG. 3. (Color online) Centrality dependence of the pT -

integrated v2 (a) and �pT�uncor
(b) of inclusive J/ψ with pT ≥

1.5 GeV/c for Pb–Pb collisions at
√
sNN=2.76 TeV.
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FIG. 4. (Color online) Inclusive J/ψ v2(pT) for semi-central

(20%−60%) Pb–Pb collisions at
√
sNN=2.76 TeV compared to

preliminary STAR results at mid-rapidity in Au–Au collisions

at
√
sNN=200 GeV [13]. Transport model calculations for

our kinematic range are also shown. They include J/ψ from

B feed down for the case of thermalized (full line) or non

thermalized (dashed line) b quarks in the medium.

of the v2 for inclusive J/ψ with pT ≥ 1.5 GeV/c could in-
dicate a smaller elliptic flow of the J/ψ for the two most
peripheral bins compared to the two most central ones.205

For J/ψ with pT < 1.5 GeV/c the v2 was found to be
compatible with zero within 1 standard deviation for the
four centrality bins. The �pT�uncor ranges from ∼ 0.75
to ∼ 0.9 GeV/c.
To make a direct comparison with lower energy mea-210

surements, the inclusive J/ψ v2(pT) was also calculated
in a broader centrality range, namely 20% − 60%. Fig-
ure 4 shows the inclusive J/ψ v2(pT) for non-central
(20% − 60%) Pb–Pb collisions at

√
sNN=2.76 TeV to-

gether with the STAR preliminary J/ψ v2(pT) at mid-215
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2-Δφ method: anisotropy in/out-of-plane	


�  2-Δφ method: 	

�  A direct calculation from J/ψ yield anisotropy in-plane and out-of-plane	

�  Correct v2

obs by the event plane resolution σEP	
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Cumulant (2-particle correlation) method	

�  J/ψ v2 study without event plane determination	


�  Advantages	

�  Large η gap yield non-flow suppression	

�  No requirement on full azimuthal coverage	

�  no event plane correction needed ���

à avoid systematical uncertainties from σEP correction 	

�  direct correlation of dimuon, SPD tracklets and V0A 	


�  Disadvantages	

�  need high statistics in each ���

centrality/invariant mass/pT bin	

�  Study dimuon v2 in pT bins (20%-60%):���

 0-2, 2-4, 4-6, 6-10 GeV/c 	

�  v2 extraction in 2-4 GeV/c possible ���

à possibly due to stronger flow signal ���
and not too low statistics 	


�  Large fluctuation in lower pT bin ���
(stat. OK, but weak flow)	


�  Large statistical uncertainty ���
in higher pT bins (too low stat.)	


References: N Borghini, P M Dinh, J-Y Ollitrault:  
                      PRC63 (2001) 054906, PRC64(2001)054901 
Experimental implementation: PHENIX Collab PRL94 (2005) 232302  (GeV/c) 
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We describe how to analyze anisotropic flow using correlations between detectors separated by
pseudorapidity gaps. The method is simple and general. It can be applied even if the detectors do
not have full azimuthal coverage or are segmented in φ. The method is insensitive to multiplicity
fluctuations within a centrality bin. It is applied to the analysis of J/ψ elliptic flow in Pb-Pb
collisions at 2.76 TeV.

I. INTRODUCTION

Anisotropic flow vn, in particular elliptic flow v2, is
one of the most important observables of ultrarelativis-
tic heavy-ion collisions [1, 2]. It has been recently re-
alized that long-range correlations (i.e., correlations be-
tween particles separated by a pseudorapidity gap of typi-
cally 1 or more) in heavy-ion collisions are dominated by
anisotropic flow, both at RHIC [3] and at LHC [4, 5].
Based on this observation, we describe a simple and effi-
cient method for analyzing anisotropic flow. Our method
is a modified version of the scalar-product method [6] and
of 2-particle cumulants [7, 8]. It is simpler than the event-
plane method [9] because there is no need for a resolution
correction.

II. METHOD

A. Gapped correlations

We first construct azimuthal correlations between two
detectors A and B which are separated by a pseudora-
pidity gap. In a given event, we define the flow vector in
detector A, in complex notation, as

Qn,A =
∑

j

einφj , (1)

where the sum runs over all hits or tracks in detector
A, with azimuthal angles φj . With this notation, the
number of particles in detector A is NA ≡ Q0,A. The
flow vector of detector B, Qn,B is defined in the same
way as Qn,A.

We define the correlation between A and B in harmonic
n by

Vn,AB ≡
〈Qn,AQ∗

n,B〉

〈NANB〉
−

〈Qn,A〉

〈NA〉

〈Q∗

n,B〉

〈NB〉
, (2)

where 〈· · · 〉 denotes an average over many collisions in a
centrality class, and Q∗ denotes the complex conjugate
of Q. The second term in the right-hand side is an ac-
ceptance correction [8] which vanishes if detectors have
azimuthal symmetry. If A and B are uncorrelated, Vn,AB

vanishes even if the detectors are strongly anisotropic. If

all correlations between A and B are due to flow, one can
write [3, 4]

Vn,AB = vn,Avn,B , (3)

B. Reference flow

One can reconstruct vn,A from Eq. (3) if vn,B is known:
the flow analysis always requires a reference (this cor-
responds to the resolution correction in the event-plane
analysis). We now explain how reference values can be
obtained and (Sec. II C) how they can be combined in
order to optimize the analysis.

There are two cases. If there are two reference detec-
tors A and B which are symmetric around midrapidity
and separated by a pseudorapidity gap, then one can
safely assume vn,A = vn,B, and vn,B is given by Eq. (3)
up to a sign.

If there is no such symmetry, reconstructing the refer-
ence flow requires information from a third [9] detector
C, which has a pseudorapidity gap with both A and B.
One correlates C with A and B in the same way as A
with B. Assuming that all correlations are due to flow,
Vn,AC = vn,Avn,C and Vn,BC = vn,Bvn,C . One then ob-
tains vn,B, up to a sign, by eliminating vn,A and vn,C :

v2
n,B =

Vn,ABVn,BC

Vn,AC
. (4)

C. Combining subevents

Finally, once the reference flow has been determined
for, say, two detectors B and C, it is useful to combine
these two references in order to have a single, more stable
reference for the set B +C, in the same way as subevents
are combined in the event-plane analysis. The flow in the
combination B + C is the weighted average of flows in B
and C:

vn,B+C =
〈NB〉vn,B + 〈NC〉vn,C

〈NB〉 + 〈NC〉
. (5)
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is a modified version of the scalar-product method [6] and
of 2-particle cumulants [7, 8]. It is simpler than the event-
plane method [9] because there is no need for a resolution
correction.

II. METHOD

A. Gapped correlations

We first construct azimuthal correlations between two
detectors A and B which are separated by a pseudora-
pidity gap. In a given event, we define the flow vector in
detector A, in complex notation, as

Qn,A =
∑

j

einφj , (1)

where the sum runs over all hits or tracks in detector
A, with azimuthal angles φj . With this notation, the
number of particles in detector A is NA ≡ Q0,A. The
flow vector of detector B, Qn,B is defined in the same
way as Qn,A.

We define the correlation between A and B in harmonic
n by

Vn,AB ≡
〈Qn,AQ∗

n,B〉

〈NANB〉
−

〈Qn,A〉

〈NA〉

〈Q∗

n,B〉

〈NB〉
, (2)

where 〈· · · 〉 denotes an average over many collisions in a
centrality class, and Q∗ denotes the complex conjugate
of Q. The second term in the right-hand side is an ac-
ceptance correction [8] which vanishes if detectors have
azimuthal symmetry. If A and B are uncorrelated, Vn,AB

vanishes even if the detectors are strongly anisotropic. If

all correlations between A and B are due to flow, one can
write [3, 4]

Vn,AB = vn,Avn,B , (3)

B. Reference flow

One can reconstruct vn,A from Eq. (3) if vn,B is known:
the flow analysis always requires a reference (this cor-
responds to the resolution correction in the event-plane
analysis). We now explain how reference values can be
obtained and (Sec. II C) how they can be combined in
order to optimize the analysis.

There are two cases. If there are two reference detec-
tors A and B which are symmetric around midrapidity
and separated by a pseudorapidity gap, then one can
safely assume vn,A = vn,B, and vn,B is given by Eq. (3)
up to a sign.

If there is no such symmetry, reconstructing the refer-
ence flow requires information from a third [9] detector
C, which has a pseudorapidity gap with both A and B.
One correlates C with A and B in the same way as A
with B. Assuming that all correlations are due to flow,
Vn,AC = vn,Avn,C and Vn,BC = vn,Bvn,C . One then ob-
tains vn,B, up to a sign, by eliminating vn,A and vn,C :

v2
n,B =

Vn,ABVn,BC

Vn,AC
. (4)

C. Combining subevents

Finally, once the reference flow has been determined
for, say, two detectors B and C, it is useful to combine
these two references in order to have a single, more stable
reference for the set B +C, in the same way as subevents
are combined in the event-plane analysis. The flow in the
combination B + C is the weighted average of flows in B
and C:

vn,B+C =
〈NB〉vn,B + 〈NC〉vn,C

〈NB〉 + 〈NC〉
. (5)
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