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of the elliptic flow  
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Elliptic Flow (v2) 

Fourier expansion of the distribution of produced particle angle (φ) to reaction plane (Ψ) 
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Reaction plane (Ψ) At non central collision 
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Momentum anisotropy  
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v2 is the coefficient of the second term → indicates ellipticity  
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Geometrical anisotropy  

• Small mean free path	



• Thermalization 

• Pressure gradient	



Measured v2 reflects the hot dense matter. 

Elliptic flow 

Thermalization should be occurred very early before the geometrical eccentricity is gone. 

Azimuthal anisotropy of produced particles is a powerful probe for investigating the characteristic of the QGP.  	




Time Evolution 
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Chemical freeze-out 

Hadronization  
Expansion & Cooling 

Thermalization  

Collision   

 pre-equilibrium  

 QGP  

 Mixed phase  

 Hadron gas  
 t  Kinematical freeze-out 

Hard scatterings  

When the matter is thermalized, we expect 
Hydro-dynamical behavior at quark level .  

Need a comprehensive understanding from 
thermalization through hadronization to freeze-out.  

The matter produced in the high energy heavy ion collision is expected to undergo several 
stages from the initial hard scattering to the final hadron emission. 

*Note whenever the matter interacts each other, v2 could change.  



Scaling of v2 

• Energy dependence 
• Eccentricity scaling  
• Npart scaling 
• Quark number + KET scaling 
and the deviation  
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For a comprehensive understating of the matter and the mechanism of v2 production… 



Energy dependence 
200,  62.4,  39　GeV 
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No energy dependence from 39 GeV to 200 GeV for these centralities. 

S. Huang, A. Taranenko, R. Lacey  (WWND2011) 



Energy dependence 
200, 7.7 GeV 
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7 The v2 at 7.7 GeV Au+Au is much lower than v2 of  39 - 200 GeV. 
Partonic flow --> Hadronic flow : between 39 and 7.7 GeV ?  

S. Huang, A. Taranenko, R. Lacey  (WWND2011) 

Preliminary, STAR, PHENIX and E895 data 
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Energy dependence 
of smaller system (Cu+Cu) 	
 

•  62.4	
  GeV	
  	
  and	
  200	
  GeV	
  don’t	
  agree	
  as	
  Au+Au	
  does. 	
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Energy dependence 
2.76 TeV, 200 GeV	


• Mostly consistent, especially at low pT	
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ALICE ---  
Pb+Pb, √sNN = 2.76 TeV  
(nucl-ex 0147314)	

 
PHENIX and STAR --- 
 Au+Au, √sNN = 200 
GeV	


PHENIX : Phys. Rev. C 80, 024909 (2009)  
STAR : Phys. Rev. C 77, 054901 (2008)	




Energy dependence 
- Integrated v2 	
 

•  ALICE	
  QM2011	
  Alberica’s	
  	
  talk	
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nation of integrated elliptic flow the magnitude of the
charged particle reconstruction efficiency does not play
a role. However, the relative change in efficiency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are different, giving an estimate of the uncertainty in the
correction. The correction is about 2% with an uncer-
tainty of 1%. In addition, uncertainty due to the cen-
trality determination results in a relative uncertainty of
about 3% on the value of the elliptic flow.

Figure 3 shows that the integrated elliptic flow in-
creases from central to peripheral collisions and reaches
a maximum value in the 50–60% and 40–50% centrality
class of 0.106 ± 0.001 (stat) ± 0.005 (syst) and 0.087
± 0.002 (stat) ± 0.004 (syst) for the 2- and 4-particle
cumulant method, respectively. It is also seen that the
measured integrated elliptic flow from the 4-particle cu-
mulant, from fits of the flow vector distribution, and from
the Lee-Yang Zeroes method, are in agreement. The
open markers in Fig. 3 show the results obtained for
the cumulants using particles of the same charge. The
4-particle cumulant results agree within uncertainties for
all charged particles and for the same charge particle data
sets. The 2-particle cumulant results, as expected due to
nonflow, depend weakly on the charge combination. The
difference is most pronounced for the most peripheral and
central events.

In comparison to the elliptic flow measurements in Au–
Au collisions at

√
sNN = 200 GeV (shaded bands in

Fig. 3) we observe about a 30% increase in the magni-
tude of v2 at

√
sNN = 2.76 TeV. A Glauber calculation of

the initial state eccentricity shows a decrease for Pb–Pb
collisions at the LHC compared Au–Au at RHIC of 5%.
Taken together the increase of up to 35% is in contradic-
tion with current ideal hydrodynamic calculations [6] but
is in agreement with some models which include viscous
corrections [13–15].

The integrated elliptic flow measured in the 20–30%
centrality class is compared to results from lower ener-
gies in Fig. 4. For the comparison we have corrected the
integrated elliptic flow for the pt cutoff of 0.2 GeV/c. The
estimated magnitude of this correction is 12 ± 5% based
on calculations with HIJING and Therminator. The fig-
ure shows that there is a continuous increase in the mag-
nitude of the elliptic flow for this centrality region from
RHIC to LHC energies.

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic mod-
els [6, 12]. We find that the integrated elliptic flow in-
creases about 30% from

√
sNN = 200 GeV at RHIC to√

sNN = 2.76 TeV. This increase is higher than current
predictions from ideal hydrodynamic models. The hydro-
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FIG. 4. (color online) Integrated elliptic flow at 2.76 TeV
in Pb–Pb 20–30% centrality class compared with results from
lower energies taken at similar centralities [35, 38].

dynamic models which incorporate viscous corrections
and certain hybrid models do allow for such an increase.
In these models the increase is due to the reduced impor-
tance of viscous corrections at LHC energies [10, 13–15].
The larger integrated elliptic flow at the LHC is caused
by the increase in the mean pt. Future elliptic flow mea-
surements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
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Integrated v2 at LHC is larger than 
v2 at RHIC. 
Is this because of radial flow ?　 
Probably no.	




Eccentricity scaling  
Pb+Pb, Au+Au, Cu+Cu  

Compare v2  normalized by eccentricity (ε) in collisions of different size. 
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0.2<pT<1.0 [GeV/c] 

Eccentricity scaling suggests 
early thermalization.  

There is a strong Npart dependence. 

PHOBOS Collaboration 
 PRL 98, 242302 

phenix preliminary 

phenix preliminary 



Npart Scaling  
Dividing by Npart

1/3  
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0.2<pT<1.0 [GeV/c] 

v2 vs. Npart v2/ε vs. Npart 

v2/eccentricity/Npart
1/3 scaling is a universal scaling!  

which works for all collision systems including Pb+Pb 
2.76TeV except small Npart at 62 GeV. 

- This exception may indicate non-sufficient thermalization region. 

v2/ε/Npart
1/3 vs. Npart 

phenix preliminary 

The dependence can be normalized by Npart
1/3. 

phenix preliminary phenix preliminary 



Quark number + KET scaling (AuAu 200 GeV) 
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KET = (mT-m0)/nq PRL. 98, 162301 (2007) 

v2(pT) /nquark vs. KET/nquark becomes one curve independent of particle species.  

KET/nq  (GeV/c) KET  (GeV/c) 

Quark number scaling is consistent to the recombination model which assumes the 
quark level flow at QGP phase.  



Quark number scaling everywhere  
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AuAu 62.4GeV PHENIX/STAR 

Quark number scaling work out at 62.4GeV. 



Quark number scaling everywhere  
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Au+Au 200GeV (Run7) 

ϕ, Λ and deuteron also follow the scaling.  
Significant part of elliptic flow develops at quark level. 

New detector and high statistics enable us to see the  

breaking point at KET ~1GeV. 



Quark number scaling everywhere  
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KET scaling mostly works out for central but not 

peripheral in Cu+Cu at 200GeV. 

Cu+Cu	
  
200GeV	
  

PHENIX preliminary	




The	
  discrepancy	
  from	
  KET	
  scaling	
  	
 

The	
  discrepancy	
  from	
  the	
  KET	
  scaling	
  depends	
  on	
  Npart.	
  
Large	
  Npart	
  produces	
  more	
  shiJ	
  of	
  proton	
  to	
  higher	
  pT	
  based	
  on	
  π.	
  	
  

Au+Au 	


Cu+Cu 	
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Quark	
  number	
  scaling	
  at	
  LHC	
 

•  KET	
  scaling	
  doesn’t	
  work	
  out	
  at	
  LHC.	
  
•  Proton	
  is	
  shiJed	
  to	
  higher	
  pT	
  more	
  than	
  RHIC	
  results.	
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Radial flow effect is different at 
different collision energies.   	
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19 Higher collision energy density seems to 
produce larger radial flow. 

Identified particles  

2.76TeV and 200 GeV 	
 200 GeV and 62.4 GeV	




Summary 
•  Systematic study of v2 have been done in Au+Au/Cu+Cu at √sNN = 

7.7/39/62.4/200 GeV and compared with Pb+Pb at  √sNN = 2.76 
TeV.  

•  v2(pT) are saturated above 39 GeV in Au+Au.  
•  Local thermalization 

•  Integrated v2 increases at higher collision energy.  
•  because <pT> increases.  

•  v2(pT) follows quark number + KET scaling in Au+Au (200,62GeV) 
and Cu+Cu (200GeV) .  
•  Flow at quark level à QGP phase  

•  There are small discrepancies from KET scaling  
•  Larger radial flow at higher collision energy density.   

•  v2(Npart) / ε are same between Au+Au, Pb+Pb, Cu+Cu at 200 GeV 
~2.76 TeV. 
•  Eccentricity scaling à Early thermalization 

•  v2(pT) /ε/Npart
1/3 scaling works except for small Npart at 62 GeV.  

•  Existence of a universal v2 scaling at RHIC and continue to LHC. 
•  Exception may indicate non-sufficient thermalization region from 

7.7GeV to 39 GeV. 
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The end. 	

Thank you. 	
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Back Up 
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v2 explained by hydro model 
PRL 91, 182301 
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v2 at low pT (<~2 GeV/c)　
can be explained by a 
hydro-dynamical model  

Mass Ordering: v2(π)>v2(K)>v2(p) 
à Existence of radial flow. 
Single particle spectra also indicates 
radial flow. 

PHENIX: Au+Au: PRC 63, 034909 (2004); 
p+p: PRC74, 024904 (2006) 

convex shape due to radial flow. 



Universal v2 for identified charged hadrons  
at RHIC energy. 

u Different Energy and System   
(AuAu200, CuCu200, AuAu62) 

u Different Centrality (0-50%) 
u Different particles (π/ K /p) 

3/1
2 )/(

partq

qET

Nn
nKv

××ε
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24  Scale to one curve. 
χ2/ndf = 2.1 (with systematic errors) 

45 curves 

Taking all scaling together, 


