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n  Introduction of vn 

n  Higher harmonic flow (vn) of Identified particle 
n  2 particle correlations with vn 
n  Azimuthal HBT w.r.t event plane 
n  Summary 
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Higher harmonic event plane	


n  Initial density fluctuations cause higher harmonic flow vn 

n  Azimuthal distribution of emitted particles:	
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Ψ2	


Ψ3	


Ψ4	


dN
dφ

∝1+ 2v2 cos2 φ −Ψ2( )

+2v3 cos2 φ −Ψ3( )

+2v4 cos2 φ −Ψ4( )

vn = cosn φ −Ψn( )
Ψn  : Higher harmonic event plane 
φ   : Azimuthal angle of emitted particles	
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vn measurement via Event plane method	
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vn = cosn φ −Ψn( )
0 5 -5 

ZDC/SMD 

η 

dN/dη	



RXN in: 1.5<|η|<2.8 
    & out: 1.0<|η|<1.5 

MPC: 3.1<|η|<3.7 

BBC: 3.0<|η|<3.9 

CNT: |η|<0.35 

Ψn  : Determined by forward detector RXN 
φ   : Measured at mid-rapidity	
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Charged hadron vn at PHENIX	


n  v2 increases with increasing centrality, but v3 doesn’t 
n  v3 is comparable to v2 in 0-10% 
n  v4 has similar dependence to v2	
 5

	


PRL.107.252301	
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v3 breaks degeneracy	


n  v3 provides new constraint on hydro-model parameters 
²  Glauber & 4πη/s=1  : works better  
²  KLN & 4πη/s=2        : fails	
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best resolution, are employed. The systematic uncertainties
for these measurements were estimated by detailed com-
parisons of the results obtained with the RXN, BBC,
and MPC event-plane detectors and subevent selections.
They are !3%, !8% and !20% for v2f!2g, v3f!3g, and
v4f!4g, respectively, for midcentral collisions and increase
by a few percent for more central and peripheral collisions.
Through further comparison of the results obtained with
the RXN, BBC, and MPC event-plane detectors, pseudor-
apidity dependent nonflow contributions that may influ-
ence the magnitude of vnf!ng, such as jet correlations,
were shown [9] to be much less than all other uncertainties
for v2f!2g and v4f!2g.

The vnf!ng values shown in Fig. 2 increase with pT for
most of the measured range, and decrease for more central
collisions. The v2f!2g increases as expected from central
to semiperipheral collisions, following the expected in-
crease of "n with impact parameter [19,27,28]. The
v3f!3g and, albeit with less statistical significance, also
the v4f!4g appear to be much less centrality dependent,
with v3 values comparable to v2f!2g in the most central
events. This behavior is consistent with Glauber calcula-
tions of the average fluctuations of the generalized ‘‘trian-
gular’’ eccentricity "3 [25,26]. The Fig. 2 panels (b) and (d)
show comparisons of v2f!2g and v3f!3g to results from
hydrodynamic calculations. The pT and centrality trends
for both v2f!2g and v3f!3g are in good agreement with the
hydrodynamic models shown, especially at pT below
" 1 GeV=c.

Figure 3 compares the centrality dependence of v2f!2g
and v3f!3g with several additional calculations, demon-
strating both the new constraints the data provide and also
the robustness of hydrodynamics to the details of different
model assumptions for medium evolution. Alver et al. [27]
use relativistic viscous hydrodynamics in 2þ 1 dimen-
sions. Fluctuations are introduced for two different initial

conditions. For Glauber initial conditions, the energy den-
sity distribution in the transverse plane is proportional to a
superposition of struck nucleon and binary-collision den-
sities; in MC-KLN initial conditions the energy density
profile is further controlled by the dependence of the gluon
saturation momentum on the transverse position [16,17].
The Glauber-MC and MC-KLN initial state models are
paired with the values 4!"=s ¼ 1 and 2, respectively, to
reproduce the measured v2f!2g [8]. The viscosity differ-
ence compensates for the !20% difference between the
initial "2 values associated with each model. The two
models have similar "3, and thus the larger viscosity
needed with MC-KLN calculations to match v2, leads to
a much lower v3 than obtained with Glauber MC calcu-
lations. Consequently, our measurement of v3f!3g helps to
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FIG. 2 (color online). vnf!ng vs pT measured via the reaction-plane method for different centrality bins; 0%–10% are the most
central collisions. Shaded (gray and pink) and hatched (blue) areas around the data points indicate sizes of systematic uncertainties.
The curves in panels (b) and (d) are predictions for v2f!2g and v3f!3g from two hydrodynamic models, both using Glauber initial
conditions and 4!"=s ¼ 1, Alver et al. [27] and Schenke et al. [32].
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FIG. 3 (color online). Comparison of [(a) and (b)] v2f!2g vs
Npart and [(c) and (d)] v3f!3g vs Npart measurements and

theoretical predictions (see text): ‘‘MC-KLN þ 4!"=s ¼ 2’’
and ‘‘Glauberþ 4!"=s ¼ 1 (1)’’ [27]; ‘‘Glauber þ 4!"=s ¼ 1
(2)’’ [32]; and ‘‘UrQMD’’ [29]. Shaded areas (magenta) around
the data points indicate sizes of systematic uncertainties.
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Recent Results at PHENIX	


n vn of Identified particle  
n 2 particle correlations with vn  

n Azimuthal HBT w.r.t event plane 	
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Motivation of PID vn	


n  vn is sensitive probe to the QGP bulk property 
n  Important to check the following features seen in v2 

² Mass splitting at low pT 

² Baryon/Meson difference at mid pT 
² How is the scaling property of vn ? 

8
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vn of Identified particle	


n  Mass splitting at low pT : Hydrodynamics 
n  Baryon/Meson difference at mid pT  

: Quark coalescence	
 9
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PID vn with modified scaling	


n  Known nq scaling fails in v3, v4 

n  Modified scaling works well for vn :  vn(KET/nq)/nq
n/2  
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PID v2 at high pT	


1
1
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n  Extend PID to high pT by 
combining TOF(MRPC) and 
Aerogel Cherenkov Counter 

n  Quark number scaling is 
better for KET/nq than pT/nq 

n  But it breaks at KET/nq~0.7GeV 
for non-central collisions	


PRC.85.064914(2012)	
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Recent Results at PHENIX	


n vn of Identified particle 
n 2 particle correlations with vn  

n Azimuthal HBT w.r.t event plane 	
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Motivation of 2 particle correlations with vn	


n  Ridge and Shoulder can be seen in Δφ-Δη correlation 
² They can be explained by vn ? 

n  vn subtractions are needed to get real jet correlations	


1
3
	


Ridge	


2< pT
asso < pT

trig GeV/C	


Phys. Rev. C 80, 064912 (2009) 
	


Phys. Rev. C 78, 014901 (2008) 
	
 ○:p+p 

●: Au+Au	


Shoulder	


v2 subtracted	


Jet(∆φ) = C2(∆φ) − b0Flow(∆φ) (37)

Jet(∆φ) = CF (∆φ) − b0Flow(∆φ) (38)

b02vtrig
3 vasso

3 cos 3∆φ (39)

∼ b02vtrig
n vasso

n cos n∆φ (40)

あああああああああああああああああああ

5

Δφ	
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Pb+Pb	
  2.76TeV	


2 particle correlations with |Δη| gap	


n  vn reproduce Ridge & Shoulder well in 0-5%	


1
4
	


QM’11 J. Jia  ATLAS Flow Plenary	
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2 particle correlations without |Δη| gap	


n  Most-central : Away side yield are suppressed 
n  Mid-central : Away side yield still remain 	
 1

5
	


V2,	
  V3	
  &	
  V4(Φ4)	
  ZYAM	
  subtracted	


PHENIX PRELIMINARY	
 Au+Au 200GeV 0-20%	


inc. γ-had.	
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Recent Results at PHENIX	


n Particle Identified vn 

n 2 particle correlations with vn  

n Azimuthal HBT w.r.t event plane 	


1
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Motivation of Azimuthal HBT w.r.t v2 plane	


n  Final eccentricity can be measured by azimuthal HBT 
² It depends on Initial eccentricity, pressure gradient, expansion time, 

and velocity profile etc 
² Good probe to investigate system evolution 1

7
	


momentum anisotropy v2	


Initial spatial anisotropy (eccentricity)	


v2 Plane 

Δφ	


How is  
final eccentricity ?	
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Azimuthal HBT radii for kaons 
	
n  Observed oscillation for Rside, Rout, Ros  
n  Final eccentricity is defined as εfinal = 2Rs,2 / Rs,0  

²    

1
8
	


in-plane	


out-of- 
plane	


Rs,n
2 = Rs,n

2 (Δφ)cos(nΔφ) PRC70, 044907 (2004)	


@WPCF2011	
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Eccentricity at freeze-out	


n  εfinal ≈ εinitial/2 for pion 
²  Indicates that source expands to in-plane direction, and still elliptical 
²  PHENIX and STAR results are consistent 

n  εfinal ≈ εinitial for kaon 
²  Freeze-out time is faster than that of pion? 
²  Due to different mT between π/K? 	
 1

9
	


Rs,n
2 = Rs,n

2 (Δφ)cos(nΔφ)

ε final = 2
Rs,2
2

Rs,0
2

PRC70, 044907 (2004)	

@WPCF2011	
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kT dependence of azimuthal pion HBT radii	


n  Oscillation can be seen in Rs, Ro, and Ros for each kT regions	


2
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mT dependence of εfinal	


n  εfinal of pions increases with mT in most/mid-central collisions 
n  There is still difference between π/K even in same mT 

²  But the difference is at most within 2 σ of systematic errors	


2
1
	


> [GeV/c]T<m
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0
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 


mT = kT
2 +m2
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mT dependence of relative amplitude	


n  Relative amplitude of Rout in 0-20% doesn’t depend on mT 

² Does it indicate emission duration between in-plane and out-of-
plane is different ?	
 2

2
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Azimuthal HBT w.r.t v3 plane	


n  Final triangularity could be observed by azimuthal 
HBT w.r.t v3 plane(Ψ3) if it exists at freeze-out 
² Detailed information on space-time evolution can be obtained 

n  Analysis is ongoing 

2
3
	


Ψ3

Ψ3

Initial spatial fluctuation 
(triangularity)	


momentum anisotropy 
triangular flow v3	
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Summary	

n  vn of Identified particle 

² PID vn have been measured 
² Modified scaling vn(KET/nq)/nq

n/2 works well for vn 

² Quak number scaling for v2 breaks at high pT in non-central collisions 

n  2 particle correlations with vn 

²  Away side yield are suppressed in most central collisions, but still 
remain in non-central collisions 

n  Azimuthal HBT w.r.t v2 plane 
² εfinal increase with mT, while relative Rout,2 doesn’t depend on mT  

in central collisions 
² Difference of εfinal between π/K is seen even in same mT, 

but note it is within 2σ of sys. error 

2
4
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Back up	


2
5
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PID vn vs centralarity	


2
6
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Same trends are seen in each centrality bins	
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“v2 at high pT” vs centrality	
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Scaling starts breaking at 10-20% 	
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mT dependence of azimuthal pion HBT radii 
in 0-20%	
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What is HBT ?	


n  Quantum interference between identical two particles 
n  Powerful tool to explore space-time evolution in HI collisions 
n  HBT can measure the source size and shape at freeze-out, 

Not whole size But homogeneity region in expanding source	
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 P(p1)     : Probability of detecting a particle 

P(p1,p2) : Probability of detecting pair particles 
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〜1/R	


assuming gaussian source	
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3D HBT radii	


n  “Out-Side-Long” system 
²  Bertsch-Pratt parameterization 

n  Core-halo model 

²  Particles in core are affected by  
 coulomb interaction 
	


3
0
	


Rlong: Longtudinal size 
Rside: Transverse size 
Rout:  Transverse size + emission duration 
Ros:   Cross term between Out and Side 

detector 

detector 

1p


2p


Rside 

Rout 

Sliced view 

C2 =C2
core +C2

halo

= [λ(1+G)F]+[1−λ]

G = exp(−Rinv
2 qinv

2 )

= exp(−Rside
2 qside

2 − Rout
2 qout

2 − Rlong
2 qlong

2 − 2Ros
2 qsideqout )



T 
. N

iid
a 

   
   

  H
IC

 in
 L

H
C

 e
ra

 in
 Q

uy
 N

ho
n 

   
  J

ul
y,

 2
01

2	


n  Centrality / mT dependence have been measured for pions and kaons  
²  No significant difference between both species 

3
1
	


The past HBT Results for charged pions and kaons 	


mT dependence	
centrality dependence	
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Analysis method for HBT	

n  Correlation function 

²  Ratio of real and mixed q-distribution of pairs  
q: relative momentum 

n  Correction of event plane resolution 
²  U.Heinz et al, PRC66, 044903 (2002) 

n  Coulomb correction and Fitting 
²  By Sinyukov‘s fit function 
²  Including the effect of long lived resonance decay	
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Correlation function for charged pions 
 
	

n  Raw C2 for 30-60% centrality 
n  Solid lines is fit functions	
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Azimuthal HBT radii for pions 
	
n  Observed oscillation for Rside, Rout, Ros 

n  Rout in 0-10% has oscillation 
²  Different emission duration between in-plane and out-of-plane?	


3
4
	


out-of-plane	


in-plane	
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Correlation function for charged kaons 
 
	
n  Raw C2 for 20-60%  
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STAR Result (w.r.t psi2)	


n  PRL.93, 012301(2004)	
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