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Collective flow	

² EP correlations!
² Event by event vn!
² Nq scaling!
²  v2 in geometry controlled collisions!
² Direct photon v2!
² High pT & jet v2!
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Event plane correlations	
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²  Φ2,3 weakly correlated both 
strongly correlated with Φ6!

•  Alignment between Φ23 & Φ6 !
²  Hydro. expansion quali-

tatively reproduce EP cor.!
•  Parameters in hydro. would also 

take main role in EP cor.!

Two plane correlations	
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Three plane correlations	

²  a	
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Three plane correlations	

²  a	
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² v3 & v4 comparable to v2  in most central!
² Stronger centrality dependence of v2	


Charged	
  hadron	
  vn	
  :	
  |η|<0.35	
  
Event	
  plane	
  Φn	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  |η|=1.0~2.8	
  

PRL.107.252301	


pT differential vn at RHIC	
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pT differential vn at LHC	


² Significant vn up to n=6 !
²  In most central collisions(0-5%): v3 & v4 > v2!

² Stronger centrality dependence of v2	
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Singles 

² Event by Event single particle distributions!

² Obtaining amplitude, Correction & unfolding on statistics 
statistics	


² Provides constraints to model calculations!

² Correction & unfolding on limited statistics	


Event-by-Event vn	
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² Event by Event single particle distributions!

² Obtaining amplitude, Correction & unfolding on statistics 
statistics	


² Provides constraints to model calculations!

² Correction & unfolding on limited statistics	


Event-by-Event vn	
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φ	




Quark Matter 2012, Washington DC, August 13-18, 2012page S.A. Voloshin

Identified particle v2

8

Talk by F. Noferini,
posters by Y. Zhou
and C. Perez Lara

        !-meson  flow follows mass dependence 
at pT < 3 GeV/c   and “meson band” at higher pT
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New:  K0, ",  ! , and (see talk by F. Noferini) #, !

Identified particle vn	


² Mass ordering at low pT !
² Coalescence at intermediate pT	
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v3{2} is without rapidity gap  



Nq scaling of vn	
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² Nq scaling up to KET/nq = 0.7 GeV for v2, v3, and v4 



Break of Nq scaling of v2 at high pT !
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²  In the 0-20%, scaling is still roughly kept.  
²  In 20-60% nq scaling is broken at KET > 0.7 GeV. 
² Different mechanisms for pion and proton production at 

intermediate pT for different centralities  

	
  PHENIX	
  PRC	
  85,	
  064914	
  (2012)	
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Nq scaling of strange hadron v2 	


² K0
S follows scaling curve of π, K, & P	


² Multi-strangeness hadrons deviate from K0
S!
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Quark Matter 2012, Washington DC, August 13-18, 2012page S.A. Voloshin

v2 : quark number scaling(s)

9

Talk by F. Noferini

NCQ scaling: violation ~ 10% at pT ~1.2 GeV/c 

v2/nq vs (mT-m0)/nqv2/nq vs pT/nq

NQ (mT) scaling: stronger violation vs RHIC. 

For further discussion of the mass splitting and 
comparison with hydro, see talk by F. Noferini 

Nq scaling of v2 at LHC 	


² P, Λ, φ deviate from pi, K at low pT!
•  Might be due to stronger radial flow at LHC than RHIC!
•  Realistic parameter describes radial flow effects to hadrons !
² Nq scaling survives at intermediate pT	
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Geometry controlled collision systems 	


² Various collision geometry!
² The geometry separation in progress 
•  This time only centrality is selected!

25	
  Sep	
  2012	
 Phenomenology	
  and	
  
Experiments	
  at	
  RHIC	
  and	
  LHC	
 16	


4A,	
  Huang	
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Body-body 

Tip-tip 

U+U	
  collisions	
 Cu+Au	
  collisions	




Stronger mass ordering in central U+U 
collisions	


² Not seen in other centrality and collision systems!
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π & p v2 in 0-6% central U + U collision!
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² From 0-10% Au+Au to 0-1% U+U collisions  
² ετ increase about 20%  

² Strong mass ordering in 0-6% centrality despite of 
relatively small increase of ετ. 

² Radial flow or collision geometry? 

preliminary	
  

Npart	
  

ετ
	
  (G

eV
/f
m

2 /
c)
	
  

0-­‐1%	
  



Nq scaling in U+U and Cu+Au collisions	


² Nq scaling works for U+U and Cu+Au for π , P	
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U+U	
 Cu+Au	




Direct Photon v2	


²  v2 down to 0.5 GeV via external conversion di-electron pairs!
² Consistency check with previous measurements via photon!
² Agreement up to 2 GeV, None-zero v2 is conclusive	
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High pT single hadron and jet v2	


² None-zero v2 of single hadrons at high pT!
² Jet v2 is qualitatively consistent with hadron v2!
•  Path length dependence of parton energy loss!
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Very high pT v2 via 2PC	


² None zero v2 up to pT 40 GeV/c!
² Comparable to jet v2 above 20 GeV/c!
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Victoria Zhukova Quark Matter 2012, Washington DC

v2 as a function of pT (1<|!|<2 )
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Theory Comparison

12

-Data can constrain different theoretical scenarios

Theory: B.Betz,M.Gyulassy;arXiv:1201.0281

Data: PRL 109.022301(2012)

Central	
 Mid-­‐Central	


² RHIC data supports L3 dependence	




Two-particle correlations	

² Correlations with vn background 

subtractions!
² Correlations with respect to Ψ2 & Ψ3!

25	
  Sep	
  2012	
 Phenomenology	
  and	
  
Experiments	
  at	
  RHIC	
  and	
  LHC	
 24	




Two-particle correlations	

Pair distributions in real & 
mixed events	
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A. Adare (ALICE)

Two-particle correlations 3

Azimuthal correlation function:

NAB
same(∆φ,∆η)

∆φ = φA − φB ∆η = ηA − ηB
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Same and mixed event pair distributions

NAB
mixed(∆φ,∆η)

magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0<!"< # and shown symmetrized over 2#,
between a trigger particle with 2< pt < 3 GeV=c and an asso-
ciated particle with 1< pt < 2 GeV=c for the 0%–1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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FIG. 3 (color online). v2, v3, v4, v5 as a function of transverse
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40% compared to hydrodynamic model calculations, (b) 0%–5%
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PRL 107, 032301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
15 JULY 2011

032301-4

C(∆φ) ≡ Nmixed

Nreal
· Nreal/d∆φ

Nmixed/d∆φ
∆φ = φa − φt,∆η = ηa − ηt

Correlation functions	


Flow backgrounds in correlations	


F (∆φ) = b0

�
1 +

�

n=1

2vt
nva

n cos (n∆φ)

�



Motivations	


² Dissect interplay of hard-scattered partons and medium!
² Definitive answer what remains after vn subtractions!
•  Whether Ridge and shoulder survives?!
² Test path length dependence of parton energy loss!
•  Correlations with respect to event planes!

Ridge	


2< pT
asso < pT

trig GeV/C	


Phys. Rev. C 80, 064912 (2009) 
	


N=3	
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Phys. Rev. C 78, 014901 (2008) 
	
 ○:p+p 

●: Au+Au	


Shoulder	


v2 subtracted	


N=3	




Correlations with large Δη gap	
 

² Ridge & Shoulder well reproduced at 0-5%!
² Caveat! Correlation and vn have similar long rapidity 

gap, very similar information!!
² Consider correlations small rapidity gap where jet 

contribution survives!

￮  measured correlations 	
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Impact of v3 to away side residual	


² v3 largely reduce away-side shoulder!
•  Small residual at away side in most central!
•  Double hump almost gone in mid central!
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Sensitivity of away-side residual to v4	


² v4(Ψ2) doesnʼt change away-side trends!
² v4(Ψ4) removes away-side residual in central!
•   reproduce double hump in mid-central!
² Mach-cone is possibley induced by jet?!
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² Subtraction of v1 term doesnʼt change correlations!
² Away side double humps in mid-central collision are 

conclusive!
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Correlations relative to Ψ2 & Ψ3	


² Control parton path length (mainly Ψ2)!
•  In-plane : shorter path length!
•  Out-of-plane : longer path length!
² Sensitivity of correlations to different harmonic 

event planes!
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Parton path length in Left/Right correlations	


² Left/Right trigger selection relative to event plane 
results in non-uniform path length at away-side!

² Expect the modification of away-side as Left/Right 
asymmetry	


25	
  Sep	
  2012	
 Phenomenology	
  and	
  
Experiments	
  at	
  RHIC	
  and	
  LHC	
 33	


EP	


Near	
  Side	


Away	
  Side	


Longer	
  path	
  
length	


Shorter	
  path	
  
length	


3

Fig 4a shows the calculated away-side distribution for
trigger hadrons in 30-35% Au+Au centrality. To maxi-
mize the asymmetry, the angle of the triggers are selected
at around φs = ±π/4 relative to the RP. The overall
shape of the away-side and its angular dependence pat-
ten is controlled by the geometry. The multiplicities for
the near-side and away-side are chosen such that the ob-
served amplitudes (average over left and right) mimic
the experimental data. Two features can be clearly seen.
One is the suppression of one shoulder peak relative to
the other, as a result of the path length dependent at-
tenuation of medium response. The second feature is a
small shift of shoulder peak positions and broadening of
their widths, as a result of the away-side kT smearing.
The overall observed asymmetry is on the order of 30%.
Fig 4b shows the case where the finite RP resolution is
taken into account. The observed asymmetry is rather
sensitive to the accuracy with which one can measure the
RP. A typical resolution of 0.8 used by RHIC experiments
reduces the observed asymmetry by about 50%.
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FIG. 4: The dihadron correlation for triggers angle φ selected
at around ±π/4 relative to the reaction plane. a) is for ideal
case and b) is for the case where the reaction plane resolution
is 0.8.

In non-central Au+Au collision, medium response al-
ways coexists with hydrodynamic flow, which makes the
clean separation of the two effects challenging. The com-
mon experimental approach is to assume that the cor-
relation function consists of a jet-induced signal and a
pure flow term, and to further assume the jet signal is
zero at its minimum ∆φmin. Recently, this Zero Yield
At Minimum or ZYAM approach [5] has been extended
to RP dependence correlation analysis [14, 15, 19]. For
triggers selected at a fixed angle φs with ideal RP res-
olution, the correlation function defined in [7] takes the
following form [16]:

C(∆φ) = Jet(∆φ) + ξ(1 + 2vassoc
2 cos 2(φs + ∆φ)) (3)

vassoc
2 is the elliptic flow for associated hadrons, and ξ

is the pedestal level in same event measured relative to
mixed event, i.e. ξ = 〈ntrignassoc〉/〈ntrig〉〈nassoc〉, where
ntrig and nassoc denote the multiplicity of triggers and
partners, respectively [7]. ξ is typically very close to one
in central and mid-central Au+Au collisions [7], so we
simply fix it to unity.

Equation 3 indicates that the selection of trigger in a
fixed angle φs leads to a phase shift of 2φs in the flow
term. Fig. 5 illustrates the influence of possible resid-
ual flow left over after flow background subtraction for
triggers selected at φs = ±π/4. The input jet shape
and magnitude (thin line in left panel) is adjusted to the
experimentally measured jet signal (jet pair fraction) for
3−4×1−2 GeV/c bin in 30-40% Au+Au collisions [7]; the
residual flow is assumed to be the size of the v2 system-
atic uncertainty, i.e. 5% of the measured vassoc

2 . Fig. 5
clearly shows that residual flow can lead to a significant
away-side asymmetry at 40-50% level. This magnitude of
the asymmetry is larger than the real asymmetry shown
in the left panel of Fig. 4. However, it is possible that the
actual residual flow is smaller [22]. Furthermore, resid-
ual flow also leads to a comparable left/right asymmetry
at the ZYAM minimum (around ±1 radian), while real
medium response of Fig. 4 does not show such asymmetry
at ZYAM minimum. So by comparing the RP dependent
correlation for trigger selected at φs and −φs, one may be
able to detect and constrain possible residual flow. Such
residual flow can be caused by uncertainties in flow mea-
surements, but it may also indicate that triggered events
have intrinsically different flow from the inclusive events,
possibly due to couplings between jets and medium.
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FIG. 5: (Color Online) Illustrating the effects of the residual
flow (assuming to be 5% of the experimental measured mean
value) on the left and right asymmetry. The input jet shape
and amplitude (thin line in left panel) is adjusted to mimick
the experimentally measured jet signal (fraction of jet pair
over all pairs) for 3 − 4 × 1 − 2 GeV/c selection from 30-40%
Au+Au collisions [7].

Following the same arguments, it is possible that the
near-side medium response (the ridge) also has left/right
asymmetry, caused by the path length difference between
partons emitted at the left side and those emitted at the
right side of the trigger. However, since the near-side
width is quite narrow, the effect due to path length alone
may be too small to be detectable. We leave this for a
future study.

In summary, we propose to study the jet correlation
by selecting triggers separately in the left and right side
of the second harmonic event plane. The correlation sig-
nals for triggers selected this way are sensitive to the

C(
Δ
φ)
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0-­‐10%	


40-­‐50%	


² Single background level doesnʼt work!
² Ψ2 dependence is observed!
² Left/Right asymmetry more pronounced in mid-central!
² Jets pull down v2 in central collisions!
² Jets push up v2 in peripheral collisions!
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Correlations relative to Ψ2	


In-­‐plane	


Out-­‐of-­‐plane	




² Single background level works!
² Correlations are independent of Ψ3 within systematics!
² Left/Right correlations are consistent within systematics!
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20-­‐30%	




Summary	

Collective flow!
² EP correlations & event by event vn provides more 

constraints to Hydro-models!
² Nq scaling from various aspects!
² v2 in geometry controlled collisions systems!
² None zero direct photon v2!
² None zero high pT hadron & jet v2!

Two-particle correlations!
² Mach-cone like structure is conclusive!
•  Difficult to explain by vn!
•  Possibly induced by jet!
² Correlations have different sensitivity to Ψ2 & Ψ3!
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Identified particle vn	
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Correlations relative to Ψ2 & Ψ3, 0-10%	




Correlations relative to Ψ2 & Ψ3 10-20%	
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Correlations relative to Ψ2 & Ψ3 20-30%	
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Correlations relative to Ψ2 & Ψ3 30-40%	
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Correlations relative to Ψ2 & Ψ3, 40-50%	



