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Motivations	
² Dissect possible interplay between hard-

scattered partons and hot dense medium"

•  Have definitive answer on what remains in 
correlations after vn background subtractions"

•  Test path length dependence of parton energy 
loss via correlations relative to higher harmonic 
event planes"
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Correlations and flow harmonics vn at PHENIX	
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•  Two particle correlations"
≫  Mid-rapidity hadrons, without η gap where jet contribution remains"

•  Event plane Ψn : RXN at forward η  "
≫  vn measurements"
≫  Trigger direction w.r.t. EP "
     in sub-divided correlations"

•  vn via EP method"

C(∆φ) =
Nreal

pair (∆φ)
Nmix

pair(∆φ)

�
∆φNmix

pair(∆φ)
�

∆φNreal
pair (∆φ)

0 5 -5 

ZDC/SMD 

! 

dN/d!"

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

MPC: 3.1<|!|<3.7 

BBC: 3.0<|!|<3.9 

CNT: |!|<0.35 

vn =< cos n(φ−Ψn) >



•  Input to vn background subtractions"
•  Flow background shape"

Charged	  par5cle	  vn	  :	  |η|<0.35	  
Event	  plane	  Φn	  	  	  	  	  	  	  	  	  	  	  	  :	  |η|=1.0~2.8	  

PRL.107.252301	

Charged Hadron vn and background shape in 
correlations	
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Correlations in fine centrality steps with various  
vn background subtractions by ZYAM	



Impact of v3 to away side residual	

•  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	

•  v4(Ψ2) doesnʼt change away-side trends in most & mid-central"
•  v4(Ψ4) removes away-side residual in mid-central but 

reproduce double hump in mid-central"
² Away-side residual shape depends on treatment of v4"
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v1 estimations by two methods	
•  Event plane method"

≫   "

17	  Aug	  2012	 Quark	  Ma.er	  2012	 8	

•  Two particle correlation method"
≫  Correlations with |Δη|>0.5	

≫  Fourier decomposition"
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²  Inclusion of v1 term to vn background subtractions doesnʼt 
change away side residual so much"
≫  Confirmed with two v1 have different amplitude"
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Correlations relative to Ψ2 & Ψ3	

•  Rapidity gap between trigger and event planes"
≫ Reduce autocorrelations of jet itself"

•  Control parton path length (mainly Ψ2)"
•  Sensitivity of correlations to different harmonic event 

planes"

φt	

φa	

Δφ	

Ψn	

φs	

Mid	  rapidity	 Forward	  rapidity	
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Parton path length in Left/Right correlations	

•  Left/Right trigger selection relative to event plane results 
in non-uniform path length at away-side"

•  Modification expected in away-side as Left/Right 
asymmetry	
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EP	

Near	  Side	

Away	  Side	

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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Shorter	  path	  length	
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40-‐50%	

•  Clear Ψ2 dependence of correlation shape"
•  Left/Right asymmetry observed"
≫ More pronounced in mid-central collisions"
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Correlations relative to Ψ2	

In-‐plane	

Out-‐of-‐plane	

All	  results	  in	  back	  up	  slides	



Interpretation of Left/Right Asymmetry	

•  What is the implication of observed Left/Right asymmetry?"
•  Path length dependence of jet modification?"
•  Flow function has left/right asymmetry"
≫  Subtracted results has ambiguity in flow subtractions?"
≫  Additional jet-flow coupling?"
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➊➇	 ➋➆	 ➌➅	 ➍➄	

○	  :	  Raw	  data	  correla5ons	  
	  -‐	  :	  Flow	  func5on	  by	  v2	  v3	  v4(Ψ4)	  with	  <cos4(Ψ2-Ψ4)>=v4(Ψ2)	  /v4(Ψ4)	  	



•  Same analysis method followed as in Ψ2 dependent correlations"
•  Ψ3 dependent correlations are independent of trigger within systematics"
•  Discrepancy between Left/Right correlations are consistent within 

systematics"
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Correlations relative to Ψ3	

All	  results	  in	  back	  up	  slides	
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Summary	
² Correlations with vn background subtractions"
•  Treatment of v4 is crucial for away-side residual shapes at 

intermediate pT"
•  Effect of v1 is not so significant in symmetric collision 

systems at mid-rapidity"

² Correlations relative to higher harmonic event planes"
•  On correlation shapes depending on Ψn"
≫ Ψ2 dependent correlations show clear trigger dependence"
≫ Ψ3 dependent correlations are independent of trigger direction 

within systematics"

² Further understanding of reaction plane dependence & 
Left/Right asymmetry will inform interpretation of 
inclusive correlations"
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PHENIX talks
!  Plenary talks 

–  M. Wysocki (Mon, Initial state, Global & 
Collective Dymanics) 

–  M. McCumber (Tue, Jets) 
–  M. Rosati (Tue, Heavy Flavor) 
–  I. Tserruya (Thu, Quarkonia, Real & 

Virtual Photons) 
–  E. O’Brien (Fri, Exploring the QCD 

Phase Diagram) 

!  Parallel talks (Tue) 
–  T. Niida (Correlations & Fluctuations, 

Parallel #3) 
–  Y. Gu (Global & Collective Dynamics, 

Parallel #1) 
–  J. Frantz (Jets, Parallel #2) 
–  D. McGlinchey (Heavy Flavor & 

Quarkonia, Parallel #4) 

!  Parallel talks (Wed) 
–  E. Atomssa (Electro-Weak Probes, 

Parallel #7) 
–  M. Kurosawa (Global & Collective 

Dynamics Parallel #5) 

–  B. Sahlmueller (Pre-Equilibrium & Initial 
State, Parallel #8) 

–  S. Huang (Global & Collective Dynamics 
Parallel #5) 

!  Parallel talks (Thu) 
–  P. Shukula (High pT and Jets, Parallel 

#11) 

!  Parallel talks (Fri) 
–  J. Haggerty (New Experimental 

Developments, Parallel #15) 
–  R. Nouicer (Heavy Flavor & Quarkonia, 

Parallel #13) 
–  J. Seele (New Experimental 

Developments, Parallel #15) 
–  T. Todoroki (Correlations & 

Fluctuations,,Parallel #16) 
–  R. Hollis  (Correlations & 

Fluctuations,,Parallel #16) 
–  J. Mitchell (Exploring the QCD Phase 

Diagram, Parallel #14)

2012-08-13 T. Sakaguchi, QM2012@Washington D.C. 38 

And, Many posters
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Ψn resolutions & Ψi - Ψj correlations	
calorimeters (MPCs). Each detector system has a north
(south) component to measure at forward (backward) ra-
pidity. The absolute pseudorapidity (!0) coverages for
these detectors are 3:1< j!0

BBCj< 3:9, 1:0< j!0
RXNj<

2:8, 3:1< j!0
MPCj< 3:7. The PHENIX drift and pad cham-

bers [23] were used for charged particle tracking and
momentum reconstruction with azimuthal angle coverage
’ ¼ " rad in the central region (j!0j " 0:35).

To estimate the event plane !n in each detector, we
generalize to all orders n our earlier procedure for event-
plane determination (see [9] and especially definitions in
[24]). For each event-plane detector we evaluate
tanðn"nÞ ¼

P
wi sinðn#iÞ=

P
wi cosðn#iÞ for the!n sub-

event estimator "n, where the #i are the azimuths of
elements in that detector and the weights wi reflect the
energy or multiplicity in that element. Acceptance correc-
tions [24] for imperfect detector efficiency were employed
to ensure a flat (azimuthally independent) event-plane
distribution, as required by symmetry considerations. In
general, the hit distributions sample virtually all momenta.

To measure vn, the azimuth # of each particle is corre-
lated with the !n via Eq. (1). The measured vnf!ng ¼
hcosðn½#&"avg

n 'Þi=Resð!nÞ, where"avg
n is the average of

the "n for north and south subevents and where the de-
nominator Res(!n) represents a resolution factor
described in [24]. This factor corrects vn for the event-
by-event dispersion of the "n. Its magnitude can be esti-
mated via the two and three subevents method [9] in which
the correlation between "n from different subevents is
measured. The strength of this correlation is generally
quantified as hcosðn½"A

n &"B
n 'Þi for subevents A, B, which

measures the cosine of the dispersion of the "n estimator
with respect to the true !n.

Figure 1 shows the centrality dependence of this corre-
lation strength hcosðj½"A

n &"B
m'Þi for subevent combina-

tions (A, B) involving different event-plane detectors with
#!0 ( 5 and #!0 ( 7. The raw correlations are presented
as measured; however, the magnitudes are specific to the
PHENIX detectors involved. The systematic uncertainties
(not shown) for these correlations are of similar relative
size to those for vnf!ng discussed below. The uncertainties
are correlated across centrality and n such that the relative
size of these event-plane correlations can be compared.
The magnitudes for the odd parity quantities hsinðj½"A

n &
"B

m'Þi, which should vanish, are found to be consistent
with zero for all centrality, j, and" combinations. Figure 1
panels (a) and (b) show the two subevent correlations for
m ¼ n; (c) and (d) show the two subevent correlations for
m ! n. The negative correlation indicated in (a) for n ¼ 1
is due to the well-known antisymmetric pseudorapidity
dependence (sign change about midrapidity) of sidewards
flow v1, as well as momentum conservation [2]. Positive
subevent correlations are indicated in (a) and (b) for!2;3;4,
with sizable magnitudes for !2;3 and much smaller values
for !4.

The subevent correlations hcosðj½"A
n &"B

m'Þi for n ! m
are also of interest. Figure 1(c) confirms the expected
correlation between !1 and !2 (due to sidewards flow),
as well as that between !2 and !4 [24]. By contrast,
Fig. 1(d) shows that there is no significant correlation
observed between !2 and !3, a result which is indepen-
dent of the detectors used. The order j ¼ 6 is chosen to
account for the n multiplet of directions (2"=n) of!2 and
!3. The absence of this correlation suggests that the fluc-
tuations for !3 about !2 are substantial. This is well
reproduced by Glauber modeling [25,26] and therefore
supports an initial state fluctuation origin of !3 and v3.
A small correlation between !3 and !1 is indicated in
Fig. 1(d). While such a correlation seems to be at odds with
the absence of a !2 &!3 correlation [Fig. 1(d)], we note
that!1 &!3 correlations need not contribute to a residual
contribution to !2 &!3 correlations through !1. That is,
!1 could correlate with !3 and !2 in exclusive event
classes. Correlations involving the PHENIX zero-degree
calorimeter, which measures the n ¼ 1 spectator neutron
event plane [24] at j!0j> 6:5 indicate that this correlation
has some degree of !0 antisymmetry. We defer further
investigation of these correlation subtleties to future work.
Figure 2 shows results for the midrapidity vnf!ng for

tracks in the central arms as a function of pT for different
centralities. RXN-defined event planes, which have the
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FIG. 1 (color online). Raw correlation strengths hcosðj½"A
n &

"B
m'Þi and hcosðj½"C

n &"D
m'Þi of the event planes for various

detector combinations as a function of the collision centrality,
binned in percentages of the total cross section, where 0%
corresponds to impact parameter ¼ 0. Panels (a) and (b) show
the two subevent correlations for m ¼ n; (c) and (d) show the
two subevent correlations for m ! n. The detectors in which the
event plane is measured are: A: RXN North, B: BBC South, C:
MPC North, and D: MPC South. Data in (b) and (d) have been
scaled by factors of 10 and 20, respectively.

PRL 107, 252301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

16 DECEMBER 2011

252301-4

PRL.107.252301	

17	  Aug	  2012	 Quark	  Ma.er	  2012	 18	

centrality	  (%)	  

σ
n =

 <
co

s  
n(
Φ

n(
m

ea
s.

) -
 Φ

n(
tr

ue
))>

 PHENIX	  Preliminary	 n=2 RXN 
n=3 RXN 
n=4 RXN 
n=2 MPC 
n=3 MPC 



v1 by event plane method 	

•  Event plane method"
≫  Inclusive measurements of v1 over η compensate signal due to 

opposite sign of v1 in forward/backward rapidity"
≫  Flipping of Ψ1 and φ to keep v1 signal"
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v1 by two particle correlation method	

•  Two particle correlation method"
≫  Correlations with |Δη|>0.5	


≫  Decomposed by Fourier fitting & extract v1
tr*v1

as"
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Au+Au	  200GeV	
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) by ZYAM4!(
4

)/v2!(
4

)>=v4!-2!) subtracted with <cos4(4!(4v3v21-2 GeV, v"Au+Au 200GeV, 0-10%, 2-4

[rad]
trig
#- asso# = #$

#
$

/d
pa

ir
dN tr

1/
N

2
!

w.
r.t

. 
3

!
w.

r.t
. 

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2 Inclusive trig.

Single b0

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2

|<02!-t#/8<|%

In-plane trig.

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2

/8%|<2!-t#/8<|%2
-1 0 1 2 3 4

-0.1
-0.05

0
0.05
0.1

0.15
0.2

/8%|<22!-t#/8<|%3
-1 0 1 2 3 4

-0.1
-0.05

0
0.05
0.1

0.15
0.2

<0n!-t# >0n!-t# 

/8%|<32!-t#/8<|%4

Out-of-plane trig.

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2 Inclusive trig.

Single b0

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2

|<03!-t#/12<|%

In-plane trig.

-1 0 1 2 3 4
-0.1

-0.05
0

0.05
0.1

0.15
0.2

/12%|<3!-t#/12<|%2
-1 0 1 2 3 4

-0.1
-0.05

0
0.05
0.1

0.15
0.2

/12%|<23!-t#/12<|%3
-1 0 1 2 3 4

-0.1
-0.05

0
0.05
0.1

0.15
0.2

/12%|<33!-t#/12<|%4

Out-of-plane trig.

➊➇	 ➋➆	 ➌➅	 ➍➄	

➊➇	 ➋➆	 ➌➅	 ➍➄	

Correlations relative to Ψ2 & Ψ3, 0-10%	



Correlations relative to Ψ2 & Ψ3 10-20%	
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) by ZYAM4!(
4
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)>=v4!-2!) subtracted with <cos4(4!(4v3v21-2 GeV, v"Au+Au 200GeV, 10-20%, 2-4
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Correlations relative to Ψ2 & Ψ3 20-30%	
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) by ZYAM4!(
4

)/v2!(
4

)>=v4!-2!) subtracted with <cos4(4!(4v3v21-2 GeV, v"Au+Au 200GeV, 20-30%, 2-4
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