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TaskTask

1 Outline the methodology employed by PHENIX
Objectives

Give one or two contextual reminders and 
their implication

1. Outline the methodology employed by PHENIX 
for azimuthal charge asymmetry studies

2. Give a survey of current PHENIX results from
Give a survey of  the PHENIX measurements

Discuss results from the “conventional method”
Emphasize the virtues of a new method

Summarize

2. Give a survey of current PHENIX results from 
two very different analysis techniques

the two particle correlation techniqueSummarizethe multi-particle correlation technique (New)

3. Compare to STAR results where possible
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The Central QuestionThe Central Question Chiral magnetic effect  
Kharzeev et al

Axial anomaly -> 
parity odd metastable domains 
in which ( )( )u u u u≠

5 0μ = 5 0μ ≠Chiral chemical potential Chiral chemical potential -->>

in which ( )( )L L R Ru u u u≠

Does the new phase of QCD matter 
created in RHIC collisions provide 

L or B

created in RHIC collisions provide 
new insights  on P/CP  invariance 

of the strong interaction ? If it does  
Asymmetric 

Azimuthal charge
distributionof the strong interaction ? If it does, 

how do we tell ? Axial anomaly -> 
anomalous global symmetry 

current in hydrodynamics
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current in hydrodynamics
D. Son et al



Why study Why study ??y yy y
Unambiguous experimental observations of the chiral 
magnetic effect would be a clear demonstration of the 

A prerequisite for local P-violation in

g
non-trivial topological structure of the QCD vacuum

A prerequisite for local P-violation in 
strongly interacting matter is 

deconfinement [with restored chiral [
symmetry]

Azimuthal chargeAzimuthal charge asymmetry studies could also beasymmetry studies could also beAzimuthal chargeAzimuthal charge--asymmetry studies could also be asymmetry studies could also be 
an indispensible tool for further insights on an indispensible tool for further insights on 

deconfinement [deconfinement [and chiral symmetry restorationand chiral symmetry restoration]]
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T ti l l ti M lti ti l l tiTwo-article correlation 
measurements relative to 

the reaction plane
Shi I hiShi I hi E iE i

Multi-particle correlation 
measurements relative to 

the reaction plane
N Ajit dShinIchiShinIchi EsumiEsumi

Correlation measurements are important due toCorrelation measurements are important due to

N. Ajitanand

Correlation measurements are important due to Correlation measurements are important due to 
the PHENIX acceptancethe PHENIX acceptance
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dN/dη Allows studies
With different ΨRxn

Charged Particle Tracks

η

g
|η|<0.35, π/2 x 2 arms

Central Arm Spectrometer (DC,PCs)

Mid Reaction Plane
1.0<|η|<2.8, 0<φ<2π

Reaction Plane Detector (RXN)

Forward Reaction Plane
3.0<|η|<3.8, 0<φ<2π

Beam Beam Counter (BBC)
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( )
Muon Piston Calorimeter (MPC)



Reaction PlaneReaction Plane
PHENIX arXiv:1003.5586

3.1 3.9BBCη< <
Event planes

3.1 3.9MPCη< <

1.5 2.8
iRXNη< <

1.0 1.5RXNoη< <

1.0 2.8
ioRXNη< <

Significant benefits derived from the new
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Significant benefits derived from the new 
Reaction Plane Detector (RXN)



The twoThe two--particle correlation probeparticle correlation probe
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TwoTwo--particle particle 
correlation Probecorrelation Probe

L or B

Y

Reaction

1s

2c1ϕ

v1= 0 , Bin ≈ Bout

Reaction 
Plane1c

21

2ϕ
X

, ,α β = − +

2s

acceptance correction acceptance correction accounted foraccounted for
with event with event mixingmixing

Averaging is performed over all 
pairs in a given event and then over 

all events with a given centrality
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gg
reaction plane resolution correction



TwoTwo--particle particle 
correlation Probecorrelation Probe

Technical details for 
experimentalists

L or B
Event mixing in 

centrality: 10 bins [0-100%]
z-vertex: 10 bins [-30~30cm]

p

(50, 49, 48, …) x π/50

z vertex: 10 bins [ 30 30cm]
reaction plane: 50 bins [−π/2∼π/2]

Mixed event within the same 
event class of (cent, z-vtx, R.P.)event class of (cent, z vtx, R.P.)
in order to take into account the 
acceptance as well as residual 

flow effects to be removed.

Measure 
FAB=<cos(φA+φB-2ΦR.P.)>

and for F+−, F++ and F−−
for both real and mixed events

(1, 2, 3, …) x π/50

for both real and mixed events

Take a difference between real 
and mixed, then correct for R.P.
resolution: (F -F ) / Res
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( , , , ) resolution:  (Freal-Fmixed) / ResR.P.



The precision of these The precision of these 
measurements is crucial!measurements is crucial!

Both single and two particle Both single and two particle 
Measurements carefully Measurements carefully 

checked!checked!
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Single particle Flow measurements Single particle Flow measurements 
are robustare robust

Central Arms

RXNRXN

BBC/MPC BBC/MPC

PHENIX arXiv:1003.5586

3 1 3 9η< <
Event planes

3.1 3.9BBCη< <

3.1 3.9MPCη< <

1.5 2.8RXNη< <.5 .8
iRXNη

1.0 1.5RXNoη< <

1.0 2.8
ioRXNη< <

No evidence for significant No evidence for significant ηη--dependent nondependent non--flow contributionsflow contributions

io
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Single particle Flow measurements are Single particle Flow measurements are 
robustrobust

EP

Results from different event planes show Results from different event planes show 
good agreementgood agreement
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good agreementgood agreement



TwoTwo--particle correlation Resultsparticle correlation Results
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Signal is sensitive to collision centrality



TwoTwo--particle correlation Resultsparticle correlation Results
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Signal grows with centrality and pT



TwoTwo--particle correlation Resultsparticle correlation Results
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Relatively good agreement between PHENIX & STAR



The multiThe multi--particle correlation probeparticle correlation probe

17
Roy A. Lacey, Stony Brook University;  

P- and CP-odd Workshop, BNL USA, April 26-30th, 2010



MultMult--particle particle 
correlation probecorrelation probe

L or B

Charge sensitive correlation functionCharge sensitive correlation function

( )( ) ( )( ) ( )( )
2

2 4 11 2 cos 2 φ 2 cos 4 φ 2 sin φ
φ RP RP RP

T

d N v v a
dp d

±⎡ ⎤∝ + − Ψ + − Ψ + − Ψ⎣ ⎦

a1<0
- -

a1>0

++B B

ΨRP
ΨRP

∆φ∆φsin( )S ϕ++ = Δ
sin( )S ϕ−− = Δ

++- -

ΨRP

Positive charge Negative charge
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favor B favor B



MultMult--particle particle 
correlation probecorrelation probe

L or B

sin( )S ϕ= Δ

Consider an event of multiplicity M having p positively  
charged hadrons and n negatively charged  hadrons   i.e.  M = p + n

h+ average  over the  p positively  charged hadrons  in the event

average over the  n negatively charged hadrons  in the event

h
pS +

h
nS −

average over p randomly chosen hadrons  in the  same event

average over  the remaining n hadrons in same event

h
pS ∓

h
nS ∓

( )
( )
( )p ,    

h h

h

n
n

n
h

p
p

p

N S S
C S S S S

N S S

+ −−
Δ = Δ = −

−∓ ∓

N is the distribution N is the distribution 
over eventsover events
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CCpp is a charge sensitive is a charge sensitive correlatorcorrelator



Properties of CProperties of Cpp

aa11 > 0 > 0 in all eventsin all events

Simulated Results

( )n
h

p
hN S S+ −−

1 1 

(Blue points)

N ( )n
h

p
hN S S−∓ ∓ (Red points)

ΔS

dpy0
Entries  26

Mean   0.09442

RMS    0.5715
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0.9

1

1.1
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Entries  26
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ΔS

Numerator shifted to Numerator shifted to the rightthe right
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Cp
gg

CCpp shows positive shows positive slopeslope
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dpy0
Entries  26
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Properties of CProperties of Cpp

aa11 << 0 0 in all eventsin all events

Simulated Results

( )n
h

p
hN S S+ −−

1 1 

(Blue points)

( )n
h

p
hN S S−∓ ∓ (Red points)N

dpy0
Entries  26
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Numerator shifted to Numerator shifted to the leftthe left

ΔS

Cp

dpy0
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CCpp shows negative shows negative slopeslope
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dpy0
Entries  26

Mean   -0.09448
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Properties of CProperties of Cpp
aa1 1 << changes sign changes sign 

Simulated Results

( )n
h

p
hN S S+ −−

from event to eventfrom event to event

(Blue points)

( )n
h

p
hN S S−∓ ∓ (Red points)N
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Numerator Numerator slightly broaderslightly broader

ΔS
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g yg y
CCpp concave and symmetricconcave and symmetric
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Properties of CProperties of Cpp Simulated Results
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CCpp is an inis an in--event event correlatorcorrelator
dpy0

Entries  25

Mean   -1.037e-05

RMS    0.5769

-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 10.99

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01

dpy0
Entries  25

Mean   -1.037e-05

RMS    0.5769 Several benefitsSeveral benefits

Flow : Yes
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Cp

Decay : No 

Flat response to flow
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Jet : Yes
Parity violating signal : No
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Parity violating signal  : No
Decay : No 

Flat response to jets
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ΔSCp insensitive to flow and jets
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Properties of CProperties of Cpp Simulated Results
CCpp is an inis an in--event event correlatorcorrelatordpy0
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Several benefitsSeveral benefits

Flow : Yes
Parity violating signal  : Yes
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Concave response to parity 
violation
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Flow : Yes
Parity violating signal : No
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Cp 

Parity violating signal  : No 
Decay : Yes

Convex response to decays
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ΔS



MultiMulti--particle correlation Resultsparticle correlation Results

Concave shape validates charge 
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asymmetry w.r.t the reaction plane



MultiMulti--particle correlation Resultsparticle correlation Results

Concave shape validates charge 
asymmetry w.r.t the reaction plane 
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y y p
Note the centrality dependence



A prerequisite for local parity violation 
in strongly interacting matter is g y g

deconfinement

Any independent evidence for Any independent evidence for 
deconfinement ? deconfinement ? 
Strong coupling?Strong coupling?g p gg p g
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Universal scaling of harmonic flow at  RHICUniversal scaling of harmonic flow at  RHIC

Baryon
vv22 scalingscaling

Baryon
s

Phys. Rev. Lett. 98, 
162301 (2007)Meson

s

lilivv44 scalingscaling
Universal scalingUniversal scaling

KET & nq (nq
2) scaling 

validated for v2 (v4)
Partonic flow
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Partonic flow



Flow scales across centralityFlow scales across centrality

PHENIX PreliminaryPHENIX PreliminaryPHENIX Preliminary

PHENIX Preliminary PHENIX P li i PHENIX PreliminaryPHENIX Preliminary

KET & nq (nq
2) scaling validated for v2 as 

PHENIX Preliminary PHENIX Preliminary

q q
a function of centrality
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Charm flows and  scalesCharm flows and  scales

PHENIX Final Run4
PHENIX Preliminary Run7

van Hees et al.

Minimum bias

Au+Au at s = 200 GeVAu+Au at sNN = 200 GeV

Strong coupling
η/s - small
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Flow is partonicFlow is partonic

Demir et alDemir et al
η/s from hadronic phase 
is very large 10-12x(1/4π)
No room for such values!

Partonic flow dominates!Partonic flow dominates!

No room for such values! 
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The plasma is strongly coupledThe plasma is strongly coupled
Phys.Rev.Lett.98:092301,2007 Hydro comparison

Teaney et al.

⎫
Strong

Coupling?

2

ˆ ~ 1 GeVq
fm

4 1.3 0.3

~ 0.25 fm
s
ηπ

λ

⎫± ⎪
⎪⎪
⎬

∼

For both light partons and 
heavy quarks

The fluid which leads to large collective flowThe fluid which leads to large collective flow

T ~165 MeV

T ~200 MeV
f

⎬
⎪
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gg
is also responsible for strong jet quenchingis also responsible for strong jet quenching



SummarySummary

•• PHENIX measurements of azimuthal chargePHENIX measurements of azimuthal charge•• PHENIX measurements of azimuthal chargePHENIX measurements of azimuthal charge--
asymmetry presented for two separate methodsasymmetry presented for two separate methods

Azimuthal chargeAzimuthal charge asymmetry observedasymmetry observedAzimuthal chargeAzimuthal charge--asymmetry observed..asymmetry observed..
PHENIX measurements are robust, pervasive PHENIX measurements are robust, pervasive 

and rife with opportunity for detailed modeland rife with opportunity for detailed modeland rife with opportunity for detailed model and rife with opportunity for detailed model 
comparisons.comparisons.
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Estimates for Estimates for ηη/s/s

G. Denicol et al
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