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Quark  Gluon  Plasma(QGP)	
 
•  A  state  of  ma*er  where  
Quarks  &  Gluons  are  de-­‐‑
confined  from  hadrons  at  
high  energy-­‐‑density(ε)/
temperature(T)	


•  Predicted  transition  ε &  T  
by  La*ice-­‐‑QCD	


o  T ~ 170 [MeV] 
o  ε ~1.0 GeV/fm3 

•  Relativistic  Heavy  Ion  
Collision  at  RHIC	


o  ε~  5-­‐‑15  GeV/fm3 �
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F.  Karsch,  Lect.  Notes  Phys.  583,  209  (2002)	




Collective  &  Penetrating  Probes	
 

•  Collective  probes	

o  Flow Harmonics, HBT ... 
•  Penetrating  probes	

o Nuclear Modification Factor(RAA),  two particle 

correlations at high pT ...�
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Jets  by  back-­‐‑to-­‐‑back  
hard  sca\ering  and  
parton  fragmentation    �

Parton  energy  loss  
and  possible  jet-­‐‑
medium  coupling�

Collective  bulk  
expansion  by  soft  

sca\ering�



Higher-­‐‑Order  Flow  Harmonics	
 
•  Pressure  Gradient  due  to  smaller  
mean  free  path  than  system  size  
λ<<R�

2012 Dec. 21st TAC seminar 6 

Smooth  Geometry�

Fluctuating  Geometry �

Px 

Py Pz 

•  Expansion  w.r.t.  each  Ψn �

E
d3N

dp3
=

d2N

2πdpT dη






1 +
�

2v
�

n cos n(φ−Ψ2)

1 +
�

2vn cos n(φ−Ψn)
vn =< cosn(φ−Ψn) >

φ : azimuthal angle of emitted particles
Ψ : azimuthal angle of event plane
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PHENIX  Preliminary �

Sensitivity  to  Bulk  Property	
 

•  vn  break  the  degeneracy  among  models                
&  give  more  constraints  than  v2	


•  PID  vn  shows  mass  ordering  at  low  pT  and  
coalescence  like  behavior  at  intermediate  pT	
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Suppression  of  Invariant  Yield	
 

•  Hadron  suppression  in  Au+Au	

•  Stronger  in  central  than  peripheral  
collisions	


o  Jet Quenching by Medium at high pT�
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arXiv:  1208.2254	

arXiv:  1205.5759	
peripheral  Au+Au	
central  Au+Au	


RAA =
d2N/dpT dη

TABd2σpp/dpT dη

TAB =< Ncol > /σpp
inel



Two  Particle  Correlations	
 

•  Can  deal  with  azimuthal  differential  information	

•  Suppression  of  high  pT  correlation  yield  compared  to  p+p	

o Dominated by away side suppression�
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PRL91.072304� 4< p(Ttrig)
T < 6

2< p(asso.)
T < p(Ttrig)

T

Pedestal    subtracted   �
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FIG. 6. (Color online) Per-trigger azimuthal jet yields for the most
in-plane, φs = 0–15◦ (solid circles), and out-of-plane, φs = 75–90◦

(open circles), trigger particle selections in midcentral (20%–60%)
collisions for various partner momenta. Insets show away-side
region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
uncertainties are shown as dashed lines around zero. Near- and
away-side jet yield integration windows are indicated with arrows.

this source of systematic uncertainty has little correlation
between the centrality and momentum selections.

For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most

FIG. 7. (Color online) Nuclear jet suppression factor IAA by
angle with respect to the reaction plane φs for near- and away-side
angular selections, circles and squares, respectively, in midcentral
(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
uncertainty on the reaction-plane resolution unsmearing correction.
Solid points show trigger particle angle averaged results and the
global scale uncertainty.

in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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(open circles), trigger particle selections in midcentral (20%–60%)
collisions for various partner momenta. Insets show away-side
region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
uncertainties are shown as dashed lines around zero. Near- and
away-side jet yield integration windows are indicated with arrows.
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between the centrality and momentum selections.

For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most

FIG. 7. (Color online) Nuclear jet suppression factor IAA by
angle with respect to the reaction plane φs for near- and away-side
angular selections, circles and squares, respectively, in midcentral
(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
uncertainty on the reaction-plane resolution unsmearing correction.
Solid points show trigger particle angle averaged results and the
global scale uncertainty.

in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
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away-side jet yield integration windows are indicated with arrows.
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For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.
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in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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(open circles), trigger particle selections in midcentral (20%–60%)
collisions for various partner momenta. Insets show away-side
region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
uncertainties are shown as dashed lines around zero. Near- and
away-side jet yield integration windows are indicated with arrows.

this source of systematic uncertainty has little correlation
between the centrality and momentum selections.

For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most

FIG. 7. (Color online) Nuclear jet suppression factor IAA by
angle with respect to the reaction plane φs for near- and away-side
angular selections, circles and squares, respectively, in midcentral
(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
uncertainty on the reaction-plane resolution unsmearing correction.
Solid points show trigger particle angle averaged results and the
global scale uncertainty.

in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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Au+Au  200GeV  20-­‐‑60% �

Path  Length  Dependence	
 

•  Controlling  path  length  of  partons	

•  Monotonic  suppression  of  away  
side  yield  in  high  pT    correlations�
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Short  path  
length�

Long  path  
length�
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FIG. 6. (Color online) Per-trigger azimuthal jet yields for the most
in-plane, φs = 0–15◦ (solid circles), and out-of-plane, φs = 75–90◦

(open circles), trigger particle selections in midcentral (20%–60%)
collisions for various partner momenta. Insets show away-side
region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
uncertainties are shown as dashed lines around zero. Near- and
away-side jet yield integration windows are indicated with arrows.

this source of systematic uncertainty has little correlation
between the centrality and momentum selections.

For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most

FIG. 7. (Color online) Nuclear jet suppression factor IAA by
angle with respect to the reaction plane φs for near- and away-side
angular selections, circles and squares, respectively, in midcentral
(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
uncertainty on the reaction-plane resolution unsmearing correction.
Solid points show trigger particle angle averaged results and the
global scale uncertainty.

in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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FIG. 6. (Color online) Per-trigger azimuthal jet yields for the most
in-plane, φs = 0–15◦ (solid circles), and out-of-plane, φs = 75–90◦

(open circles), trigger particle selections in midcentral (20%–60%)
collisions for various partner momenta. Insets show away-side
region on a zoomed scale. Bars indicate statistical uncertainties.
Underlying event modulation systematic uncertainties are represented
by bands through the points while the corresponding normalization
uncertainties are shown as dashed lines around zero. Near- and
away-side jet yield integration windows are indicated with arrows.

this source of systematic uncertainty has little correlation
between the centrality and momentum selections.

For central events the near-side suppression is consistent
with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most

FIG. 7. (Color online) Nuclear jet suppression factor IAA by
angle with respect to the reaction plane φs for near- and away-side
angular selections, circles and squares, respectively, in midcentral
(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
uncertainty on the reaction-plane resolution unsmearing correction.
Solid points show trigger particle angle averaged results and the
global scale uncertainty.

in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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away-side jet yield integration windows are indicated with arrows.
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with a constant as a function of φs within the statistical
and φs-correlated systematic uncertainties. The values are
also consistent with no suppression when considering the
global scale uncertainty that appears on the trigger particle
orientation averaged IAA. On the away-side, there is significant
suppression in central events, as evidenced by the trigger
particle averaged IAA, but the statistical precision with which
to determine the φs variation is limited.

Midcentral (20%–60%) events, have greater eccentricity
and could be expected to show correspondingly larger trigger
particle orientation dependence due to path-length variation
through the collision zone. The same set of representative
per-trigger azimuthal yields is shown in Fig. 6 for the
midcentral selection. Again, the near-side jets for the most
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angle with respect to the reaction plane φs for near- and away-side
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(20%–60%) collisions for various partner momenta. Bars indicate
statistical uncertainties. The shaded band shows the systematic
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Solid points show trigger particle angle averaged results and the
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in-plane and most out-of-plane trigger particle orientations
are consistent with each other, a direct indication of little
variation with respect to the reaction plane. The mid-"φ are
also in agreement with zero, as before, further demonstrating
that the underlying event flow correlations are well described
by Eqs. (6)–(9). In contrast to the near-side, the away-side
measurements (see insets in Fig. 6) change between the
in-plane and out-of-plane trigger particle orientations with
the latter having consistently smaller yield for all partner
momenta.

The integrated near- and away-side per-trigger jet yields
for midcentral (20%–60%) collisions are shown in Fig. 7.
The near-side jet is essentially flat, with negligible suppres-
sion [IAA(φs) = 1]. The away-side jet yield is increasingly
suppressed with increasing φs . This falling trend results in
only small associated particle yield remaining for out-of-plane
trigger particle orientations.
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Characteristic  Structures	
 

•  Ridge  &  Shoulder  at  low  ~  intermediate  pT  correlations	

•  Different  physics  in  QGP  from  high  pT  correlations?	

o Contributions of v2 and v4(Ψ2) are subtracted 
o Contributions from vn 

•  Need  to  consider  vn  effects  to  obtain  real  correlation  shape �
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Ridge	


2< pT
asso < pT

trig GeV/C	


Phys.  Rev.  C  80,  064912	

Phys.  Rev.  C  78,  014901	

	
 ○:p+p 

●: Au+Au	


Shoulder	


v2 subtracted	


Jet(∆φ) = C2(∆φ) − b0Flow(∆φ) (37)

b02vtrig
3 vasso

3 cos 3∆φ (38)

∼ b02vtrig
n vasso

n cos n∆φ (39)

あああああああああああああああああああ
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Motivations	
 

•  Definitive  correlation  shape  after  vn  subtractions	

•  Trigger  angle  (Path  length)  dependence  of  
correlations  w.r.t.  2,  3	


•  Testing  sensitivity  to  each  harmonic  event  plane  	
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Discuss  the  behavior  of  low-­‐‑intermediate  pT  
partons  in  QGP  medium  by  measuring  two  particle  
correlations  with  the  subtraction  of  contributions  
from  vn  in  \sqrt{s_{NN}}  Au+Au  200GeV  collisions	




My  Activity	
 

2012 Dec. 21st TAC seminar 13 

M1,2  :  2008~2009�
DNP-­‐‑JPS  Joint  Meeting�

D1  (RIKEN  JRA)	

  :  2010�

Heavy  Ion  Pub�
PHENIX  Run9	
 PHENIX  Run10	


PHENIX  Run12	


JPS  Spring�

D2  (RIKEN  JRA)  	

:  2011�

D3  (RIKEN  JRA)  :  
2012  ~  Present �

JPS  Fall�
WPCF2011� Hard  Probes2012�

Quark  Ma\er2012�
Nagoya-­‐‑Mini  Workhop2012�

HIC•HIP �

preliminary  request  	

Au+Au  ridge  analysis�

preliminary  request  	

Au+Au  vn-­‐‑correlation�

preliminary  request  	

Au+Au  PID  vn�

preliminary  request  	

Au+Au  correlations  w.r.t.  EP �

vn  EP  calibration�

*Oral  (intern.) � *Oral  (Domestic) � *Experimental � *Analysis� *Service  work�
*  Categories  of  Activity �



Experiment	
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RHIC	
 

•  Accelerators	

o  Tandem van de Graaff 
o  Linear Accelerator 
o  Booster Synchrotron 
o  Alternating Gradient Synchrotron 
o  Relativistic Heavy Ion Collider  
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Year  Species !s [GeV ]  "Ldt Ntot (sampled) Data Size
Run1 2000 Au - Au 130 1 !b-1 10 M 3 TB

Au - Au 200 24 !b-1 170 M 10 TB
Au - Au 19 < 1 M

p - p 200 0.15 pb-1 3.7 B 20 TB
d - Au 200 2.74 nb-1 5.5 B 46 TB
p - p 200 0.35 pb-1 6.6 B 35 TB

Au - Au 200 241 !b-1 1.5 B 270 TB
Au - Au 62.4 9 !b-1 58 M 10 TB
Cu - Cu 200 3 nb-1 8.6 B 173 TB
Cu - Cu 62.4 0.19 nb-1 0.4  B 48 TB
Cu - Cu 22.4 2.7 !b-1 9 M 1 TB

p - p 200 3.8 pb-1 85 B 262 TB
p - p 200 10.7 pb-1 233 B 310 TB
p - p 62.4 0.1 pb-1 28 B 25 TB

Run-7 2007 Au - Au 200 813 !b-1 5.1 B 650 TB
d - Au 200 80 nb-1 160 B 437 TB
p - p 200 5.2 pb-1 115 B 118 TB

Au - Au 9.2 few k

Run-6

Run-8

2002/03

2006

2007/08

2005

2001/02Run2

Run3

Run4 2003/04

Run5

•  Experiments	

o  PHENIX	

o  STAR	

o  PHOBOS	

o  BRAHMS	




PHENIX  Experiment	
 
•  Global  Detectors(Trigger1,  
centrality2,  vertex  position3,  
event  plane4)	


o  Beam  Beam  Counter(BBC)1,2,3,4  |h|=3~4	

o  Zero  Degree  Counter(ZDC)1  |h|>5	

o  Reaction  Plane  Detector(RXN)4  |h|=1-­‐‑2.8	


•  Tracking5  &  Momentum6  at  
central  arm  |h|<0.35	


o  Drift  Chamber  (DC)5,6	

o  Pad  Chamber  (PC)5	

o  ElectroMagnetic  Calorimeter(EMC)5	


2012 Dec. 21st TAC seminar 16 



Analysis	
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Centrality  Calibration	
 
•  The  centrality  is  
determined  using  the  
BBC  charge  sum.  	


•  Defined  in  percentile  
scale  to  have  each  bin  
contains  same  number  of  
events.	
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EP  Resolution  &  Flow	
 

•  Flow  measurements  &  correction�
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Two  Particle  Correlations	
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•  Correlation  function	

o  Ratio of two-particle probability distribution over single one 
o  Ratio of real pair(w/ physics corre.) over mixed pair(wo/ physics corre.) 

C(∆φ,∆η) ≡ P (φt,φa, ηtηa)
P (φt, ηt)P (φa, ηa)

=
Nmixed

Nreal
· d2Nreal/d∆φd∆η

d2Nmixed/d∆φdη

∆φ = φa − φt,

∆η = ηa − ηt
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Flow  Contributions	
 

•  Flow  subtractions	

o  Zero Yield at Minimum Assumption �
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V∆n = �cos n∆φ�
=

�
cos n(φt − Ψn)

�
�cos n(φa − Ψn)�

= vt
nva

n

F (∆φ) = 1 +
�

2V∆n cos (n∆φ)

= 1 +
�

2vt
nva

n cos (n∆φ)

•  Pure  flow  correlations�
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Pair  Yield  per  a  Trigger	
 
•  Pair  Yield  per  a  trigger �
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EP  Dependent  Correlations	
 

•  Selecting  trigger  particle  w.r.t.  Ψ2 & Ψ3	



•  Controlling  path  length  parton  propagates	

•  Testing  sensitivity  to  each  harmonic  plane	

o  correlation shape, yields in near/away etc. �
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Parton  -­‐‑  Medium  Coupling	
 

•  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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E
P �

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)
�

Longer  path  
length�

Shorter  path  length�

arXiv:0903.3263�
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EP  Dependent  Correlations	
 

•  Left/Right  Asymmetry  observed  in  Ψ2 & Ψ3	


o  Consistent within systematics in Ψ3 

•  Have  sensitivity  to  event  plane,  but  smeared  by  limited  
event  plane  resolution �
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Unfolding  of  EP  Resolution	
 

•  Unfolding  using  Fourier  Series	

o  Assuming effect by jet depends on trigger 

angle relative to EP and parameterized by 
Fourier series  

o  Correction by EP resolution 
o  Add offset λ=1.0  to  avoid  possible  division  by  zero   �
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Results  &  
Discussion	
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vn  as  function  of  pT	
 

•  v2  &  v3  extended  up  to  pT=5GeV/c	

•  v4  has  larger  systematics  due  to  RXN-­‐‑BBC  difference �
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vn  subtracted  to  correlations	
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Impact  of  v3  to  correlations	
 

•  v3  subtraction  largely  
reduce  the  away  side  
double  hump  structure	


•  0-­‐‑10%  a  li*le  remaining	

•  40-­‐‑50  almost  vanished   �
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Impact  of  v4  to  correlations	
 

•  But  treatment  of  v4  on  
away  side  shape	


•  v4(Ψ2)  doesn’t  change	

•  Again  v4(Ψ4)  disturbs  
away  side  in  40-­‐‑50%   �
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Comparison  with  AMPT	
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Fourier  Decomposition	
 

•  Fourier  decomposition  of  vn    
subtracted  correlations	


o  3rd harmonics survives 
o  Balance between 3rd & 4th 

determines the away side�
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EP  Dependent  Correlations	
 

•  None-­‐‑trivial  shape  at  intermediate  plane  of  Ψ2	

o  Comparable yield in in-plane & out-of-plane of Ψ2 

•  None  clear  Ψ3  dependence �

2012 Dec. 21st TAC seminar 35 

) by ZYAM4!(
4

)/v2!(
4

)>=v4!-2!) subtracted with <cos4(4!(4v3v21-2 GeV, v"Au+Au 200GeV, 20-30%, 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 4-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

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

In-plane trig.

-1 0 1 2 3 4-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

/8%|<2!-t#/8<|%2
-1 0 1 2 3 4-0.08

-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

))/2.#$)+Left(-#$ (Right(
))/2.#$)+Left(#$ (Right(

/8%|<22!-t#/8<|%3
-1 0 1 2 3 4-0.08

-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

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

Out-of-plane trig.
 correctedRP&

-1 0 1 2 3 4-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

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

In-plane trig.

-1 0 1 2 3 4-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

/12%|<3!-t#/12<|%2
-1 0 1 2 3 4-0.08

-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

/12%|<23!-t#/12<|%3
-1 0 1 2 3 4-0.08

-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
0.12

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

Out-of-plane trig.
 correctedRP&



Path  Length  Dependence	
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Au+Au 200GeV
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/3!|<"#/3<|! Near side : -
/3!|<4"#/3<|! Away side : 2

Au+Au 200GeV,
1-2GeV/c,$=2-4a
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•  In/Out-­‐‑of  plane  
correlations  move  to  In/
Out-­‐‑of  plane  direction  
in  all  centrality	


•  Inconsistent  with  path  
length  dependence  at  
in  high  pT  correlations�
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/3!|<"#/3<|! Near side : -
/3!|<4"#/3<|! Away side : 2
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1-2GeV/c,$=2-4a

T
p$t

T
p

) subtracted by ZYAM4%(4v3v2v
),4%(

4
)/v2%(

4
)>=v4%-2%with <cos4(

 corrected}n%Res{

| [rad]2%-t"|=|s"|
-1.5 -1 -0.5 0 0.5

)!
>-

(0
,

"
#

<c
os

-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

20-30%

| [rad]2%-t"|=|s"|
-1.5 -1 -0.5 0 0.5

)!
>-

(0
,

"
#

<c
os

-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

0-10%

| [rad]2%-t"|=|s"|
-1.5 -1 -0.5 0 0.5

)!
>-

(0
,

"
#

<c
os

-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

30-40%

| [rad]2%-t"|=|s"|
-1.5 -1 -0.5 0 0.5

)!
>-

(0
,

"
#

<c
os

-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

10-20%

| [rad]2%-t"|=|s"|
-1.5 -1 -0.5 0 0.5

)!
>-

(0
,

"
#

<c
os

-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

40-50%

Trig�
Trig�

•  Every  triggered  
correlations  move  to  
positive  azimuth  
direction  in  all  
centrality  except  0-­‐‑10%	


•  Inconsistent  with  path  
length  dependence  in  
high  pT  correlations�

 (rad)!"

0 2 4
J

e
t 

p
a

ir
 y

ie
ld

jetjet

underlying event

near#

away
#

Near Away



Conclusion  &  Outlook	
 
•  Treatment  of  v4  is  crucial  for  away  side  structure  of  
intermediate  pT  	


o  Double hump (3rd harmonics) survives in correlations at centrality 
40-50% 

•  Simple  path  length  dependence  of  parton  energy  loss  
is  not  validated  in  intermediate  pT  correlations	


o  Yields/Gravity position of correlations with trigger selection w.r.t. EP 
don’t necessarily move to shorter path length side 

o  Need to consider other model such as re-distribution of deposited 
energy to bulk etc. 

•  Different  dependence  on  Ψ2 & Ψ3	


o  Effects from almond shape vs fluctuation? 

•  Running  Simulation  Package	

o  AMPT, q-PYTHIA, HYJING etc. 
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Au+Au 200GeV
1-2GeV/c!=2-4asso
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