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Introduction �
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*  Azimuthal	  distribution	  for	  emitted	  particles	  

Azimuthal	  anisotropy	  (Elliptic	  flow) �
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i ellipticity	  of	  charged	  particle	  
w.r.t.	  event	  plane �

Expansion	  to	  the	  short-‐axis	  	  
direction	  by	  pressure	  gradient �

Reaction	  plane �



Why	  Elliptic	  flow	  ?	  

*  Initial	  geometry	  overlap	  (eccentricity,	  ε)	  ⇒	  Final	  
momentum	  anisotropy	  (elliptic	  flow,	  v2)	  
*  Sensitive	  probe	  for	  studying	  properties	  of	  the	  hot	  dense	  
matter	  made	  by	  heavy	  ion	  collisions	  
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3. Cu+Cu collisions at
√
s
NN

= 62.4 and 200 GeV

• Minimum Bias ; 0%–88%

• 10% steps ; 0%–10%, 10%–20%, 20%–30%,
30%–40%, 40%–50%

A. v2 vs. pT results for inclusive charged hadrons

1. Au+Au at
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FIG. 6: (Color online) v2 for inclusive charged hadrons in
Au+Au at

√
s
NN

=200 GeV for the centralities indicated.
The error bars show statistical uncertainties and the bands
show systematic uncertainties.

We analyzed 860 million Au+Au collisions at 200 GeV
collected during the 2003-04 experimental period, which
is more than 20 times larger than the sample of events
(30 M) analyzed from the 2001-02 experimental pe-
riod [5]. Figure 6 shows the v2 for inclusive charged
hadrons in Au+Au collisions at 200 GeV.

2. Au+Au at
√
s
NN

= 62.4GeV
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FIG. 7: (Color online) v2 for inclusive charged hadrons in
Au+Au at

√
s
NN

= 62.4 and 200 GeV for the centralities
indicated. The error bars show statistical uncertainties and
the bands show systematic uncertainties.

For Au+Au collisions at 62.4 GeV, 30 million events
were analyzed to study the dependence of v2 on collision
center-of-mass energy. The measured v2 results from this
collision system are shown in Fig. 7, together with the
results from Au+Au 200 GeV collisions. The values of
Npart are very similar at these two beam energies. We
observe that the v2 measurements for Au+Au collisions
at 62.4 GeV are consistent with those for Au+Au at 200
GeV, within the combined statistical and systematic un-
certainties.

3. Cu+Cu at
√
s
NN

= 200 and 62.4GeV

For Cu+Cu collisions at 62.4 GeV, 340 million events
were analyzed to study the dependence of v2 on colli-
sion center-of-mass energy and system size. Figure 8
shows the v2 results at 62.4 GeV in minimum bias events
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3. Cu+Cu at
√
s
NN

= 200 and 62.4GeV

For Cu+Cu collisions at 62.4 GeV, 340 million events
were analyzed to study the dependence of v2 on colli-
sion center-of-mass energy and system size. Figure 8
shows the v2 results at 62.4 GeV in minimum bias events

*  Result	  in	  Au+Au	  collisions	  
*  QGP	  is	  created	  
　→Elliptic	  flow	  can	  be	  observed	  

	  
	  

*  Whether	  or	  not	  QGP	  is	  created	  in	  	  small	  colliding	  system	  
like	  p+Pb	  collisions	  and	  d+Au	  collisions	  
→Whether	  or	  not	  elliptic	  flow	  can	  be	  observed	  

Motivation�
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FIG. 1: Charged di-hadron distribution (Eq. 1) for 2 GeV/c < passoc

t

< ptrig

t

. Upper left: central Au+Au, 3 < ptrig

t

< 4
GeV/c; Upper right: central Au+Au, 4 < ptrig

t

< 6 GeV/c; Lower left: minimum bias d+Au, 3 < ptrig

t

< 4 GeV/c ; Lower
right: minimum bias d+Au, 4 < ptrig

t

< 6 GeV/c. Note di↵erent vertical scales.

tain p
t

intervals for the trigger and associated particles,
is calculated as:

d2N

d�� d�⌘
(��,�⌘) =

1
N

trig

1
✏(�, ⌘,��,�⌘)

d2N
raw

d�� d�⌘
,

(1)
where �� and �⌘ are the azimuthal and pseudo-rapidity
separation of the pair, N

trig

is the number of trigger par-
ticles, and d2N

raw

/d�� d�⌘ is the measured di-hadron
distribution. The factor 1/✏(�, ⌘,��,�⌘) accounts for
the reconstruction e�ciency of associated tracks, deter-
mined by embedding simulated single tracks into real
events, and for the limited acceptance in ⌘ and TPC sec-
tor boundaries in �, determined by event-mixing. Asso-
ciated particles have 2 GeV/c < passoc

t

< ptrig

t

for consis-
tency with previous results [5], except for a new analysis
which directly compares correlations for di↵erent ptrig

t

(Section VI A), where 2 < passoc

t

< 4 GeV/c was used.
Figure 1 shows distributions of the associated particle

yield defined in Eq. 1 for central Au+Au events with
trigger 3 < ptrig

t

< 4 and 4 < ptrig

t

< 6 GeV/c (up-
per panels), and for d+Au events with the same ptrig

t

selections (lower panels). A near-side peak centered on
(�⌘,��) = (0, 0) is evident in all panels, consistent with
jet fragmentation. In addition, a significant enhancement
of near-side correlated yield is seen at large �⌘ for cen-
tral Au+Au events, but not for d+Au events: the ridge.

In this analysis we examine the shape of the near-side
associated yield distribution in detail via projections on
the �⌘ and ��-axis. We characterize the shapes of
both the ridge and the jet-like peak, and study the p

t

dependence of the ridge and jet-like yields.

IV. RIDGE SHAPE IN �⌘

To study the ridge quantitatively, the di-hadron dis-
tribution is projected onto the �⌘ axis in intervals of

arXiv:0909.0191v1�

arXiv:1412.1043v1�



Analysis �

1.  Event	  plane	  method	  
2.  Two	  particle	  correlation	  method	  
3.  Reference	  fit	  method �
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*  Event	  plane	  
*  EP	  is	  a	  direction	  that	  most	  particle	  emitted	  after	  freeze-‐out	  

*  Measurement	  of	  event	  plane	  resolution	  via	  	  
	  	  	  	  	  3	  sub	  event	  method	  
	  
	  
*  Calculation	  of	  v2�

Analysis	  method	  (Event	  plane	  method) �

�A
2 =

s
�A
2 �

B
2 ⇤ �A

2 �
C
2

�B
2 �C

2
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resolution� 2
200GeV	  d+Au	  collision�

v2obs �

■	  Au-‐going	  side	  
□	  d-‐going	  side �
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*  Event	  mixing	  

*  Fitting	  into	  the	  following	  function	  

*  Calculation	  c2	  via	  3	  sub	  event	  method	  

Analysis	  method	  (2	  particle	  method) �
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200GeV	  d+Au	  collisions�

C

0(��) = 1 + 2c1cos(��) + 2c2cos(2��)

CNT-‐MPC	  South�

c2 = cA2 c
B
2

cA2 =

s
cA2 c

B
2 ⇤ cA2 cC2
cB2 c

C
2



-1 0 1 2 3 4
0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05

-1 0 1 2 3 4
0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05

�C 0(��) max�

min�

0~20% � 40~100% �
�Data

	  

Analysis	  method	  (Reference	  fit	  method) �

C 0(��) = C(��)� F (��)

F (��) = a+ b ⇤ f(��)

f(��) = (C(��)�min)/(max�min)

C

0(��) = 1 + 2c1cos(��) + 2c2cos(2��)

Unmodified	  jet	  contribution	  is	  subtracted �

Extraction	  of	  c2	  parameters	  w.r.t.	  reference	  function�

Extracted	  c2	  parameter	  is	  less	  affected	  by	  jet,	  
and	  are	  expected	  to	  reflect	  the	  hydrodynamic	  
collectivity	  although	  the	  signal	  includes	  the	  jet-‐
modification�

Fitting	  1 �

Fitting	  2 �

Peripheral	  data(40%~100%) �
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cA2 =

s
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B
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C
2



Result�
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*  In	  peripheral,	  
	  	  	  	  	  v2	  becomes	  larger	  with	  pT	  

*  In	  central,	  
	  	  	  	  	  v2	  becomes	  larger	  up	  to	  pT=3[GeV/c],	  	  
	  	  	  	  	  after	  that,	  v2	  becomes	  smaller	  

Event	  plane �
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pT �

v2�

v2	  pT	  dependence	  in	  p+Pb	  collisions �

In	  low	  pT,	  corrected	  v2	  is	  consistent	  more	  than	  measured	  v2�
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-‐3.7<η<-‐1.7�
-‐1.0 � 1.0 �

2.8<η<5.1�
η �

VZERO-‐C � VZERO-‐A �TPC-‐C � TPC-‐A �

0 �Event	  plane	  :	  Aside(Pb-‐going)	  →	  	  -‐1.0<η<0	  
Event	  plane	  :	  Cside(p-‐going)	  	  	  	  →	  	  0<η<1.0 �
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*  v2RXNP	  via	  event	  plane	  method	  and	  via	  
two	  particle	  correlation	  method	  is	  
larger	  than	  v2BBC	  and	  v2MPC	  

	  	  	  	  	  	  
*  v2RXNP	  via	  reference	  fit	  method	  is	  

consistent	  with	  v2BBC	  and	  v2MPC	  

eta-‐gap	  between	  CNT	  and	  RXNP	  	  
is	  narrower	  than	  CNT-‐BBC(MPC)	  

BBC	  
MPC	  
RXNP�

■	  Event	  plane(Au-‐going)	  
□	  Event	  plane(d-‐going)�
✚	  2	  particle	  correlation	  
★	  Reference	  fit	  method �

200GeV	  d+Au	  collisions	  
Centrality	  :	  0~20% �

Jet	  contribution	  is	  subtracted	  

CNT � RXNP�RXNP�
BBC �BBC �
MPC �MPC �

-‐0.35	  <	  η	  <	  0.35 � 1.0	  <	  η	  <	  2.8 �-‐2.8	  <	  η	  <	  -‐1.0 � 3.0	  <	  η	  <	  3.9 �-‐3.9	  <	  η	  <	  -‐3.0 �

-‐3.7	  <	  η	  <	  -‐3.1� 3.1	  <	  η	  <	  3.7�

v2�

pT �
v2	  subtracted	  jet	  contribution	  	  
has	  finite	  value �



*  v2	  was	  measured	  in	  p+Pb	  collisions	  and	  in	  d+Au	  collisions.	  
*  In	  p+Pb	  collisions	  
*  In	  central	  event,	  v2	  becomes	  larger	  up	  to	  pT=3,	  after	  that	  v2	  
becomes	  smaller	  
*  In	  low	  pT,	  corrected	  v2	  is	  consistent	  more	  than	  raw	  v2	  

*  In	  	  d+Au	  collisions	  
*  v2RXNP	  is	  larger	  than	  v2BBC	  and	  v2MPC	  
*  v2RXNP	  via	  reference	  fit	  method	  is	  consistent	  with	  v2BBC	  and	  v2MPC	  

Summery �
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v2	  subtracted	  jet	  contribution	  has	  finite	  value �



Back	  up�
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*  ALICE	  5.02TeV	  p+Pb	  collisions	  

*  Centrality[%]	  :	  
0~20,20~40,40~60,60~100	  

*  pT[GeV/c]	  :	  
0~0.5,0.5~1.0,1.0~2.0,2.0~4.
0,4.0~10.0	  

*  Detector	  :	  TPC,VZERO	  
*  Analysis	  method	  :	  E.P.	  	  

*  PHENIX	  200GeV	  d+Au	  
collisions	  

*  Centrality[%]	  :	  
0~20,20~40,40~60,60~100	  

*  pT[GeV/c]	  :	  
0.2~0.5,0.5~1.0,1.0~2.0,2.0~5
.0	  

*  Detector	  :	  
CNT,BBC,MPC,RXNP,SMD	  

*  Analysis	  method	  :	  E.P,
2P.C.,reference	  fit	  

Data	  set �
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*  Azimuthal	  distribution	  of	  charged	  particle	  

Azimuthal	  anisotropy	  (Elliptic	  flow) �

Strength	  of	  azimuthal	  anisotropy�

vn = hcos
�
n(�� n)

 
i

dN

d(�� n)
/ 1 + 2

X
vncos

�
n(�� n)

 

Beam	  axis�

x	  

z	  

Ｙ Event	  plane �
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Anisotropic	  pressure	  gradient �

Spatial	  anisotropy	  

Anisotropy	  of	  the	  momentum�

Fluid	  interaction�

v2 = hcos
�
2(�� 2)

 
i = h

p2
x

� p2
y

p2
x

+ p2
y

i

ellipticity	  of	  charged	  particle	  
w.r.t.	  event	  plane �
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19	  

Measured	  v2(pT) �

Corrected	  v2(pT) �

In	  central	  event,	  corrected	  v2	  is	  consistent	  more	  than	  measured	  v2	  �
2015/03/13 �CiRfSE	  workshop �
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*  v2RXNP	  via	  event	  plane	  method	  and	  via	  
two	  particle	  correlation	  method	  is	  
larger	  than	  v2BBC	  and	  v2MPC	  

	  	  	  	  	  	  
*  v2RXNP	  via	  reference	  fit	  method	  is	  

consistent	  with	  v2BBC	  and	  v2MPC	  

eta-‐gap	  between	  CNT	  and	  RXNP	  	  
is	  narrower	  than	  CNT-‐BBC(MPC)	  

BBC	  
MPC	  
RXNP�

■	  Event	  plane(Au-‐going)	  
□	  Event	  plane(d-‐going)�
✚	  2	  particle	  correlation	  
★	  Reference	  fit	  method �

200GeV	  d+Au	  collisions	  
Centrality	  :	  0~20% �

Jet	  contribution	  is	  subtracted	  


