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Quark	
  Gluon	
  Plasma	
  (QGP) 

² Predicted	
  transi1on	
  ε	
  &	
  T	
  
by	
  La[ce-­‐QCD	
  
–  εc	
  ~	
  1.0	
  [GeV/fm3]	
  
–  Tc	
  ~	
  170	
  [MeV]	
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BNL	
  WEB	
  SITE	


² A	
  fluid	
  in	
  which	
  quark	
  and	
  
gluons	
  are	
  deconfined	
  from	
  
hadrons	
  at	
  high	
  energy-­‐density	
  
ε	
  &	
  temperature	
  T	
  

F.	
  Karsch,	
  Lect.	
  Notes	
  Phys.	
  583,	
  209	
  (2002)	
  



Rela1vis1c	
  Heavy	
  Ion	
  Collider	
  (RHIC) 
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•  Rela1vis1c	
  heavy	
  Ion	
  collision	
  
is	
  an	
  unique	
  tool	
  to	
  form	
  QGP	
  
on	
  the	
  Earth	
  

•  Energy	
  density	
  at	
  RHIC	
  
–  εRHIC	
  ~5.0	
  -­‐	
  15.0	
  [GeV/fm3]	
  
–  εRHIC	
  >	
  εc	
  	
  

Year	
 Collisions	
  System	


2001	
 Au+Au	
  130	
  GeV	


2002	
 p+p,Au+Au	
  200	
  GeV	


2003	
 p+p,	
  d+Au	
  200	
  GeV	


2004	
 Au+Au	
  62.4,	
  200	
  GeV	


2005	
 Cu+Cu	
  22.4,	
  62.4,	
  
200	
  GeV	


2006	
 p+p	
  62.4,	
  200	
  GeV	


2007	
 Au+Au	
  200	
  GeV	


2008	
 p+p,	
  d+Au	
  200	
  GeV	


2009	
 p+p	
  200	
  500	
  GeV	


2010	
 Au+Au	
  7.7,	
  39,	
  62.4,	
  200	
  
GeV	
  	


2011	
 Au+Au	
  19.6,	
  27,	
  200	


2012	
 U+U	
  193GeV,	
  
Cu+Au	
  200	
  GeV	
  	




Space-­‐Time	
  Evolu1on	
  of	
  Heavy	
  Ion	
  Collisions 
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1:	
  Ini1al	
  collision	
  

2:	
  Partonic	
  cascade	
  &	

   thermaliza1on	
  
 !	
  QGP	
  state	
  

3:	
  Phase	
  transi1on	
  
	
  !Hadron	
  Gas	
  

4:	
  Chemical	
  freeze-­‐Out	
  
	
  No./spp.	
  of	
  par1cle	
  fixed	
  

5:	
  Kine1c	
  freeze-­‐out	
  



Higher-­‐Order	
  Event-­‐Planes	
  &	
  Flow-­‐Harmonics 
²  Azimuthal	
  distribu1on	
  of	
  emined	
  

par1cles 
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Smooth	
  par1cipant	
  density	


Ψ2�

Ψ3�

Ψ4�

vn	
  	
  	
  :	
  Higher-­‐order	
  flow	
  harmonics	
  
Ψn	
  :	
  Higher-­‐order	
  event	
  planes	
  
φ 	
  	
  	
  :	
  Azimuthal	
  angle	
  of	
  emined	
  par1cles 

Expansion	
  to	
  the	
  short-­‐axis	
  
direc1on	
  by	
  pressure	
  gradient	
  

Fluctua1ng	
  par1cipant	
  density	


Expansion	
  to	
  the	
  short-­‐axis	
  direc1ons	
  of	
  
event-­‐planes	
  by	
  pressure	
  gradient	
  

dN

d�
� 1 + 2v2 cos 2(���2)

+ 2v3 cos 3(���3)
+ 2v4 cos 4(���4)...

vn =< cosn(���n) >

Reac1on	
  
Plane	




Higher-­‐Order	
  Flow	
  Harmonics 

²  None-­‐zero	
  vn(n>2)	
  is	
  observed	
  
²  Degeneracy	
  of	
  models	
  disentangled	
  
–  Ini1al	
  Condi1on,	
  shear	
  viscosity	
  of	
  
QGP,	
  different	
  expansion	
  mechanism	
  
between	
  v2	
  &	
  v3	
  

²  Backgrounds	
  in	
  correla1on	
  func1ons 
2014/1/27	
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PRL107.252301	
  (2011)	


Central	
  Collisions	


Peripheral	
  Collisions	


Centrality~0%	
  
Npart	
  ~394	


Centrality~100%	
  
Npart	
  ~2	


Npart	
  :	
  #	
  of	
  par1cipant	
  
nucleons	
  in	
  a	
  collision	




Jet-­‐Quenching 
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PRL91.072304	
  (2003)	


4<pTtrig<6,	
  2<pTasso<pTtrig	


²  p+p	
  collisions	
  :	
  no	
  suppression	
  
²  Suppression	
  in	
  away-­‐side	
  of	
  high	
  

pT	
  correla1ons 

p+p� Au+Au�

Parton	
  energy	
  loss	
  

Re-­‐distribu1on	
  of	
  
Deposited	
  energy	
  

Jet	


Jet	


Hard-­‐scanered	
  parton	


Hard-­‐scanered	
  parton	


Collec1ve	
  
expansion	


Pedestal	
  Subtracted	


Δφ＝φa−φt	
  
[rad]	




Ψ2	
  Dependence	
  of	
  Away-­‐Side	
  Suppression	
  of	
  high	
  pT	
  corrs. 

²  Monotonic	
  suppression	
  with	
  increase	
  of	
  path	
  length	
  
²  Parton	
  energy	
  loss	
  depending	
  on	
  path-­‐length	
  
²  Similar	
  trends	
  seen	
  in	
  Ψ3	
  dependence?	
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Shorter	
  	
 Longer	


SUPPRESSION OF AWAY-SIDE JET FRAGMENTS WITH . . . PHYSICAL REVIEW C 84, 024904 (2011)

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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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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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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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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Au+Au	
  200GeV	
  20-­‐60%	


v2	
  &	
  v4{Ψ2}	
  subtracted	
  	




²  Away-­‐side	
  double	
  hump	
  in	
  two-­‐par1cle	
  correla1ons	
  
²  Conical	
  Emission	
  confirmed	
  via	
  three-­‐par1cle	
  correla1ons	
  

Conical	
  Emission	
  of	
  Intermediate	
  pT	
  correla1ons	
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FIG. 9. (Color online) Per-trigger yield !φ distribution

and corresponding fits for 2–3 ⊗ 2–3 GeV/c in 0–5%
Au+Au collisions. FIT1 (FIT2) is shown in the left panel
(right panel). The total fit function and individual com-
ponents are shown relative to the κ level indicated by the
horizontal line.

jet fragmentation contribution and is parametrized to have the
same width as that for the p + p away-side jet. FIT1 has six
free parameters: background level κ , near-side peak integral
and width, and shoulder peak location D, integral, and width.
In addition to the parameters of FIT1, FIT2 has a parameter
that controls the integral of the fragmentation component.

The separate contributions of FIT1 and FIT2 are illustrated
for a typical pa

T ⊗ pb
T in Fig. 9.

The two fits treat the region around !φ = π differently.
FIT2 tends to assign the yield around π to the center
Gaussian, while FIT1 tends to split that yield into the two
shoulder Gaussians. Note, however, that a single Gaussian
centered at π can be treated as two shoulder Gaussians
with D = 0. Thus FIT1 does a good job at low pT and
high pT , where the away-side is dominated by shoulder and
head components, respectively. It does not work as well for
intermediate pT , where both components are important. The
center Gaussian and shoulder Gaussians used in FIT2 are
strongly anticorrelated. That is, a small shoulder yield implies a
large head yield and vice versa. In addition, the center Gaussian
tends to “push” the shoulder Gaussians away from π , and this
results in larger D values than obtained with FIT1.

Figure 10(a) shows the D values obtained from the two
fitting methods as a function of centrality for the pT selection
2–3 ⊗ 2–3 GeV/c. The systematic errors from v2 are shown
as brackets (shaded bars) for FIT1 (FIT2). The values of D
for FIT1 are consistent with zero in peripheral collisions, but
grow rapidly to ∼1 for Npart ∼ 100, approaching ∼1.05 in
the most central collisions. The D values obtained from FIT2
are slightly larger (∼1.2 rad) in the most central collisions.
They are also relatively stable to variations of v2 because most
of the yield variation is “absorbed” by the center Gaussian

[cf. Fig. 10(b)]. Thus, the associated systematic errors are also
smaller than those for FIT1.

For Npart < 100, the centrality dependence of D is also quite
different for FIT1 and FIT2. As seen in Fig. 10, the D values
for FIT2 are above 1. However, the away-side yield in the SR,
associated with these D values, are rather small, and the away-
side distribution is essentially a single peak centered around
π . For such cases, the values of D are prone to fluctuations
and non-Gaussian tails. The deviation between the D values
obtained with FIT1 and FIT2 for Npart < 100 simply reflects
the weak constraint of the data on D in peripheral collisions.

Figure 11 shows the pT dependence of D in 0–20% central
Au+Au collisions. The values from FIT2 are basically flat
with pb

T . Those from FIT1 show a small increase with pb
T ,

but with a larger systematic error. At low pT , the values
from FIT1 are systematically lower than those from FIT2.
However, they approach each other at large pa,b

T . From FIT1
and FIT2, it appears that the values of D cover the range 1–1.2
rad for pa

T , pb
T

<∼ 4 GeV/c. This trend ruled out a Cherenkov
gluon radiation model [34] (with only transition from scalar
bound states), which predicts decreasing D with increasing
momentum.

2. Away-side jet per-trigger yield

Relative to p + p, the Au+Au yield is suppressed in the
HR but is enhanced in the SR (cf. Fig. 6). A more detailed
mapping of this modification pattern is obtained by comparing
the jet yields in the HR and SR as a function of partner pT .
Such a comparison is given in Fig. 12 for central Au+Au and
for p + p collisions. The figure shows that relative to p + p,
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FIG. 10. (Color online) (a) D vs Npart from
FIT1 (solid circles) and FIT2 (open circles) for
2–3 ⊗ 2–3 GeV/c bin. The error bars are the
statistical errors; shaded bars and brackets are
the systematic errors due to v2. (b) Fraction of
the shoulder Gaussian yield relative to the total
away-side yield as function of Npart determined
from FIT2.
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Models	
  of	
  Double-­‐Hump	
  :	
  1 
²  Cherenkov	
  gluon	
  radia1on	
  by	
  

superluminal	
  partons	
  

2014/1/27	
 公開発表会	
 12	


Superluminal!
parton!

Cherenkov Gluon�

θc�

θMach�Supersonic!
parton!

Mach-Cone!
Shock Wave�cos �Mach = cs/vpart

²  Shock-­‐wave	
  by	
  supersonic	
  partons 

n(p) :	
  Index	
  of	
  refrac1on	


cs

vpart

:	
  Speed	
  of	
  sound	


:	
  Speed	
  of	
  parton	


p :	
  Gluon	
  Momentum	


cos �c = 1/n(p)

PRL	
  96.172302	
  (2006)	


Phys.	
  Rev.	
  C	
  73,	
  011901(R),	
  (2006)	
  	

PRL	
  105.222301	
  (2010)	




Models	
  of	
  Double-­‐Hump	
  :	
  2 
²  Energy-­‐momentum	
  loss	
  +	
  

expanding	
  medium 
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Energy-Momentum!
 Loss�

Medium 
Expansion�

Parton� Initial 
Direction�

²  Hot	
  spot+	
  expanding	
  medium	
  
–  Split	
  of	
  the	
  hot	
  spot	
  into	
  two	
  
direc1ons 

�µTµ� = S�

PRL	
  105.222301	
  (2010)	


Phys.	
  Let.	
  B	
  712	
  (2012)	
  226-­‐230	


S�(t, �x) =
1

(
�

2��)3
exp

�
� [�x� �xjet(t)]2

2�2

�

�
�

dE

dt
,
dM

dt
, 0, 0

� �
T (t, �x)
Tmax

�3



Mo1va1on	
  of	
  this	
  Disserta1on 
² Provide	
  experimental	
  results	
  axer	
  vn	
  subtrac1on	
  
–  Centrality	
  &	
  pT	
  dependence,	
  double-­‐humps	
  etc.	
  
–  Revisit	
  of	
  previous	
  models	
  for	
  double-­‐humps	
  

² Examine	
  the	
  path	
  length	
  dependence	
  of	
  Ψ2	
  
dependent	
  correla1ons	
  axer	
  vn	
  subtrac1on	
  

² Search	
  for	
  differences	
  between	
  Ψ2	
  &	
  Ψ3	
  dependent	
  
correla1ons	
  which	
  may	
  reflects	
  possible	
  different	
  
evolu1on	
  processes	
  between	
  the	
  2nd-­‐	
  and	
  3rd-­‐
order	
  geometry	
  planes	
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vn	
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PHENIX	
  2007	
  Experiment:	
  Au+Au	
  200	
  GeV	
  Collisions 
²  Minimum	
  Bias	
  trigger	
  :	
  4.4	
  billion	
  events	
  
²  Trigger,	
  collision	
  vertex,	
  centrality	
  
–  Zero-­‐Degree-­‐Calorimeter(ZDC)	
  
–  Beam-­‐Beam-­‐Counter	
  (BBC)	
  

²  Event-­‐plane	
  
–  BBC	
  
–  Reac1on-­‐Plane-­‐Detector(RXN)	
  

²  Central	
  Arm,	
  Δφ=π, |η|<0.35	



–  Drix	
  Chamber	
  (DC)	
  
–  Pad	
  Chambers(PC)	
  
–  Electromagne1c	
  Calorimeter(EMC)	
  
•  Momentum,	
  charged	
  par1cle	
  tracking	
  

–  Ring	
  Image	
  Cherenkov	
  Detector(RICH)	
  
•  Electron	
  veto	
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b�

Spectator�

Spectator�

Participant�

After Collision�Before Collision�

BBC	


Peripheral	
  Collisions	
 Central	
  Collisions	


#	
  
of
	
  E
ve
nt
s 	


Collision	
  Centrality 

²  A	
  degree	
  of	
  overlap	
  of	
  two	
  colliding	
  nuclei	
  
–  Distance	
  between	
  center	
  of	
  the	
  nuclei	
  !	
  mul1plicity	
  !	
  charge	
  
deposited	
  in	
  BBC	
  

²  Require	
  each	
  percen1le	
  contains	
  same	
  #	
  of	
  events	
  
–  Most-­‐central	
  Collision	
  :	
  0%	
  
–  Most-­‐peripheral	
  Collision	
  :	
  100%	
  (PHENIX	
  determines	
  it	
  up	
  to	
  92%)	
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Flow	
  subtracted	
  
correla1ons	


Two-­‐par1cle	
  
correla1ons	
  

Pair	
  yield	
  per	
  a	
  
trigger	
  

Unfolding	
  of	
  event-­‐
plane	
  resolu1on	
  

Event-­‐Plane	
  
(Resolu1on)	
  

Flow	
  harmonics	
  vn	


Pure	
  flow	
  
backgrounds	


Tracking	
  efficiency	


Single-­‐par1cle	
  analysis	
 Two-­‐par1cle	
  analysis	




Ψ2�

Ψ3�

Ψ4�

Centrality %
0 20 40 60 80 100

])> n
Ψ-

ob
s

n
Ψ

<c
os

(n
[

0

0.2

0.4

0.6

0.8

1
 n=2, RXN North+South
 n=2, BBC North+South
 n=3, RXN North+South
 n=3, BBC North+South
 n=4, RXN North+South
 n=4, BBC North+South

Event-­‐Plane 

2014/1/27	
 公開発表会	
 20	


�i :
wi :

Azimuthal	
  angle	
  of	
  ith	
  segments	


Weight	
  (Charge	
  etc.)	
  of	
  ith	
  segments	


²  Expansion	
  to	
  the	
  ini1al	
  short-­‐axis	
  direc1on	
  
by	
  pressure	
  gradient	
  
–  EP	
  is	
  a	
  direc1on	
  most	
  par1cles	
  are	
  emined	
  

axer	
  freeze-­‐out	
  	
  
–  EP	
  is	
  determined	
  by	
  flow	
  signal	
  itself	
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  Axis	


²  EP	
  is	
  determined	
  by	
  RXN	
  and	
  BBC	
  detectors	
  
–  RXN	
  (1<|η|<2.8)	
  :	
  24	
  segments	
  x	
  2	
  sectors	
  
–  BBC	
  	
  (3<|η|<3.9)	
  :	
  64	
  segments	
  x	
  2	
  sectors	
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Flow	
  Measurements 

² Raw	
  flow	
  harmonics	
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² Resolu1on	
  correc1on	
  
–  Smearing	
  due	
  to	
  limited	
  resolu1on	
  

Event-­‐Plane	
  Resolu1on	


True	
  Event-­‐Plane	


Observed	
  Event-­‐Plane	


BBC	
RXN	
CNT	
RXN	
BBC	


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


² Rapidity	
  ranges	
  of	
  CNT,	
  RXN,	
  &	
  BBC	
  
–  Rapidity	
  gap	
  between	
  par1cles	
  &	
  EP	
  to	
  avoid	
  auto-­‐correla1ons	
  by	
  jets	
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vn	
  Results 
² Consistent	
  results	
  with	
  previous	
  PHENIX	
  measurements	
  
–  Used	
  for	
  background	
  subtrac1ons	
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Total	
  systema1cs	
  (%)	
  
at	
  pT=1-­‐2	
  GeV/c	


Centrality	
 0-­‐10%	
 40-­‐50%	


v2	
 4.3	
  %	
 2.7%	


v3	
 4.9%	
 12%	


v4	
 10%	
 34%	


v4{Ψ4}	
 15%	
 6.5%	
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Ra1o	
  of	
  real	
  pair	
  distribu1on	
  
over	
  mixed	
  one	
  

�� = �a � �t,�� = �a � �t

C(��,��) =
N ta

mix

N ta
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d2N ta
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d2N ta
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C
(
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1.8

Ra1o	
  of	
  two-­‐par1cle	
  probability	
  
over	
  single-­‐par1cle	
  ones	
  	
  

C(��,��) =
P (�a,�t|�a, �t)

P (�a|�a)P (�t|�t)

Correla1ons	
  =	
  Real/Mixed	


Defini1on	
 Experimental	
  Def.	


Pair	
  Yield	
  Per	
  a	
  Trigger	


1
N t

d2N ta

d��d��
=

1
2��

N ta

N t
C(��,��)

Dimension	
  :	
  Number	
  of	
  Par1cles	


Event	
  mixing	
  also	
  corrects	
  
acceptance	
  effects	
  by	
  
choosing	
  similar	
  events:	
  
centrality,	
  collision	
  points	




Pair	
  Selec1on	
  on	
  Tracking	
  Detectors 

²  Ghost	
  track	
  
–  A	
  single	
  par1cle	
  is	
  counted	
  as	
  two	
  tracks	
  

²  Merged	
  tracks	
  
–  Two	
  par1cles	
  are	
  counted	
  as	
  one	
  track	
  

²  Real/Mix	
  pair	
  ra1o	
  should	
  be	
  1	
  if	
  an	
  ideal	
  detector	
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: Pure Flow (ZYAM)

=200 GeV, 20-30%NNsAu+Au 
1-2 GeV/c⊗=2-4a

T
p⊗t

T
p

Flow	
  Subtrac1on	
  &	
  Pair	
  Yield	
  per	
  a	
  Trigger	
  (PTY)	
   
²  Pure	
  flow	
  background	
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j(��) = C(��)� b0

�
1 +

�

n=1

2vt
nva

n cos (n��)

�

²  Flow	
  subtrac1ons	
  by	
  ZYAM	
  
–  Zero	
  Yield	
  At	
  Minimum	
  Assump1on	
  

1
N t

dN ta

d�⇥
=

1
2�⇤

N ta

N t
j(�⇥)

²  Pair	
  yield	
  per	
  a	
  trigger	
  (PTY)	
  
ー Dimension	
  :	
  number	
  of	
  par1cles	
   � : Tracking	
  efficiency	
  of	
  

associate	
  par1cles	


N t : Number	
  of	
  triggers	


N ta : Number	
  of	
  pairs	


F (��) = 1 +
�

2vt
nva

n cos (n��)

Δφ	




Trigger	
  Selec1on	
  with	
  respect	
  to	
  Event-­‐Plane 

²  Expansion	
  to	
  the	
  short-­‐axis	
  direc1on	
  by	
  pressure	
  gradient	
  
–  EP	
  :	
  direc1on	
  most	
  par1cles	
  are	
  emined	
  axer	
  freeze-­‐out	
  	
  

²  Selec1ng	
  trigger	
  par1cles	
  with	
  respect	
  to	
  Ψ2 & Ψ3	


–  8	
  bins	
  :	
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!Trig. 

!Asso. 

!s 

"2 

#! 

!Trig. 

!Asso. 

!s 

"3 

#! 

²  Control	
  of	
  path	
  length	
  of	
  trigger	
  and	
  associate	
  par1cles	
  
²  Three	
  pT	
  combina1ons:	
  2-­‐4x1-­‐2,	
  2-­‐4x2-­‐4,	
  4-­‐10x1-­‐2	
  GeV/c	
  

�trig ��n : [��/n, �/n]
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Event 2

Flow	
  Backgrounds	
  with	
  respect	
  to	
  EP 
²  A	
  Monte	
  Carlo	
  simula1on	
  employed	
  
²  Azimuthal	
  distribu1on	
  using	
  
–  Measured	
  vn	
  
–  Observed	
  correla1on	
  between	
  EP	
  
•  <4(Ψ2-Ψ4)>=v4{Ψ2}/v4{Ψ4}	
  	
  
•  <6(Ψ2-Ψ3)>=0	
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dN

d�
� 1 +

�

n=2,3,4

2vn cos n(���n)

²  Determine	
  trigger	
  par1cle	
  rela1ve	
  to	
  EP	
  taking	
  into	
  account	
  EP	
  resolu1ons	
  
²  Calculate	
  two-­‐par1cle	
  correla1ons	
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Flow	
  Backgrounds	
  with	
  respect	
  to	
  EP 

²  Good	
  reconstruc1on	
  of	
  Ψ2, 
Ψ3 dependent	
  correla1ons	
  
by	
  MC	
  simula1on	
  
–  Before	
  PTY	
  normaliza1on	
  

²  Except	
  around	
  Δφ=0, π 
where	
  contribu1on	
  of	
  jet	
  
exists	
  

2014/1/27	
 公開発表会	
 28	


:	
  EP	
  Direc1on	


:	
  Back-­‐to-­‐Back	
  Direc1on	
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Two-­‐Par1cle	
  Correla1ons	
  with	
  respect	
  to	
  EP 

²  Flow	
  subtracted	
  Ψ2, Ψ3 
dependent	
  correla1ons	
  

²  Clear	
  Ψ2	
  dependence	
  
²  No	
  Ψ3	
  dependence?	
  
²  Smearing	
  by	
  neighboring	
  

trigger	
  bins	
  due	
  to	
  limited	
  
EP	
  resolu1on	
  
–  Needs	
  unfolding	
  !! 
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/24.π=-φΔAu+Au 20-30%, 

Unfolding	
  Methods	
  of	
  EP	
  Resolu1on	
   

²  Azimuthal	
  anisotropy	
  of	
  
correla1on	
  yield	
  corrected	
  
by	
  the	
  event-­‐plane	
  
resolu1on	
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Fi[ng	
  Method	
 Itera1on	
  Method	


²  Trigger	
  smearing	
  matrix	
  “S”	
  
²  True	
  &	
  Observed	
  Correla1ons	
  “A”	
  &	
  “B”	
  	
  
–  Vector	
  elements	
  :	
  Trigger	
  bin	
  

²  Solve	
  simultaneous	
  equa1ons	
  via	
  itera1on 
B = SA A = S�1B

PRD	
  48.1132	
  (1993)	


Method	
  by	
  PRC.84.024904	
  (2011)	




Systema1c	
  Uncertain1es 
² Flow	
  vn	
  measurements	
  
–  Systema1c	
  difference	
  within	
  RXN	
  segments	
  
–  Rapidity	
  dependence	
  of	
  EP	
  :	
  RXN-­‐BBC	
  difference	
  
–  Matching	
  cut	
  of	
  CNT	
  par1cles	
  

² Two-­‐par1cle	
  correla1ons	
  
–  Systema1cs	
  from	
  vn	
  
–  Matching	
  cut	
  of	
  CNT	
  par1cles	
  

² Unfolding	
  of	
  event	
  plane	
  dependent	
  correla1ons	
  
–  Difference	
  of	
  two	
  methods	
  :	
  Fit	
  &	
  Itera1on	
  Methods	
  
–  Parameter	
  in	
  the	
  itera1on	
  method 
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Results	
  &	
  Discussion 
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Away-­‐side	
  
suppressions	


Away-­‐side	
  
broad/double-­‐
hump	
  shapes	


Away-­‐side	
  
single	
  peaks	


0-­‐10%	
 20-­‐30%	
 40-­‐50%	




Extrac1on	
  of	
  Double-­‐Hump	
  Posi1on 

²  Extrac1on	
  of	
  double-­‐hump	
  posi1on	
  via	
  two-­‐Gaussian	
  fi[ng	
  
to	
  away-­‐side	
  (|Δφ-π|<π)	
  at	
  centrality	
  10%>,	
  where	
  double-­‐
humps	
  seen 
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Comparison	
  with	
  Models 

²  Cherenkov	
  gluon	
  :	
  	
  <25	
  %	
  of	
  experimental	
  data	
  at	
  pT	
  =1	
  GeV/c	
  
²  Mach-­‐cone	
  &	
  Energy-­‐momentum	
  loss	
  :	
  	
  
–  Independence	
  of	
  pT	
  is	
  similar	
  to	
  the	
  experimental	
  data	
  
–  20	
  %	
  larger/smaller	
  than	
  experimental	
  data	
  at	
  pT	
  =2	
  GeV/c	
  

²  Hot-­‐spot	
  :	
  50%	
  larger	
  than	
  experimental	
  data 
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Ψ2	
  &	
  Ψ3	
  Dependent	
  Correla1ons	
  at	
  pT:2-­‐4x1-­‐2	
  GeV/c 

²  Event-­‐plane	
  dependence	
  is	
  discussed	
  via	
  integrated	
  near	
  (|Δφ|
<π/4)	
  and	
  away	
  (|Δφ-π|<π/4)	
  side	
  yields	
  vs	
  associate	
  angle	
  from	
  
Ψ2	
  and	
  Ψ3 
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Ψ2 dependence	
 Ψ3 dependence	


Near-­‐side	
 Away-­‐side	




²  Similar	
  near	
  and	
  away-­‐side	
  trends	
  
²  pT	
  2-­‐4x2-­‐4,	
  4-­‐10x2-­‐4	
  GeV/c	
  :	
  in-­‐plane	
  >=	
  out-­‐of-­‐plane	
  
–  Qualita1vely	
  consistent	
  with	
  previous	
  measurements	
  

²  pT	
  2-­‐4x1-­‐2	
  GeV/c	
  
–  	
  	
  0-­‐10%	
  :	
  Out-­‐of-­‐plane	
  >	
  In-­‐plane	
  
–  40-­‐50%	
  :	
  In-­‐plane	
  >	
  Out-­‐of-­‐plane	
  
–  More	
  than	
  1σ	
  significance	
  of	
  total	
  systema1cs	
  

2014/1/27	
 公開発表会	
 37	


Near-­‐Side	
  Integrated	
  Yield	
  vs	
  Associate	
  Angle	
  from	
  Ψ2 
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² Weak	
  centrality	
  dependence	
  
²  pT	
  2-­‐4x2-­‐4,	
  4-­‐10x2-­‐4	
  GeV/c	
  :	
  in-­‐plane	
  >=	
  out-­‐of-­‐plane	
  
²  Event-­‐plane	
  dependence	
  is	
  not	
  clearly	
  seen	
  
–  Flat	
  within	
  systema1c	
  uncertain1es	
  

²  Centroids	
  show	
  different	
  event-­‐plane	
  dependence	
  
between	
  near	
  and	
  away-­‐side	
  

Integrated	
  Yield	
  vs	
  Associate	
  Angle	
  from	
  Ψ3 
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Azimuthal	
  Anisotropy	
  of	
  PTY 
²  Integrated	
  yield	
  vs	
  associate	
  angle	
  from	
  EP	
  is	
  translated	
  into	
  

azimuthal	
  anisotropy	
  vnPTY	
  
²  vnPTY	
  can	
  be	
  compared	
  with	
  single	
  par1cle	
  vn	
  because	
  the	
  

dimension	
  of	
  PTY	
  is	
  “#	
  of	
  par1cles”	
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²  vnPTY	
  is	
  extracted	
  via	
  Fourier	
  fi[ng	
  
F (�a ��2) = a{1 + 2vPTY

2 cos 2(�a ��2) + 2vPTY
4 cos 4(�a ��2)}

F (�a ��3) = a{1 + 2vPTY
3 cos 3(�a ��3)},

Ψ2 dependence	


Ψ3 dependence	


²  Anisotropy	
  of	
  associate	
  par1cles	
  per	
  a	
  trigger	
  !Anisotropy	
  of	
  
associate	
  par1cles	
  per	
  a	
  event	
  

vPTY,cor
n = vPTY

n + vtrig
n cos n(�t � �a)



v2PTY 
²  Posi1ve	
  hadron	
  v2	
  (Hydrodynamics)	
  	
  
²  Posi1ve	
  π0	
  v2	
  (Parton	
  energy-­‐loss)	
  
–  Superposi1on	
  of	
  those	
  assembles	
  

only	
  posi1ve	
  v2	
  
²  Near	
  &	
  away-­‐side	
  v2PTY	
  

–  Posi1ve	
  value	
  at	
  40-­‐50% 
–  Near-­‐side	
  nega1ve	
  value	
  at	
  0-­‐10%	
  

²  New	
  effects	
  need	
  to	
  be	
  considered	
  
²  Possible	
  re-­‐distribu1on	
  of	
  deposited	
  

energy	
  in	
  longer	
  path	
  direc1on	
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Central	


Penetra1on	
  
Dominance	


Mid-­‐central	


Energy'
Re)distribu0on�
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Re)distribu0on�
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Energy'
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Re-­‐distribu1on	
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Fragmentation� Fragmentation�
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²  Posi1ve	
  hadron	
  v3	
  (Hydrodynamics)	
  	
  
²  Near	
  &	
  away-­‐side	
  v3PTY	
  at	
  30-­‐40%	
  

–  Posi1ve	
  near-­‐side 
–  Nega1ve	
  away-­‐side	
  

²  Weak	
  centrality	
  dependence	
  

²  Different	
  near	
  &	
  away-­‐side,	
  as	
  well	
  
as	
  centrality	
  dependences	
  from	
  
those	
  of	
  v2PTY	
  

²  Possible	
  different	
  evolu1on	
  
processes	
  between	
  the	
  2nd-­‐	
  and	
  
3rd-­‐order	
  geometry	
  planes	
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Near-­‐Side	
Away-­‐Side	


Re-­‐distribu1on	
  
Dominance	


Penetra1on	
  
Dominance	


Fragmentation�Energy 
Deposit�

Energy 
Re-distribution�

Penetration�



Conclusion	
  -­‐	
  I 

²  Away-­‐side	
  suppression	
  in	
  0-­‐10%	
  independent	
  of	
  trigger	
  and	
  
associate	
  pT	
  combina1ons	
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u Two-­‐par1cle	
  correla1ons	
  with	
  vn	
  (n=2,3,4)	
  subtrac1ons	
  are	
  
measured	
  in	
  Au+Au	
  √sNN=200	
  GeV	
  collisions	
  	
  	
  

²  Single	
  away-­‐side	
  peak	
  of	
  high	
  pT	
  correla1ons	
  in	
  mid-­‐central	
  
collisions	
  

²  New	
  experimental	
  data	
  to	
  be	
  compared	
  among	
  theore1cal	
  
models	
  

²  Broad/double-­‐peak	
  structure	
  at	
  away-­‐side	
  of	
  intermediate	
  pT	
  
correla1ons	
  in	
  mid-­‐central	
  collisions	
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u Two-­‐par1cle	
  correla1ons	
  with	
  respect	
  to	
  the	
  event-­‐planes	
  
are	
  also	
  measured	
  in	
  Au+Au	
  √sNN=200	
  GeV	
  collisions	
  	
  	
  

²  Path	
  length	
  dependence	
  of	
  high	
  pT	
  Ψ2	
  dependent	
  correla1ons	
  
–  qualita1vely	
  consistent	
  with	
  previous	
  PHENIX	
  measurements	
  	
  

²  Intermediate	
  pT	
  Ψ2	
  dependence	
  
–  Enhance	
  of	
  correla1on	
  yield	
  in	
  out-­‐of-­‐plane	
  direc1on	
  in	
  central	
  collisions	
  
•  Re-­‐distribu1on	
  of	
  deposited	
  energy	
  by	
  hard-­‐scanered	
  partons	
  

–  Enhance	
  of	
  correla1on	
  yield	
  in	
  in-­‐plane	
  direc1on	
  in	
  mid-­‐central	
  collisions	
  
•  Penetra1on	
  of	
  hard-­‐scanered	
  partons	
  via	
  parton	
  energy	
  loss	
  

²  Intermediate	
  pT	
  Ψ3	
  dependence	
  
–  Different	
  path	
  near	
  and	
  away-­‐side	
  as	
  well	
  as	
  centrality	
  dependences	
  of	
  

correla1ons	
  from	
  those	
  of	
  Ψ2	
  dependent	
  case,	
  which	
  may	
  suggest	
  
possible	
  different	
  evolu1on	
  processes	
  between	
  the	
  2nd-­‐	
  and	
  3rd-­‐order	
  
geometry	
  planes	
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Nuclear	
  Modifica1on	
  Factor	
  RAA 

²  Ra1o	
  of	
  invariant	
  yield	
  scaled	
  by	
  that	
  in	
  p+p	
  collision	
  with	
  scale	
  	
  
–  RAA<1(suppression),	
  RAA=1(no	
  change),	
  RAA>1(enhance)	
  

²  Suppression	
  of	
  hadron	
  produc1on	
  
²  No	
  suppression	
  of	
  direct	
  photon	
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RAA =
d2NAA/dpT d�

Ncolld2Npp/dpT d�



Contribu1ons	
  of	
  vn	
  (n>2)	
  in	
  correla1ons 

²  Double-­‐hump	
  &	
  ridge	
  of	
  long-­‐rapidity	
  correla1on	
  explained	
  
²  Short-­‐rapidity	
  correla1on	
  with	
  vn	
  subtrac1on	
  to	
  discuss	
  

parton	
  behavior	
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Track at |η|
<2.5	
  with	
  EP	
  
from	
  full	
  FCAL	
  
3.3<|η|<4.8	


vn with EP Method 	


2Par. Correlation 	


PRC86.014907	
  (2012)	


ATLAS	




Data	
  Set	
  &	
  Par1cle	
  Selec1on 
²  PHENIX	
  year	
  2007	
  Experiment	
  
²  Au+Au	
  collisions	
  at	
  √sNN=200	
  GeV	
  
– Minimum	
  Bias	
  trigger	
  4.4	
  billion	
  events	
  

²  Charged	
  hadron	
  selec1on	
  
–  2σ	
  cut	
  of	
  track-­‐hit	
  matching	
  
–  Electron	
  veto	
  
–  Energy/momentum	
  cut	
  of	
  high	
  pT	
  par1cles	
  for	
  background	
  
rejec1on	
  
•  EEMC<0.30+0.20*pT	
  rejected	
  for	
  pT>5.0	
  GeV/c	
  
–  Pair	
  cut	
  of	
  miss-­‐reconstructed	
  hadron	
  pairs	
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Tracking	
  Efficiency 
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  invariant	
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Raw	
  distribu1on	


Re-­‐centering	
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Event	
  Plane	
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²  Resolu1on	
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EP	
  Resolu1on	
 PRC	
  58.1671	
  (1998)	
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74 CHAPTER 3. DATA ANALYSIS

Table 3.8: Summary of percentile ratio of vn systematic uncertainties
Centrality % pT GeV/c v2 sys. % v3 sys. % v4 sys. % v4{ 2} sys. %

0-10 0.5-1.0 5.449 6.387 24.87 48
1.0-2.0 4.32 4.911 10.1 14.66
2.0-4.0 4.536 4.131 4.412 11.39
4.0-10.0 10.43 6.184 21.67 191.3

10-20 0.5-1.0 3.658 7.992 28.53 12.17
1.0-2.0 2.891 6.431 20.16 12.27
2.0-4.0 2.69 6.163 27.64 13.72
4.0-10.0 3.124 13.62 19.09 32.09

20-30 0.5-1.0 2.811 9.469 35.48 9.633
1.0-2.0 2.485 7.818 28.85 8.422
2.0-4.0 2.391 6.822 28.03 6.577
4.0-10.0 2.98 9.503 32.24 12.21

30-40 0.5-1.0 2.506 12.42 35.81 7.385
1.0-2.0 2.462 9.695 29.88 6.509
2.0-4.0 2.556 9.673 36.75 5.913
4.0-10.0 2.934 14.18 44.32 31.73

40-50 0.5-1.0 2.575 13.8 32.96 6.338
1.0-2.0 2.688 12.06 34.44 6.479
2.0-4.0 3.224 11.7 45.4 10.71
4.0-10.0 7.877 33.53 77.07 29.33



Systema1cs	
  of	
  Correla1ons 
²  Systema1cs	
  propagated	
  from	
  vn	
  

measurements	
  
–  Varying	
  vn	
  value	
  ±	
  1σ	
  (#	
  of	
  

harmonics	
  3	
  x	
  ±	
  1σ	
  	
  2	
  =	
  6	
  
combina1ons)	



–  Systema1cs	
  :	
  RMS	
  of	
  above	
  6	
  
combina1ons 
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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.
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)> by ZYAM4Ψ-2Ψ(n=2,3,4) + <cos4(n=200GeV, Pure Flow: vNNsAu+Au 
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)> by ZYAM4Ψ-2Ψ(n=2,3,4) + <cos4(n=200GeV, Pure Flow: vNNsAu+Au 
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)> by ZYAM4Ψ-2Ψ(n=2,3,4) + <cos4(n=200GeV, Pure Flow: vNNsAu+Au 
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)> by ZYAM4Ψ-2Ψ(n=2,3,4) + <cos4(n=200GeV, Pure Flow: vNNsAu+Au 
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104 CHAPTER 5. DISCUSSIONS
10

FIG. 10. (Color online) The short-range (|��| < 1 ) yield per trigger with long-range (2 < |��| < 4) subtracted for charged
hadrons as a function of �� from (3+1)D ideal hydrodynamic simulations of Au+Au collisions at

�
s = 200 GeV/n with 4

centralities (open diamonds and open circles), compared with HIJING p+p results (dashed histogram) and PHENIX data [28]
(solid diamonds) where v2, v3, v4(�4) contributions are ZYAM subtracted from the short range per-trigger particle yield. The
trigger and associated particles lie in p

T

range � (2, 4) GeV/c and � (1, 2) GeV/c, respectively. See text for explanation on
scaled hydro results.

mentum �pT of interest,

C =
(
R �pT dpT d2N/d⌘dpT )Expt

(
R �pT dpT d2N/d⌘dpT )Hydro

. (17)

In Table. I, we list these scale factors for Au+Au colli-
sions at

p
s = 200 GeV/n for 4 centralities. The scaled

hydrodynamic results on associated yield per trigger are
plotted in Fig. 10 which are on the average about 30%
below the original hydrodynamic results.

Centrality 0� 10% 10� 20% 20� 30% 30� 40%

C 0.671 0.670 0.645 0.669

TABLE I. The scale factor C which is defined as the ra-
tio between the integrated number of charged hadrons with
p

T

� (1, 2) GeV/c from PHENIX data and event-by-event
ideal hydrodynamic simulations in Fig. 11.

Long-range subtracted hadron yields per trigger have
also been measured in Au+Au and d+Au collisions by
STAR experiment at RHIC [86, 87] and found to be sim-
ilar. This might not be surprising given recent discovery
of collective behavior such as anisotropic flows and ridge
structures in p+Pb collisions at LHC [69–71] and d+Au
collisions at RHIC [88]. It is therefore important to com-
pare results in A+A and p(d)+A to p+p collisions.

We should note that the subtraction of the long-range
correlation removes contributions from all order har-

monic flows to di-hadron correlation on both near side
(�� = 0) and away side (�� = ⇡) as well as the jet con-
tribution on the away-side. Since uncertainties from high
order flow harmonics exist at both short-range |�⌘| < 1
and long-range 2 < |�⌘| < 4, the long-range subtraction
method should significantly reduce the systematic errors
arising from direct and high harmonic flows as compared
to the ZYAM method where only flow contributions are
subtracted. This is particularly important for our calcu-
lations in this paper since ideal hydrodynamic models are
known to produce larger direct and high order harmonic
flows [65] than experimental data. Inclusion of viscos-
ity will improve the hydrodynamic calculation of high
harmonic flows and it might also influence quantitatively
the long-range subtracted correlations. Long-range sub-
tracted dihadron correlations can also avoid uncertainties
related to the ZYAM method for subtraction of flow con-
tributions [89].

C. Dihadron correlations at LHC

For Pb+Pb collisions at the LHC energy
p

s = 2.760
TeV/n, we also calculate the per trigger charged yield
as a function of �⌘ and ��. At such a high colliding
energy, the initial energy density is much higher than at
RHIC. There are also much more mini-jets contributing
to the fluctuation and correlation in the initial conditions
for hydrodynamic studies.

Figure 5.8: Short-range per trigger yield at (|�⌘| < 1) with the subtraction of long-range per
trigger yield(2 < |�⌘| < 4) for charged hadrons at pa

T⌦pa
T = 2-4⌦1-2GeV/c from the simulations

[58] of Au+Au collisions at
p

sNN = 200 GeV in 4 di↵erent centrality selection, compared with
vn(n = 2, 3, 4) subtracted correlations by the PHENIX experiment[60].

(0-10%,10-20%,20-30%m and 40-50%). The results is compared with a scaled hydrodynamics
calculation, pure HIJING simulations, and previous vn(n = 2, 3, 4) subtracted correlations by
the PHENIX experiment[60]. The PHENIX results are scaled by 1/0.7 to employ a consistency
definition of the correlation with the model calculations.

The scaled hydro means that the per trigger yield is scaled with the following ratio of inte-
grated invariant yields in associate pT window as

C =

⇣

R �p
T dpT d2N/d⌘dpT

⌘

Expt.
⇣

R �p
T dpT d2N/d⌘dpT

⌘

Hydro

, (5.4)

in order to compare correlations with the same multiplicity between the experimental data and
the simulation. The simulation and experimental results of away-side is consistent within sys-
tematic uncertainties.

The discrepancy of near-side is due to the di↵erent rapidity range between long-range corre-
lations in the simulation (2 < |�⌘| < 4) and the rapidity separation between central arm to the
forward/backward event plane detectors at 1.2 < ⌘EP < 2.8 of PHENIX flow harmonics mea-
surements, which is corresponding to the rapidity separation of long-range correlations across
1.2 < |�⌘| < 3.1. The weak double-hump is seen in most central 0-10% Au+Au collisions in the
model calculation, however very wide and single peak is seen in other centrality ranges.

Developing this approach including physics e↵ects in each phase of heavy ion collisions seems
a right way of future theoretical calculations in order to understand the physics in heavy ion
collisions.

arXiv:nucl-­‐th/1309.6735v2	
  (2013)	
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1.2. RELATIVISTIC HEAVY ION COLLISIONS 5

Figure 1.3: A schematic idea of the space-time evolution of relativistic heavy-ion collisions.

• Nucleons keeps flying straight on initial orbit,

• Nucleus collisions are built up from inelastic nucleon interactions,

• Cross-section of inelastic nucleon interaction is independent of number of collisions Ncoll.

The analytical formulation of Grauber Model is given by the calculations based on Wood-
Saxon Potential of nucleons in a nucleus at A = 197 as

⇢A(r) =
⇢A
0

1 + e(r�R
A

)/aA

. (1.4)

where RA=6.38 fm is a radius and aA=0.54 fm is a di↵usion parameter of Au nuclei, and ⇢A

satisfies
R

dr⇢A(r) = A. �0 = 42 mb at
p

sNN =200 GeV [5]. The nucleon density function is
calculated by the integral of ⇢A(x, y, z) in z direction as

TA(x, y) =
Z 1

�1
dz⇢A(x, y, z). (1.5)

The desisty function of number of participantNpart of a nucleus collision of mass number A and
B with a impact parameter b is given as

npartA(x, y; b) = TA(x + b/2, y)

(

1�
✓

1� �0TB(x� b/2, y)
B

◆B
)

(1.6)

+ TB(x + b/2, y)

(

1�
✓

1� �0TA(x + b/2, y)
A

◆A
)

, (1.7)

and Npart can be given by the integral of npart in x-y direction as

Npart(b) =
Z

dxdynpart(x, y; b). (1.8)
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