
水野 三四郎	
  
数理物質科学研究科 物理学専攻	
  

高エネルギー原子核衝突実験グループ	
  
博士論文公開発表会(本審査)	
  3/7/2015	
  

Measurement	
  Of	
  Direct	
  Photon	
  Higher	
  Order	
  	
  
Azimuthal	
  Anisotropy	
  

In	
  √sNN=200GeV	
  Au+Au	
  Collisions	
  at	
  RHIC-­‐PHENIX	
  
(RHIC-­‐PHENIX実験における√sNN=200GeV	
  金・金衝突での	
  

直接光子の高次方位角異方性の測定)	




Defense	
  (M.Sanshiro)	
 2	


Outline	
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•  Direct	
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  measurement	
  

	
  

ü Results	
  and	
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  for	
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•  Direct	
  photon	
  vn	
  
•  Blast	
  wave	
  model	
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Quark-­‐Gluon	
  Plasma	
  (QGP)	
  at	
  heavy	
  ion	
  collision	


LaLce-­‐QCD	
  calcula8on	
  predicts	
  
ε	
  ≈	
  1GeV/fm3	
  	
  	
  :	
  	
  	
  T	
  ≈	
  170MeV	
  

Quarks	
  and	
  gluons	
  move	
  freely	
  at	
  high	
  temperature	
  and	
  dense	
  maSer.	
  
	
  

High	
  energy	
  heavy	
  ion	
  collision	
  experiment	
  
•  RHIC	
  at	
  BNL	
  (Au+Au	
  :	
  200,	
  62.4,	
  39	
  GeV,	
  Cu+Cu	
  :	
  200	
  GeV)	
  
•  LHC	
  at	
  CERN	
  (Pb+Pb	
  :	
  2760	
  GeV,	
  p+Pb	
  :	
  5020	
  GeV)	
  

P.R.D	
  80,	
  014504(2009)	
  

RHIC	


2015/3/7	




Defense	
  (M.Sanshiro)	
 5	


History	
  of	
  collision	
  and	
  photon	
  emission	


Thermaliza8on	
 Hydrodynamics	
  	
 Freeze-­‐out	
  
Hadroniza8on	


The	
  proper8es	
  of	
  photon	
  in	
  high	
  energy	
  heavy	
  ion	
  collision	
  
•  emiSed	
  during	
  all	
  stages	
  of	
  the	
  collisions	
  
•  don’t	
  interact	
  with	
  the	
  medium	
  
We	
  can	
  access	
  the	
  evolu8on	
  of	
  the	
  collision.	
  

QGP	
 Hadron	
  Gas	
  (HG)	
Collision	


Hadron	

Photon	


Hard	
  scaSering	
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Direct	
  photons	
  are	
  all	
  photons	
  except	
  those	
  origina8ng	
  from	
  hadron	
  decay.	
  
It	
  is	
  challenging	
  to	
  iden8fy	
  photon	
  sources.	
  

by	
  pT	
  distribu8on?	
  emiLng	
  angle?	
  

hard	
  scaSering	


(thermal)	
  radia8on	
  from	
  QGP	
  

(thermal)	
  radia8on	
  from	
  HG	


jet-­‐photon	
  conversion	


Jet	
  fragmenta8on	


hadron	
  
decay	


p T
(G
eV

/c
)	


8me	


Iden8fying	
  direct	
  photon	
  sources	
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The	
  excess	
  of	
  direct	
  photon	


P.R.L.	
  94,	
  232301	
  
arXiv:1405.3940	
  
P.R.L.	
  104,	
  132301	


R� = Ninc./Ndec.

The	
  excess	
  of	
  direct	
  photon	
  has	
  been	
  	
  
measured	
  in	
  the	
  wide	
  pT	
  range.	
  
	
  
The	
  methods	
  of	
  virtual	
  photon	
  and	
  	
  
external	
  conversion	
  photon	
  are	
  	
  
sensi8ve	
  to	
  low	
  pT	
  region.	
  
	
  
Less	
  than	
  4	
  GeV/c,	
  direct	
  photons	
  are	
  	
  
included	
  by	
  20	
  %	
  in	
  inclusive	
  photon.	
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Direct	
  photon	
  pT	
  spectra	


arXiv:1405.3940	
  

The	
  pT	
  spectra	
  in	
  Au+Au	
  collision	
  is	
  	
  
enhanced	
  compared	
  with	
  that	
  in	
  	
  
p+p	
  collision	
  scaled	
  by	
  the	
  number	
  of	
  	
  
binary	
  collisions	
  less	
  than	
  4	
  GeV/c.	
  
	
  

The	
  excess	
  of	
  pT	
  spectra	
  is	
  fiSed	
  and	
  	
  
effec8ve	
  temperature	
  is	
  extracted.	
  
(Freeze-­‐out	
  temperature	
  of	
  hadrons	
  	
  
are	
  about	
  100MeV)	
  

Photons	
  in	
  low	
  pT	
  are	
  mainly	
  radiated	
  from	
  very	
  hot	
  	
  
medium	
  at	
  early	
  8me	
  of	
  collisions.	
  

Au+Au	

Centrality	
 Effec8ve	
  temperature	


0%	
  -­‐	
  20%	
   239	
  ±	
  25	
  ±	
  7	
  (MeV)	


20%	
  -­‐	
  40%	
 260	
  ±	
  33	
  ±	
  8	
  (MeV)	


40%	
  -­‐	
  60%	
 225	
  ±	
  28	
  ±	
  6	
  (MeV)	


arXiv:1405.3940(2014)	
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Azimuthal	
  anisotropy	
  (Ellip8c	
  flow)	


Defense	
  (M.Sanshiro)	


) 
R.P.

Ψ -φ=(φd
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)
R
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dN

210

310

v2	
  

Reac8on	
  
Plane	


charged	
  parTcle	
  dφ	
  distribuTon	


•  anisotropic	
  pressure	
  gradient	
  in	
  par8cipant	
  zone	
  (Ini8al	
  state)	
  
•  QGP	
  expansion	
  (hydrodynamic	
  mo8on,	
  η/s)	
  

(η	
  is	
  shear	
  viscosity	
  and	
  s	
  is	
  entropy	
  density)	
  
•  hadron	
  produc8on	
  mechanism	
  (coalescence)	
  
	
  

(1)	
  :	
  Ini8al	
  geometry	
  is	
  converted	
  into	
  final	
  azimuthal	
  anisotropy	
  
(2)	
  :	
  (expected	
  to	
  be)	
  sensi8ve	
  to	
  η/s	
  

v2 = hcos {2(�� R.P.)}i

2015/3/7	


N(�� R.P.) / 1 + 2

X
vn cos {n(�� R.P.)}
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Photon	
  emiLng	
  angle	
  dependence	


Parton	
  
Photon	
  
Par8cipant	
  zone	
  
	
  
It	
  is	
  expected	
  that	
  the	
  emiSed	
  angle	
  of	
  	
  
photons	
  depends	
  on	
  their	
  sources.	
  
	
  
•  Ini8al	
  hard	
  scaSering	
  :	
  v2≈0	
  
•  Medium	
  induced	
  :	
  v2≤0	
  
•  Jet	
  fragmenta8on	
  :	
  v2≥0	
  
•  Radia8on	
  from	
  expanding	
  medium	
  :	
  v2>0	


The	
  measurement	
  of	
  photon	
  azimuthal	
  anisotropy	
  is	
  a	
  powerful	
  	
  
probe	
  to	
  iden8fy	
  the	
  photon	
  sources.	
  

2015/3/7	
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P.R.L.	
  109,	
  122302(2012)	


High	
  pT	
  :	
  very	
  small	
  v2	
  
It	
  is	
  consistent	
  with	
  the	
  expecta8on	
  that	
  photons	
  produced	
  in	
  	
  
the	
  ini8al	
  hard	
  scaSering	
  are	
  dominant	
  plus	
  no	
  interac8on	
  of	
  	
  
photon	
  in	
  QGP	
  (RAA≈1).	
  

Low	
  pT 	
  :	
  Comparable	
  to	
  hadron	
  v2	
  at	
  around	
  2	
  GeV/c	
  

Ellip8c	
  flow	
  of	
  direct	
  photon	


2015/3/7	
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Direct	
  photon	
  puzzle	

Thermal	
  radia8on	
  photons	
  are	
  dominant	
  in	
  low	
  pT	
  region.	
  
	
  
Ellip8c	
  flow	
  :	
  
It	
  was	
  expected	
  that	
  photon	
  has	
  small	
  v2,	
  since	
  it	
  includes	
  ones	
  	
  
from	
  early	
  stage	
  having	
  small	
  v2.	
  	
  

-­‐>	
  Photons	
  are	
  dominantly	
  emiSed	
  at	
  late	
  stage.	
  
	
  
pT	
  spectra	
  :	
  
EmiSed	
  from	
  very	
  hot	
  medium	
  (Teff	
  ≈	
  240MeV).	
  

-­‐>	
  Photons	
  are	
  dominantly	
  emiSed	
  at	
  early	
  stage.	
  
	
  
	
  
There	
  is	
  a	
  discrepancy,	
  and	
  it	
  is	
  called	
  “direct	
  photon	
  puzzle”.	
  
There	
  is	
  no	
  models	
  to	
  explain	
  both	
  observables	
  simultaneously.	
  

2015/3/7	




Ψ3	


Ψ2	


Ψn	
  :	
  Par8cipant	
  Plane	

Third	
  order	
  azimuthal	
  anisotropy	
  (v3)	


Defense	
  (M.Sanshiro)	


The	
  higher	
  order	
  flow	
  is	
  origina8ng	
  from	
  the	
  	
  
fluctua8on	
  of	
  the	
  shape	
  of	
  par8cipant	
  zone.	
  
It	
  is	
  expected	
  to	
  constrain	
  the	
  ini8al	
  geometry	
  	
  
calcula8ng	
  model	
  and	
  η/s	
  of	
  QGP.	
  

13	
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N(�� n) / 1 + 2

X
vn cos {n(�� n)}

vn = hcos {n(�� n)}i

pT(GeV/c)	


vn	


P.R.L.	
  107,252301	
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Why	
  direct	
  photon	
  v3	
  is	
  measured?	


B	


Radial	
  flow	
  effect	
  (blue	
  shis	
  effect)	
  :	
  
It	
  makes	
  apparent	
  temperature	
  higher	
  	
  
than	
  true	
  temperature.	
  
Photons	
  from	
  late	
  state	
  are	
  dominant.	
  
v2>0	
  :	
  v3>0	
  
	
  
Large	
  magne8c	
  field	
  :	
  
Direc8on	
  of	
  magne8c	
  field	
  is	
  strongly	
  	
  
related	
  with	
  Ψ2(R.P.)	
  but	
  not	
  with	
  Ψ3.	
  
v2>0	
  :	
  v3≈0	
  
	
  
	
  
v3	
  measurement	
  could	
  provide	
  addi8onal	
  	
  
constraint	
  on	
  photon	
  produc8on	
  mechanism.	
  

P.R.C	
  89,	
  044910	
  (2014)	


Eff
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m
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My	
  ac8vity	


2014	
  (D3):Data	
  taking	
  shiY	
  and	
  Detector	
  expert	


2013	
  (D2):Data	
  taking	
  shiY	
  and	
  Detector	
  expert	
  &	
  TOF	
  calibraTon	


2012	
  (D1):Data	
  taking	
  shiY	
  and	
  Detector	
  expert	
  &	
  TOF	
  calibraTon	


Talk	
  
ATHIC	
  2012	
  	
  

Talk	
  
ATHIC	
  2014	
  	
  

Talk	
  
HIC	
  HIP	
  	
  

Talk	
  
JPS	
  spring	
  	
  

Talk	
  
JPS	
  fall	
  	
  

Talk	
  
JPS	
  spring	


Poster	
  	
  
QM	
  2012	
  	
  

Talk	
  
QM	
  2014	
  	
  

Talk	
  
WPCF	
  2014	
  	
  

Iden8fied	
  par8cle	
  azimuthal	
  anisotropy	


Neutral	
  pion	
  and	
  direct	
  photon	
  azimuthal	
  anisotropy	


Poster	
  &	
  Talk	
  	
  :	
  	
  Analysis	
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PHENIX	
  detector	

CNT	
  
|η|	
  <0.35	


1.0<	
  |η|	
  <2.8	


Data	
  set	
  :	
  Au+Au	
  √sNN=200GeV	
  collisions	
  
4.4	
  billion	
  events	
  are	
  analyzed.	


vn = hcos {n(�� n)}i
2015/3/7	
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Centrality	
  determina8on	


Centrality	
  :	
  
The	
  size	
  of	
  par8cipant	
  zone	
  is	
  	
  
classified	
  by	
  mul8plicity	
  in	
  BBC.	
  
	
  
Beam-­‐Beam	
  Counter	
  (BBC)	
  :	
  
Measures	
  charged	
  par8cles.	
  

BBC charge sum    
0 500 1000 1500 2000

C
ou

nt

10

210

0	
  %	
100	
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Event	
  plane	
  determina8on	


Event	
  plane	
  is	
  the	
  direc8on	
  defined	
  by	
  	
  
the	
  number	
  of	
  emiSed	
  par8cles.	
  
It	
  is	
  determined	
  for	
  each	
  harmonic	
  “n”.	
  

Reac8on	
  Plane	
  detector(RxN)	


Muon	
  Piston	
  Calorimeter	
  (MPC)	


2015/3/7	
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Photon	
  reconstruc8on	


Pad	
  chamber	
  (PC)	
  :	
  space	
  point	
  of	
  charged	
  	
  
parTcle	
  track	
  
	
  
Electromagne8c	
  calorimeter	
  (EMCal)	
  
Photons	
  are	
  reconstructed	
  
•  Energy	
  threshold	
  :	
  E	
  >	
  0.2GeV	
  
•  Shower	
  shape	
  :	
  χ2	
  <	
  3	
  
•  Charged	
  parTcle	
  rejecTon	
  at	
  PC3	
  :	
  
	
  
π0	
  (-­‐>γ+γ)	
  reconstrucTon	
  
•  Asymmetry	
  cut	
  :	
  |E1-­‐E2|/(E1+E2)<0.8	
  
•  Photons	
  are	
  detected	
  in	
  same	
  sector	
  
•  Invariant	
  mass	
  of	
  γ+γ	


	
  
	
  
	
  
Mass =

p
2E1E2(1� cos ✓)
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Inclusive	
  photon	
  vn	
  measurement	


The	
  method	
  of	
  extracTng	
  vn	
  
1.	
  vn=<cos{n(φ-­‐Ψn)}>	
  
2.	
  N0(1+2vncos{n(φ-­‐Ψn)})	
  fihng	
  to	
  dN/dφ	
  
	
  
Systema8c	
  uncertainty	
  
•  Photon	
  selecTon	
  
•  vn	
  measuring	
  method	
  
•  Event	
  plane	
  determinaTon	
  

2015/3/7	


Inclusive	
  photon	
  dN/dΔφ	
  distribu8on	
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Neutral	
  pion	
  vn	
  measurement	


dN/dΔφ	
  of	
  π0	
  is	
  fiied	
  by	
  the	
  equaTon.	
  
N0(1+2vncos{n(φ-­‐Ψn)})	
  
	
  
Systema8c	
  uncertainty	
  
•  Photon	
  selecTon	
  
•  π0	
  selecTon	
  
•  Event	
  plane	
  determinaTon	
  

2015/3/7	


Neutral	
  pion	
  dN/dΔφ	
  distribu8on	
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Hadronic	
  decay	
  photon	


We	
  can	
  not	
  iden8fy	
  photons	
  come	
  from	
  hadron	
  decay	
  experimentally.	
  
They	
  are	
  simulated	
  by	
  Monte-­‐Carlo	
  simula8on.	
  

Par8cle	
  Data	
  Group	


2015/3/7	




The	
  meson	
  pT	
  spectra	
  and	
  vn	
  are	
  es8mated	
  from	
  pion.	
  
•  pT	
  spectra	
  	
  :	
  	
  mT	
  scaling	
  
	
  
•  vn	
  	
  :	
  	
  the	
  number	
  of	
  cons8tuent	
  quark	
  scaling	
  (NCQ)	
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Meson	
  pT	
  spectra	
  and	
  vn	
  es8ma8on	


p
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=
q

p2
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+M2
meson

�M2
pion
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Hadronic	
  decay	
  photon	
  vn	
  measurement	


Decay	
  photon	
  vn	
  is	
  simulated	
  from	
  	
  
meson	
  input.	
  
	
  
Systema8c	
  uncertainty	
  
•  Propagated	
  from	
  pion	
  pT	
  spectra	
  
•  Propagated	
  from	
  pion	
  vn	
  
•  Propagated	
  from	
  meson	
  input	
  
•  Event	
  plane	
  determinaTon	
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Direct	
  photon	
  vn	
  measurement	


⌫dir.n =
R�⌫inc.n � ⌫dec.n

R� � 1

P.R.L.	
  94,	
  232301	
  
arXiv:1405.3940	
  
P.R.L.	
  104,	
  132301	


Systema8c	
  uncertainty	
  
•  Propagated	
  from	
  inclusive	
  photon	
  vn	
  
•  Propagated	
  from	
  decay	
  photon	
  vn	
  
•  Propagated	
  from	
  Rγ	


•  Event	
  plane	
  determinaTon	
  

R� = Ninc./Ndec.
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Results	
  &	
  Discussion	
  
Neutral	
  pion	
  vn	
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The	
  results	
  of	
  neutral	
  pion	
  vn	


In	
  low	
  pT	
  
Consistent	
  with	
  charged	
  pion	
  vn.	
  
Collec8ve	
  and	
  radial	
  expansion	
  of	
  	
  
QGP.	
  
	
  
In	
  high	
  pT	
  
Hadrons	
  are	
  dominantly	
  originated	
  	
  
from	
  jet	
  fragmenta8on.	
  
•  Jet	
  kinema8c	
  and	
  jet	
  bias	
  in	
  	
  

event	
  plane	
  as	
  well	
  as	
  jet	
  	
  
property	
  inside	
  QGP	
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Integrated	
  vn	
  of	
  neutral	
  pion	
  in	
  high	
  pT	


Central	
  :	
  vn	
  is	
  posi8ve.	
  
Path	
  length	
  dependence	
  of	
  energy	
  loss	
  

Peripheral	
  :	
  v2	
  &	
  v4	
  are	
  posi8ve	
  while	
  v3	
  is	
  nega8ve.	
  
Jet	
  bias	
  on	
  determining	
  event	
  plane	
  
It	
  relates	
  with	
  ini8al	
  geometry?	
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event	
  generator	
  (HIJING)	
  +	
  parton	
  cascade	
  (ZPC)	
  	
  
+	
  hadroniza8on	
  (including	
  quark	
  coalescence)	
  
+	
  hadron	
  cascade	
  	
  (P.R.C	
  72,	
  064901)	
  
	
  
Au+Au	
  200	
  GeV	
  are	
  generated	
  to	
  test	
  jet	
  bias.	
  
6.3	
  M	
  events	
  including	
  Jet	
  >	
  20	
  GeV	
  are	
  analyzed.	
  
AMPT	
  simula8on	
  describes	
  vn	
  in	
  low	
  pT	
  region.	
  

Defense	
  (M.Sanshiro)	
 30	


a	
  Mul8phase	
  transport	
  model	
  (AMPT)	
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Pion	
  vn	
  simulated	
  by	
  AMPT	
  	


Simula8on	
  data	
  are	
  analyzed	
  with	
  the	
  same	
  condi8on	
  analyzed	
  in	
  	
  
experimental	
  measurement.	
  
	
  
The	
  trends	
  of	
  v2	
  and	
  v3	
  are	
  similar	
  to	
  the	
  experimental	
  measurement.	
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Event	
  plane	
  is	
  defined	
  with	
  pT	
  selected	
  par8cles	


Event	
  planes	
  are	
  defined	
  at	
  RxN	
  (1	
  <	
  |η|	
  <	
  2.8)	
  	
  
with	
  the	
  par8cles	
  which	
  are	
  	
  
•  less	
  than	
  2	
  GeV/c	
  	
  :	
  	
  dominantly	
  come	
  from	
  	
  

hydrodinamic	
  expanding	
  medium	
  
•  larger	
  than	
  2	
  GeV/c	
  	
  :	
  	
  dominantly	
  originated	
  from	
  jet	
  	
  

fragmenta8on	
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The	
  Δη	
  dependence	
  of	
  v2	
  with	
  biased	
  event	
  plane	


ü  v2	
  >	
  0	
  	
  (Δη	
  >	
  0.5)	
  
Jet	
  energy	
  loss	
  depending	
  on	
  path	
  length	
  

ü  v2	
  &	
  v2	
  >	
  0	
  	
  (Δη	
  <	
  0.5	
  :	
  near	
  side	
  jet)	
  	
  
ü  v2	
  >	
  0	
  	
  (Δη	
  >	
  0.5	
  :	
  away	
  side	
  jet)	
  	
  

Jet	
  bias	
  on	
  event	
  planes	
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The	
  Δη	
  dependence	
  of	
  vn	
  with	
  biased	
  event	
  plane	


ü  vn	
  >	
  0	
  	
  (Δη	
  >	
  0.5)	
  
Jet	
  energy	
  loss	
  depending	
  on	
  path	
  length	
  

ü  vn	
  &	
  vn	
  >	
  0	
  	
  (Δη	
  <	
  0.5	
  :	
  near	
  side	
  jet)	
  	
  
ü  v2	
  &	
  v4	
  >	
  0	
  and	
  v3	
  <	
  0	
  	
  (Δη	
  >	
  0.5	
  :	
  away	
  side	
  jet)	
  	
  

Jet	
  bias	
  on	
  event	
  planes	
  
It	
  relates	
  ini8al	
  geometry	
  dependence.	
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n  In	
  high	
  pT	
  region	
  	
  
p Central	
  collision	
  :	
  vn	
  >	
  0	
  

ü  jet	
  energy	
  loss	
  depending	
  on	
  path	
  length	
  
p Peripheral	
  collision	
  :	
  v2	
  &	
  v4	
  >	
  0	
  and	
  v3	
  <	
  0	
  

ü  jet	
  bias	
  on	
  determining	
  event	
  plane	
  
	
  
n AMPT	
  study	
  for	
  jet	
  effect	
  

p  Event	
  plane	
  is	
  defined	
  with	
  the	
  par8cles	
  mostly	
  emiSed	
  from	
  	
  
expanded	
  medium.	
  
ü  jet	
  energy	
  loss	
  depending	
  on	
  path	
  length	
  

p  Event	
  plane	
  is	
  affected	
  by	
  the	
  par8cles	
  origina8ng	
  from	
  jet.	
  
ü  Near	
  side	
  jet	
  	
  :	
  	
  vn	
  large.	
  
ü  Away	
  side	
  jet	
  	
  :	
  	
  v2&v4	
  large	
  and	
  v3	
  small	
  

Summary	
  (Neutral	
  pion	
  vn)	
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Results	
  &	
  Discussion	
  
Direct	
  photon	
  vn	


Defense	
  (M.Sanshiro)	
 36	
2015/3/7	




(GeV/c)
T

p
0 5 10

2v

0

0.05

0.1
Neutral pion
Direct photon

 RxN(I+O) in 0-20 %2v

(GeV/c)
T

p
0 5 10

3v
0

0.05

0.1

 RxN(I+O) in 0-20 %3v

(GeV/c)
T

p
0 5 10

4v

0

0.05

0.1

 RxN(I+O) in 0-20 %4v

Defense	
  (M.Sanshiro)	
 37	


The	
  comparison	
  of	
  neutral	
  pion	
  and	
  direct	
  photon	
  vn	


•  In	
  high	
  pT	
  region	
  
Direct	
  photon	
  vn	
  is	
  close	
  to	
  zero.	
  

	
  
•  In	
  low	
  pT	
  region	
  

Direct	
  photon	
  has	
  non-­‐zero	
  and	
  posi8ve	
  v2	
  and	
  v3.	
  

2015/3/7	




〉 
part

 N〈
0 100 200 300

  2
in

te
gr

at
ed

 v

-0.1

0

0.1

0.2

Neutral pion
Direct photon

 (RxN(I+O))2v
<10 GeV/c

T
6<p

〉 
part

 N〈
0 100 200 300

  3
in

te
gr

at
ed

 v
-0.1

0

0.1

0.2
 (RxN(I+O))3v

<10 GeV/c
T

6<p

〉 
part

 N〈
0 100 200 300

  4
in

te
gr

at
ed

 v

-0.1

0

0.1

0.2

 (RxN(I+O))4v
<10 GeV/c

T
6<p

Defense	
  (M.Sanshiro)	
 38	


Centrality	
  dependence	
  of	
  γdir.	
  and	
  π0	
  in	
  high	
  pT	


•  Photon	
  vn	
  is	
  close	
  to	
  zero.	
  
•  There	
  is	
  the	
  difference	
  between	
  photon	
  and	
  neutral	
  pion.	
  
	
  
It	
  is	
  understood	
  that	
  prompt	
  photons	
  which	
  vn≈0	
  are	
  rela8vely	
  dominant.	
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Centrality	
  dependence	
  of	
  γdir.	
  and	
  π0	
  vn	
  in	
  low	
  pT	


Strong	
  dependence	
  for	
  v2	
  	
  :	
  	
  weak	
  dependence	
  for	
  v3	
  
	
  
The	
  strength	
  of	
  photon	
  vn	
  in	
  low	
  pT	
  region	
  relates	
  with	
  ini8al	
  geometry.	
  
It	
  could	
  be	
  suggested	
  that	
  photons	
  from	
  late	
  stage	
  are	
  dominant.	
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Based	
  on	
  hydrodynamic	
  model.	
  
Observables	
  in	
  low	
  pT	
  region	
  are	
  well	
  described	
  by	
  the	
  parameters	
  	
  
when	
  kine8c	
  freeze-­‐out.	
  
	
  
6	
  parameters	
  
•  KineTc	
  freeze-­‐out	
  temperature	
  :	
  Tf	
  
•  Average	
  transverse	
  rapidity	
  :	
  <ρ>	
  
•  Transverse	
  anisotropy	
  :	
  ρ2,	
  ρ3	
  	
  
•  SpaTal	
  density	
  anisotropy	
  :	
  s2,	
  s3	
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Blast	
  wave	
  model	
  predic8on	
  for	
  photon	
  observables	


In-­‐plane	
  
<ρ>	
  +	
  ρn	
  
1	
  +	
  sn	


Out-­‐plane	
  
<ρ>	
  -­‐	
  ρn	
  
1	
  -­‐	
  sn	


Expanding	
  	
  
direc8on	
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Photon	
  observables	
  predicted	
  by	
  blast	
  wave	
  model	


The	
  photon	
  pT	
  spectra	
  and	
  vn	
  are	
  predicted	
  as	
  a	
  massless	
  par8cle.	
  
They	
  are	
  well	
  described.	
  
	
  
The	
  temperature	
  (104	
  MeV)	
  is	
  much	
  less	
  than	
  240	
  MeV	
  obtained	
  	
  
by	
  the	
  exponen8al	
  equa8on.	
  
It	
  is	
  due	
  to	
  blue	
  shis	
  correc8on.	
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Photon	
  observables	
  predicted	
  by	
  blast	
  wave	
  model	


The	
  pT	
  spectra	
  is	
  well	
  described	
  by	
  	
  
•  Low	
  temperature	
  (Tf=104)	
  with	
  radial	
  flow	
  <ρ>=0.66	
  
•  High	
  temperature	
  (Tf=240)	
  with	
  radial	
  flow	
  <ρ>=0	
  

vn=0	
  with	
  radial	
  flow	
  <ρ>=0	
  
	
  
Blast	
  wave	
  could	
  suggest	
  that	
  photon	
  puzzle	
  is	
  understood	
  by	
  	
  
the	
  radial	
  flow	
  effect.	
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n  In	
  high	
  pT	
  region	
  
p Photon	
  vn	
  is	
  close	
  to	
  zero	
  while	
  hadron	
  shows	
  non-­‐zero	
  vn.	
  

ü  Prompt	
  photons	
  which	
  are	
  vn≈0	
  are	
  rela8vely	
  dominant.	
  
	
  
n  In	
  low	
  pT	
  region	
  

p  It	
  is	
  found	
  non-­‐zero	
  and	
  posi8ve	
  v3	
  in	
  low	
  pT.	
  
p  The	
  centrality	
  dependence	
  of	
  photon	
  vn	
  similar	
  to	
  that	
  of	
  pion	
  vn.	
  

ü  Photon	
  vn	
  also	
  depends	
  on	
  the	
  ini8al	
  geometry.	
  
ü  Photons	
  from	
  late	
  stage	
  could	
  be	
  dominant.	
  

	
  
n Blast	
  wave	
  model	
  

p  Blast	
  wave	
  model	
  describes	
  photon	
  observables	
  well.	
  
ü  Photon	
  puzzled	
  could	
  be	
  understood	
  by	
  radial	
  flow	
  effect.	
  

Summary	
  (Direct	
  photon	
  vn)	
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Neutral	
  pion	
  and	
  direct	
  photon	
  vn	
  are	
  measured	
  in	
  √sNN	
  =	
  200GeV	
  	
  
Au+Au	
  collisions	
  at	
  RHIC-­‐PHENIX	
  experiment.	
  
	
  
•  Neutral	
  pion	
  vn	
  

ü  The	
  trends	
  in	
  high	
  pT	
  region	
  are	
  understood	
  with	
  the	
  	
  
superimposi8on	
  of	
  jet	
  effects.	
  

	
  
•  Direct	
  photon	
  vn	
  	
  

ü  Photons	
  in	
  high	
  pT	
  are	
  dominantly	
  originated	
  from	
  hard	
  scaSering.	
  
	
  
ü  Photon	
  from	
  late	
  stage	
  of	
  collisions	
  could	
  be	
  dominant.	
  
ü  The	
  possible	
  explana8on	
  of	
  “photon	
  puzzle”	
  could	
  be	
  strong	
  	
  

radial	
  flow	
  effect.	
  

Conclusion	
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(GeV/c) 
T

p
0 5 10 15

dy T
N

/d
p

2
)d Tpπ

(1
/2

-810

-610

-410

-210

1

210
(Conversion) arXiv:1405.3940

(Calorimeter) P.R.L. 109, 152302

(Calorimeter) P.R.L. 94, 232301

 spectra (0-20%)
T

Direct photon p

Iden8fica8on	
  photon	
  sources	
  
from	
  pT	
  spectra	


The	
  photon	
  sources	
  are	
  iden8fied	
  via	
  	
  
the	
  pT	
  spectra.	


P.R.C	
  89,	
  034908(2014)	


P.R.C	
  84,	
  054906(2011)	
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Medium	
  effect	
  (RAA)	


RAA=1	
  
not	
  modified	
  
RAA≠1	
  
medium	
  effect	
  
	
  
Hadron	
  
less	
  than	
  unity	
  
-­‐>	
  medium	
  effect	
  	
  

R
AA

=
(1/Nevt

AA

)d2N
AA

/dp
T

dy

< N
coll

> /�inel

pp

⇥ d2�
pp

/dp
T

dy

photon	
  
RAA=1	
  :	
  not	
  modified	
  

	
   	
  -­‐>	
  EmiSed	
  from	
  ini8al	
  hard	
  scaSering	
  
RAA>>1	
  :	
  There	
  are	
  other	
  photon	
  sources	
  which	
  are	
  not	
  in	
  p+p	
  collisions.	
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Charged	
  hadron	
  vn	


Non-­‐zero	
  posi8ve	
  vn	
  are	
  observed.	
  
The	
  trend	
  of	
  centrality	
  dependence	
  of	
  vn	
  is	
  similar	
  to	
  that	
  of	
  eccentricity.	


P.R.L.	
  107,	
  252301	
  (2011)	
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Event	
  Plane	
  correla8on	
  between	
  different	
  harmonics	

P.R.L.	
  107,	
  252301	
  (2011)	


Ψ2	
  and	
  Ψ3	
  are	
  uncorrelated.	


2015/3/7	




Defense	
  (M.Sanshiro)	
 50	


Iden8fied	
  charged	
  par8cle	
  vn	


It	
  is	
  observed	
  that	
  	
  
•  all	
  harmonics	
  have	
  mass	
  ordering	
  
•  there	
  are	
  meson	
  and	
  baryon	
  spliLng	
  

All	
  par8cles	
  are	
  scaled	
  by	
  modified	
  NCQ	
  scaling.	
  

arXiv:1412:1038	
  

2015/3/7	


(a)	
  :	
  v2(KET)/nq	
  
(b)	
  :	
  vn1/n	
  scaling	
  
(a)+(b)	
  :	
  vn(KET)/nqn/2	
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Photon	
  emiLng	
  angle	
  dependence	


Photon	
 Property	
 pT	
  range	
 v2	

Prompt	
 Ini8al	
  of	
  collision	
 high	
  pT	
 v2	
  =	
  0	


Jet	
  fragmenta8on	
 Jet	
  quenching	
  
Fragmenta8on	


intermediate	
 v2	
  >	
  0	


Jet	
  energy	
  loss	
   Path	
  length	
 intermediate	
 v2	
  <	
  0	


Thermal	
  radia8on	
  (QGP)	
 Medium	
  expanding	
 low	
 v2	
  ≥	
  0	


Thermal	
  radia8on	
  (HG)	
 Medium	
  expanding	
 low	
 v2	
  >	
  0	
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Jet	
  quenching	


High	
  pT	
  hadrons	
  are	
  originated	
  from	
  jet	
  fragmenta8on.	
  
Away	
  side	
  jet	
  deposits	
  its	
  energy	
  inside	
  QGP.	
  
	
  

P.R.L.	
  91,	
  072304	
  (2003)	


Hard	
  scaSering	


energy	
  deposit	
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vn	
  measurement	
  in	
  high	
  pT	
  at	
  LHC	


Single	
  hadron	
  v2,	
  v3	
  and	
  v4	
  are	
  measured	
  up	
  to	
  40-­‐60	
  GeV/c	
  at	
  CMS.	
  
Jet	
  v2	
  is	
  measured	
  up	
  to	
  pT=200	
  GeV/c	
  at	
  ATLAS.	
  
	
  
They	
  are	
  used	
  to	
  study	
  jet	
  energy	
  loss	
  depending	
  on	
  path	
  length	
  inside	
  of	
  QGP.	


CMS	
  PAS	
  HIN-­‐12-­‐010	


arXiv:1306.6469	
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Meson	
  pT	
  spectra	
  es8ma8on	


Since	
  it	
  is	
  difficult	
  to	
  measure	
  mesons	
  except	
  for	
  pion,	
  	
  
the	
  other	
  mesons	
  pT	
  spectra	
  are	
  es8mated	
  by	
  mT	
  scaling	
  	
  
from	
  pion	
  experimental	
  data.	


p
T,meson

=
q

p2
T,pion

+M2
meson

�M2
pion

P.R.C	
  69,034909	
  
P.R.L.	
  101,232301	
  
P.R.C	
  82,011902	
  
P.R.C	
  84,044902	
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Meson	
  vn	
  es8ma8on	


The	
  number	
  of	
  cons8tuent	
  scaling	


It	
  has	
  been	
  known	
  that	
  hadron	
  vn	
  as	
  a	
  	
  
func8on	
  of	
  KET	
  are	
  scaled	
  by	
  the	
  number	
  	
  
of	
  cons8tuent	
  quark.	
  	
  
Meson	
  vn	
  is	
  es8mated	
  from	
  pion	
  vn.	
  

p
T,meson

=

r⇣q
p2
T,⇡

+M2
⇡

�M
⇡

+M
meson

⌘2
�M2

meson

arXiv:1412:1038	
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Pion	
  vn	
  from	
  AMPT	
  simula8on	
  agrees	
  well	
  with	
  charged	
  pion	
  vn.	


arXiv:1412:1038	
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Jet	
  bias	
  on	
  determining	
  event	
  plane	


In	
  low	
  pT	
  :	
  	
  
vn(EP	
  :	
  pT<2)	
  >	
  vn(EP	
  :pT>2)	
  
	
  
In	
  high	
  pT	
  :	
  	
  
v2(EP	
  :	
  pT<2)	
  <	
  v2(EP	
  :pT>2)	
  
v3(EP	
  :	
  pT<2)	
  >	
  v3(EP	
  :pT>2)	
  



2015/3/7	
 Defense	
  (M.Sanshiro)	
 58	


Near	
  side	
  jet	
  :	
  vn	
  >	
  0	


Away	
  side	
  jet	
  :	
  depending	
  on	
  harmonics	
  
v2	
  &	
  v4	
  posi8ve	
  	
  and	
  	
  v3	
  nega8ve	
  
	
  
It	
  appears	
  in	
  peripheral	
  event	
  due	
  to	
  	
  
the	
  low	
  mul8plicity.	


Jet	
  bias	
  on	
  determining	
  event	
  plane	


vn = hcos {n(�� n)}i

z	
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Integrated	
  vn	
  with	
  biased	
  event	
  plane	
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Model	
  comparison	
  of	
  photon	
  v2	


(Orange)	
  Transport	
  model	
  considering	
  photons	
  from	
  hadron	
  phase	
  
(Blue,	
  red)	
  Fireball	
  model	
  
Hydrodynamic	
  calcula8ons	
  (cyan,	
  pink,	
  and	
  violet)	
  including	
  photons	
  	
  
from	
  late	
  state,	
  are	
  much	
  underes8mated.	
  

PRC	
  84,054906	
  
PRC	
  89,034908	
  

Private	
  communica8on	
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Model	
  comparison	
  of	
  v2	
  and	
  v3	


Dark	
  violet	
  is	
  based	
  on	
  magne8c	
  field	
  effect,	
  upper	
  limit	
  is	
  shown.	
  
Model	
  calcula8ons	
  of	
  photon	
  v3	
  are	
  much	
  smaller	
  than	
  experimental	
  	
  
data.	
  
The	
  data	
  of	
  v3	
  may	
  help	
  to	
  constrain	
  parameters	
  in	
  model	
  calcula8ons.	


P.R.D	
  89,026013	
  
arXiv:1404.3714	
  

PRC	
  84,054906	
  
PRC	
  89,034908	
  

Private	
  communica8on	


Private	
  communica8on	
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Real	
  photons	
  from	
  external	
  photon	
  	
  
conversion	
  at	
  the	
  Hadron	
  Blind	
  	
  
Detector	
  (HBD)	
  readout	
  plane	
  	
  
are	
  detected.	
  
•  Extend	
  low	
  pT	
  limit	
  
	
  
Consistent	
  inclusive	
  photon	
  vn	
  well	
  

External	
  photon	
  conversion	
  method	

MHBD:	
  Real	
  track	
  
Mvtx	
  	
  :	
  Measured	
  track	


M
HB

D[
G
eV

/c
2 ]

	


Mvtx[GeV/c2]	


γ	
  Invariant	
  mass	
  of	
  e++e-­‐	
  pair	
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1)	
  real	
  photon	
  converts	
  to	
  e+e-­‐	
  in	
  HBD	
  backplane	
  
2)	
  default	
  assump8on:	
  track	
  come	
  from	
  the	
  vertex	
  
3)	
  momentum	
  of	
  the	
  conversion	
  tracks	
  will	
  be	
  	
  
	
  	
  	
  	
  	
  mis-­‐measured	
  (see	
  black	
  tracks)	
  
4)	
  apparent	
  pair-­‐mass	
  (about	
  12MeV)	
  will	
  be	
  measured	
  	
  
	
  	
  	
  	
  	
  for	
  phtons	
  
5)	
  assume	
  the	
  same	
  tracks	
  originate	
  in	
  the	
  HBD	
  backplane	
  
6)	
  re-­‐calculate	
  momentum	
  and	
  pair	
  mass	
  with	
  this	
  	
  
	
  	
  	
  	
  “alternate	
  tracking	
  model”	
  
7)	
  for	
  true	
  converted	
  photons	
  Matm	
  will	
  be	
  around	
  zero	
  

Real	
  track	
  
es8mated	
  track	


M
HB

D[
G
eV

]	


Mvtx[GeV]	


External	
  photon	
  conversion	
  method	
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The	
  ra8o	
  of	
  v2	
  to	
  v3	
  in	
  pT	
  region	


•  Photons	
  don’t	
  have	
  strong	
  centrality	
  dependence	
  at	
  around	
  	
  
2-­‐3	
  GeV/c	
  

•  Pions	
  increase	
  from	
  central	
  to	
  peripheral	
  
	
  

Photon	
  and	
  pion	
  show	
  different	
  centrality	
  dependence.	
  

π±	
  :	
  arXiv:1412:1038	
  
Model	
  :	
  arXiv:1403.7558	
  
Private	
  communica8on	
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The	
  event	
  plane	
  dependence	
  of	
  direct	
  photon	
  vn	
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π0	
  and	
  γdir.	
  v2	
  measurement	
  by	
  STAR	


γdir.	
  v2	
  in	
  high	
  ET	
  region	
  are	
  consistent	
  with	
  0	
  within	
  systema8c	
  	
  
uncertainty,	
  while	
  π0	
  has	
  posi8ve	
  v2.	
  

Ahmed	
  M.	
  Hamed	
  	
  
shown	
  at	
  QM	
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photon	
  vn	
  measurement	
  by	
  ALICE	


v2	


It	
  is	
  also	
  observed	
  that	
  γdir.	
  v2	
  is	
  posi8ve	
  in	
  low	
  pT	
  at	
  LHC-­‐ALICE.	
  
v3	
  measurement	
  is	
  ongoing.	


v3	
 γdec.	
  v3	
  
γinc.	
  v3	


arXiv:1212.3995v2	
 Friederike	
  shown	
  at	
  QM	
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Photon	
  pT	
  spectra	
  and	
  vn	
  with	
  blue	
  shis	
  effect	

Assump8on	
  of	
  photon	
  source	
  
•  temperature	
  decreases	
  with	
  the	
  8me	
  :	
  T(t)	
  
•  accelera8on	
  increases	
  with	
  the	
  8me	
  :	
  a(t)	
  
•  azimuthal	
  anisotropy	
  increases	
  with	
  the	
  8me	
  vn(pT,	
  t)	
  
•  thermal	
  photon	
  momentum	
  distribu8on	
  :	
  	
  
	
  
	
  
	
  
pT	
  spectra	
  and	
  vn	
  at	
  final	
  state	
  are	
  calculated	
  as	
  :	
  
	
  
	
  
	
  
Effec8ve	
  temperature	
  is	
  taken	
  via	
  fiLng	
  by	
  exponen8al	
  equa8on	
  to	
  pT	
  spectra.	
  
The	
  difference	
  with	
  experimental	
  measurement	
  is	
  es8mated	
  as	
  :	
  

nfin.(pT ) =

Z
dtn(pT , t) vfin.n (pT ) =

R
dtn(pT , t)vn(pT , t)R

dtn(pT , t)
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n(pT , t) =
pT

exp (pT /T (t))� 1

(V
obs. � V

cal.)/E(stat.� sys.) Vobs.	
  :	
  experimental	
  measurement	
  
E	
  :	
  error	
  of	
  Vobs.	
  
Vcal.	
  :	
  calcula8on	
  result	
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Basic	
  assump8on	
  for	
  yield,	
  velocity,	
  and	
  anisotropy	


The	
  temperature	
  is	
  decreased	
  from	
  300	
  MeV	
  to	
  100	
  MeV.	
  
The	
  8me	
  is	
  defined	
  by	
  temperature.	
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The	
  effec8ve	
  temperature	
  and	
  vn	
  with	
  blue	
  shis	
  is	
  higher	
  than	
  those	
  	
  
without	
  correc8on.	
  
The	
  photons	
  from	
  late	
  stage	
  rela8vely	
  increase	
  in	
  high	
  pT	
  region	
  due	
  to	
  	
  
blue	
  shis	
  correc8on.	
  

Calcula8on	
  with	
  basic	
  assump8on	
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Addi8onal	
  assump8on	


•  Yield	
  dependence	
  
Since	
  photon	
  source	
  expands,	
  	
  
the	
  yield	
  is	
  assumed	
  to	
  get	
  large	
  	
  
with	
  8me.	
  
	
  
	
  
	
  
•  Anisotropy	
  (velocity)	
  dependence	
  
	
  
	
  
	
  
•  Azimuthal	
  anisotropy	
  dependence	
  
	
  

	
  T	
  	
  :	
  	
  	
  V	
  
	
  
∨	
  :	
  ∧	

	
  
	
  T’	
  :	
  	
  V’	


2015/3/7	


a(t) = A(1� t↵)

time0 0.5 1

Pr
ob

ab
ili

ty
 d

en
si

ty

0

1

2

3 Yield

dtb,t)t
T

n(p∫0N(t)=N

b=0
b=1/10
b=1/5
b=1/2
b=1

b=2
b=5
b=10

time0 0.5 1

A
cc

el
er

at
io

n

0

0.5

1

1.5

2
Acceleration

)αa(t)=A(1-t
=1/10α
=1/5α
=1/2α
=1α

=2α
=5α
=10α

time0 0.5 1

A
ni

so
tr

op
y 

   
 

0

0.05

0.1

0.15 Anisotropy
c=V tnv

c=1/10
c=1/5
c=1/2
c=1

c=2
c=5
c=10

N(t) =

Z
dpT t

bn(pT , t)

vn(pT , t) = V (pT ) · tc



Defense	
  (M.Sanshiro)	
 72	


pT	
  spectra	
  and	
  vn	
  with	
  rela8ve	
  yield	
  dependence	


Photons	
  from	
  late	
  stage	
  :	
  low	
  temperature	
  &	
  large	
  vn	
  
	
  
The	
  both	
  of	
  effec8ve	
  temperature	
  and	
  vn	
  are	
  affected.	
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pT	
  spectra	
  and	
  vn	
  with	
  accelera8on	
  dependence	


Effec8ve	
  temperature	
  significantly	
  decreases	
  with	
  increasing	
  “α”.	
  
The	
  vn	
  is	
  a	
  slightly	
  affected.	
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pT	
  spectra	
  and	
  vn	
  with	
  anisotropy	
  dependence	


Since	
  pT	
  spectra	
  is	
  not	
  affected,	
  effec8ve	
  temperature	
  is	
  not	
  varied.	
  
	
  
The	
  vn	
  increases	
  with	
  “c”	
  decreasing.	
  

2015/3/7	


vn(pT , t) = C(pT ) · tc

(GeV/c) 
T

p
0 1 2 3 4 5

 s
pe

ct
ra

Tp

-510

-410

-310

-210

-110

1

10

210
=290.78[MeV]eff.T

(GeV/c) 
T

p
0 1 2 3 4 5

2v

0

0.05

0.1

c,t)=C t
t

(pnv c=1/10
c=1/5
c=1/2
c=1
c=2
c=5
c=10

(GeV/c) 
T

p
0 1 2 3 4 5

3v

0

0.05

0.1

eff. Tσ
-3 -2 -1 0 1

n
 v

σ

0

2

4

6

2 vσ

3 vσ



  eff Tσ
-2 -1 0

2
 v
σ

0

2

4 α

b

c

1/10 10

0

10
1/10

10
=1,b=0,c=1α

 < 10α1/10 < 

0 < b < 10

1/10 < c < 10

2015/3/7	
 Defense	
  (M.Sanshiro)	
 75	


Comparison	
  with	
  experimental	
  measurement	


The	
  differences	
  (σTeff	
  and	
  σv2)	
  are	
  varies	
  uniquely	
  with	
  the	
  	
  
parameters	
  “α”,	
  “b”,	
  and	
  “c”.	
  
They	
  are	
  selected	
  so	
  that	
  Teff.	
  and	
  v2	
  are	
  comparable	
  to	
  the	
  	
  
experimental	
  measurement.	
  

(V
obs. � V

cal.)/E(stat.� sys.)

Vobs.	
  :	
  experimental	
  measurement	
  
E	
  :	
  error	
  of	
  Vobs.	
  
Vcal.	
  :	
  calcula8on	
  result	
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The	
  “b”	
  and	
  “c”	
  are	
  constrained	


The	
  parameters	
  “b”	
  and	
  “c”	
  are	
  limited	
  so	
  that	
  the	
  calcula8ons	
  agree	
  	
  
with	
  experimental	
  measurements	
  within	
  1	
  σ.	
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The	
  limita8on	
  of	
  8me	
  evolu8on	


The	
  development	
  of	
  photon	
  yield	
  and	
  azimuthal	
  anisotropy	
  are	
  constrained.	
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The	
  pT	
  spectra	
  and	
  vn	
  with	
  selected	
  parameters	


Parameter	
  “b”	
  is	
  selected	
  so	
  that	
  effec8ve	
  temperature	
  is	
  	
  
comparable	
  to	
  experimental	
  measurement.	
  
The	
  “c”	
  is	
  chosen	
  to	
  be	
  comparable	
  to	
  v2.	
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The	
  summary	
  of	
  calcula8ons	
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Thermal	
  photon	
  contribu8on	


Thermal	
  photon	
  contribu8on	
  to	
  all	
  photons	
  are	
  es8mated.	
  
	
  
It	
  is	
  found	
  that	
  thermal	
  photons	
  significantly	
  drop	
  down	
  at	
  around	
  2	
  GeV/c.	
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(Thermal	
  +	
  pQCD)	
  photon	
  vn	


(Thermal	
  +	
  pQCD)	
  photon	
  vn	
  is	
  smaller	
  than	
  experimental	
  results.	
  
The	
  other	
  photon	
  contribu8on	
  such	
  as	
  jet	
  could	
  be	
  dominant	
  in	
  the	
  region	
  	
  
of	
  2	
  <	
  pT	
  <	
  5	
  GeV/c.	
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Comparison	
  of	
  neutral	
  pion	
  v2	
  with	
  previous	
  results	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  neutral	
  pion	
  v2	
  with	
  previous	
  results	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  inclusive	
  photon	
  v2	
  	
  
with	
  previous	
  results	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  neutral	
  pion	
  v2	
  with	
  charged	
  pion	
  v2	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  neutral	
  pion	
  v3	
  with	
  charged	
  pion	
  v3	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  neutral	
  pion	
  v3	
  with	
  charged	
  pion	
  v3	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	
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Comparison	
  of	
  direct	
  photon	
  v2	
  with	
  previous	
  results	


They	
  are	
  consistent	
  within	
  systema8c	
  uncertainty.	



