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Ellip1c	  flow	  
	  
•  Mass	  dependence	  	  
•  Baryon/Meson	  
•  pT,	  rapidity	  dependence	  
•  Beam	  energy	  dependence	  	
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Event-shape engineering �

! Much variation in event geometry at fixed centrality 
!  Can not (should not) use centrality as proxy for event geometry 
!  Select different geometries at fixed centrality 

v3 in events with same 
size but different shape 

!"

Event	  Shape	  Engineering	  (ESE),	  Event	  Shape	  Selec1on	  
	   	   	  -‐-‐-‐	  for	  a	  given	  centrality	  -‐-‐-‐	  	

Large	  v3	  events	

Small	  v3	  events	

Large	  v2	  events	

Small	  v2	  events	

flat	  pT	  dependence	  -‐>	  indica1ve	  for	  an	  ini1al	  geometry	  	
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	   	   	  Applica1ons	  of	  ESE	  
	  
•  correla1on	  between	  radial	  (βT)	  and	  ellip1c	  (v2)	  flows	  
•  correla1on	  between	  HBT	  eccentricity	  (ε2final)	  and	  v2	

PHENIX,	  QM14	
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Correlations between flow 
harmonics�

!  Can study correlation between different harmonics via shape 
selection 

! Understand initial geometry & non-linear hydrodynamic response 
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Correla1on	  between	  	  
different	  harmonics	
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pT	  dependent	  	  
event	  plane	  fluctua1on	  

(breaking	  of	  factoriza1on)	

|Δη|>2	

CMS,	  QM15	
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PRC92	  (2015)	  034911	

breaking	  of	  factoriza1on	
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Principal component 
analysis : v2 in Pb+Pb

!  Leading and sub-leading mode for v2 in Pb+Pb shown 
!  Leading mode is quite dominant, except in most central 
collisions !"#

Principle	  Component	  Analysis	  in	  v2	
α=1	  :	  leading	  mode	  (main	  source)	  
α=2	  :	  sub-‐leading	  mode	  (2nd	  source)	

CMS,	  QM15	
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Principal component 
analysis: v2 in p+Pb

!"#

p+Pb	  :	  similar	  sub-‐leading	  mode	  	  
in	  v2	  as	  peripheral	  Pb+Pb	  
	  
Pb+Pb	  :	  (beYer	  factoriza1on	  in	  v3)	  
small	  sub-‐leading	  mode	  in	  v3	  

CMS,	  QM15	
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Event-plane rotation�
!  Measure EP rotations via two-particle correlations: 

vn! ("
a ,"b ) = vn ("

a )vn ("
b ) vn! ("

a ,"b ) = vn ("
a )vn ("

b )cos n#n ("
a )$ n#n ("

a )( )

!"#

Event-plane rotation�
! Longitudinal geometry fluctuations 
! Forward (backward) eccentricity determined by forward  
(backward) going participants. 
! Expect rotation of event plane angles from forward to backward 
rapidity 

!"#$%&'#$()'#$*(+",,-./0-(12#'34.5(66(
78(

CMS,	  QM15	

η	  dependent	  	  
event	  plane	  fluctua1on	  
(reac1on	  plane	  twist)	
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extract	  :	  Fnη	

stronger	  non-‐flow	  
from	  short	  range	

Stronger	  de-‐correla1on	  of	  E.P.	  with	  η-‐gap	
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Extracted	  	  
Fnη Parameter	

Glauber	  MC	
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η dependence	  of	  vn	  or	  de-‐correla1on	  of	  E.P.	

POI	  :	  	  
paracle	  of	  interest	

CMS,	  QM15	

The	  30th	  Heavy	  Ion	  Cafe,	  11/Jun/2016,	  Riken,	  Wako	 ShinIchi	  Esumi,	  CiRfSE,	  Univ.	  of	  Tsukuba	 13	



p+Pb	

CMS,	  QM15	
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Pb+Pb	



p+Pb	  
	  	  

v2(1.6<|η|<2.0)	

CMS,	  QM15	
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Pb+Pb	

v2(|η|<0.8)	



p+Pb	

Pb+Pb	
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η	  dependence	  of	  v2	  
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Collec1ve	  Expansion	  	  

in	  pA	  at	  LHC	
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CMS-‐FSQ-‐PAS-‐15-‐002	

Mul1plicity	  dependence	  
of	  vn	  with/without	  	  

low	  mult.	  subtrac1on	  
-‐-‐-‐	  comparison	  with	  pythia6	  M.C.	  -‐-‐-‐	

CMS,	  QM15	
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PRL116	  (2016)	  172301	

ATLAS	  ways	  of	  pp	  analysis	

Template	  	  
fibng	
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arXiv:1509.04776	  
PRL116	  (2016)	  172301,	  +supplementary	  material	  

heps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-‐2015-‐09/	

Lower	  bound	  of	  	  	  
v2	  and	  ridge	  yield	

Upper	  bound	  of	  	  
v2	  and	  ridge	  yield	

(hard	  pedestal)	(sog	  pedestal)	

(“G”	  reduces.)	

(“G”	  increases.)	

Tradiao
nal	  Zyam

	  sub.	
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•  Reference	  filng	  (C2	  –	  CRef.	  +1)	  
v2	  is	  defined	  w.r.t.	  the	  total	  integral	  	  
based	  on	  no	  separaaon	  btw.	  hard/sog.?	  	

arXiv:1509.04776,	  PRL116	  (2016)	  172301	
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similar	  pT	  dependence	  of	  v2	  to	  the	  larger	  systems	  
no	  (or	  very	  weak)	  dependence	  of	  v2	  on	  energy	  and	  mul1plicity	

arXiv:1509.04776,	  PRL116	  (2016)	  172301	
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pp Long-range correlations�

! Single particle harmonics v2 (v3) extracted by ATLAS and CMS 
! Using different assumptions 

 

!"#$%&'$()*+,-.$%.&$/,-(,0'*++,1-++&2&(3,040)$'0,*),567,
89,

Mul1plicity	  dependence	  of	  v2	  
in	  pp	  at	  LHC	  with	  various	  methods	

arXiv:1509.04776,	  PRL116	  (2016)	  172301	 CMS,	  QM15	
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v2 and v3�

&D$

v2	  (collec1ve	  expansion?)	  	  
in	  pA,	  dA,	  3HeA	  at	  RHIC	  

	  
working	  on	  pp,	  too…	  

PHENIX,	  QM15	
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Mass	  dependence	  and	  	  
Baryon/Meson	  splibng	  of	  v2	  
in	  small	  systems	  at	  RHIC/LHC	  	  

(pp,	  pA,	  dA	  and	  3HeA)	

v2{2PC,	  sub)	PHENIX,	  QM15	

CMS,	  QM15	

PRL114	  (2015)	  192301	
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PRC93	  (2016)	  021903R	

PRL116	  (2016)	  162301	

System	  Evolu1on	  
from	  Partonic	  	  
to	  Hadronic	  

Phase	  	  
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ks	  =	  N(Ω)/N(φ)	



PRL116	  (2016)	  112302	Beam	  energy	  dependence	  	  
of	  net-‐proton	  v1	  and	  v32/nch,PP	  

PRL112	  (2014)	  16,	  162301	  
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X.	  Luo,	  CPOD2014	

Change	  of	  correla1on	  length	  	  
at	  phase	  boundary	  close	  to	  	  
the	  cri1cal	  point	  

Fluctua1on	  of	  conserved	  quan1ty	  	  
	  -‐-‐-‐	  higher	  order	  moment	  of	  net-‐proton	  distribu1on	  

as	  a	  proxy	  of	  net-‐Baryon	  distribu1on	  -‐-‐-‐	  

STAR	  Preliminary	

STAR	  Preliminary	
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Z.	  Xu,	  ICPAQGP2015	

RHIC	  beam	  energy	  scan	  (BES)	  program	  	  
from	  phase	  I	  to	  phase	  II	  

Cri1cal	  Point	  ?	

2019	  ~	~	  2016	
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Summary	  
	  
•  Flow	  and	  fluctua1on	  in	  AA	  
•  Flow	  in	  small	  systems;	  pp,	  pA,	  dA…	  
•  From	  partonic	  to	  hadronic	  world	  
	  
	  
	  
Thank	  you	  very	  much	  for	  your	  aYen1on!	  
Please	  help	  us	  to	  setup	  “宇宙史国際研究拠点”	  in	  CiRfSE@筑波大学	  
Some	  back-‐up	  slides	  follow…	  
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Strong B-field	
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arXiv	  :	  1509.07758	
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