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Outline�
²  Event geometry correlations & fluctuations 

² Event-shape engineering 
² Flow-correlations 
² Event-plane fluctuations 
² Cu+Au collisions 

²  Correlations in small systems : p+A, d+A, He+A 
² PID results 
² Higher order cumulants 
² pp long range correlations  (possible collective effects???) 

²  Other places where flow measurements will be discussed: 
² 	  Experimental	  overview	  on	  beam	  energy	  scan 
²  Experimental	  overview	  on	  small	  colliding	  systems	  at	  RHIC	  
² 	  Experimental	  overview	  on	  small	  colliding	  systems	  at	  LHC	  
² 	  Experimental	  overview	  on	  open	  heavy	  flavor	  

 

Focus	  on	  new	  observables.	  
	  
Detailed	  understanding	  of	  correlaEons	  or	  
de-‐correlaEons	  in	  iniEal	  geometry.	  

CollecEve	  effects!	  
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Flow is everywhere�

Flow	  has	  been	  studied	  over	  vast	  range	  of	  collision	  energies	  and	  colliding	  systems	  

0.2<pT<2	  GeV	  
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Importance of fluctuations�
JHEP11(2013)183	  

v2	  

P(v2)	  

² Much	  more	  variaEon	  in	  vn	  within	  one	  centrality	  than	  variaEon	  of	  mean	  vn	  across	  all	  
centraliEes	  

²  Almost	  all	  new	  flow	  observables	  presented	  in	  QM15	  study	  effects	  of,	  or	  rely	  on	  fluctuaEons	  
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Event-shape engineering�

² Much variation in event geometry at fixed centrality 
²  Can not (should not) use centrality as proxy for event geometry 
²  Select different geometries at fixed centrality 

v2 in events with same 
size but different shape 

	   	  arXiv:1507.06194	  5	  



Event-shape engineering�

² Much variation in event geometry at fixed centrality 
²  Can not (should not) use centrality as proxy for event geometry 
²  Select different geometries at fixed centrality 

v3 in events with same 
size but different shape 
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Spectra in shape selected 
events�

²  Clear modification of spectra seen when selecting on shape 
² More elliptic geometry =>  Harder spectra! => More radial flow 

7	  



Spectra in shape selected 
events�

²  Clear modification of spectra seen when selecting on shape 
² More elliptic geometry =>  Harder spectra! => More radial flow 
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Correlations between flow 
harmonics�

²  Can study correlation between different harmonics via shape 
selection 

² Understand initial geometry & non-linear hydrodynamic response 

  ε2ε3 → v5  ε2( )2
→ v4

v2	  

v3	   v4	  

v2	  

v5	  

v2	  
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vn correlations via cumulants�
²  Can directly calculate correlations without selecting on geometry 
²  Symmetric 2-harmonic 4-particle Cumulants, SC(m,n) 

SC(m,n) = vm
2 vn

2 − vm
2 vn

2 arXiv:1312.3572	  
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vn correlations via cumulants�
²  Possible alternate observable  vm

2 vn
2 − vm

2 vn
2

vm
2 EP

vn
2 EPCan directly compare to initial geometry 

SC(m,n) = vm
2 vn

2 − vm
2 vn
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Event-plane rotation�
² Longitudinal geometry fluctuations 
² Forward (backward) eccentricity determined by forward  
(backward) going participants. 
² Expect rotation of event plane angles from forward to backward 
rapidity 

Long-‐Gang	  Pang:	  CollecEve	  Dynamics	  II	  
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Event-plane rotation�
²  Measure EP rotations via two-particle correlations: 

vnΔ (η
a ,ηb ) = vn (η

a )vn (η
b ) vnΔ (η

a ,ηb ) = vn (η
a )vn (η

b )cos nΨn (η
a )− nΨn (η

a )( )
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Event-plane rotation: Ψ2

  
rn ≈ cos nΨn(ηa )− nΨn(−ηa )( ) ≈1− 2ηa F
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Event-plane rotation: Ψn

  
rn ≈ cos nΨn(ηa )− nΨn(−ηa )( ) ≈1− 2ηa F ≈ exp(−2ηa F )

²  Effect is larger for higher order and for p+Pb 
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Principal component 
analysis

²  Multiple radial modes in the inititial geometry drive the vn 

²  The hydro response to the radial modes can be different 
leading to breakdown of factorization  

A.Mazeliauskas	  and	  D.Teaney,	  Phys.Rev.C91	  (2015)	  
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Principal component 
analysis : v2 in Pb+Pb

²  Leading and sub-leading mode for v2 in Pb+Pb shown 
²  Leading mode is quite dominant, except in most central 
collisions 18	  



Principal component 
analysis: v2 in p+Pb
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Asymmetric Collisions
²  Pick collisions with deformed geometry. 

²  Or collide systems that have asymmetric average geometry 

Takafumi	  Niida	  :	  CorrelaEons	  &	  FluctuaEons-‐I	  20	  



Cu+Au v2�

²  Cu+Au	  v2	  falls	  between	  Cu+Cu	  and	  Au+Au	  
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Cu+Au v2

²  Scaling	  by	  ε2	  orders	  the	  v2	  by	  system	  size.	  
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Cu+Au v2�

²  Empirical	  scaling	  seen	  across	  all	  systems	  and	  centraliEes.	  
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Cu+Au v3�

²  Stronger	  centrality	  dependence	  of	  v3	  compared	  to	  Au+Au	  
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Flow in p/d/3He + A�

~Top	  5%	  

d + A	   3He + A	  
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Ordering	  expected	  from	  iniEal	  
state	  eccentriciEes	  	  
(smallest	  ε2	  in	  p+Au)	  

v2
pAu < v2

dAu ≤ v2
3HeAu

Flow in p/d/3He + A �
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ε2	  :	  Glauber	  (Round	  nucleon)	

² The	  ordering	  now	  changes	  and	  p
+Au	  becomes	  largest	  due	  to	  
round	  nucleon	  assumed	  in	  
Glauber	  calculaEon.	  

² Small	  system	  with	  shorter	  
lifeEme	  would	  not	  fully	  reflect	  
iniEal	  geometry	  informaEon	  

Eccentricity scaling�
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AMPT:	  arXiv:1501.06880	  	  	  	  	  SONIC:	  arXiv:1502.04745	  	  	  IP+Hydro:arXiv:1407:7557	  

² The	  v2	  in	  0-‐5%	  3He+Au	  and	  0-‐5%	  d+Au	  collisions	  are	  very	  similar	  
² SONIC	  reasonably	  well	  reproduces	  the	  vn	  
	  

v2 and v3�
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²  At pT < 1.5 GeV/c: mass ordering : v2(proton)< v2(kaon)< v2(pion) 
²  At pT> 2.0 GeV/c: difference for meson and baryon 
²  Similar to that in Au+Au collisions 

3He+Au : Identified particle v2�
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3He+Au : nq scaling�

² nq	  scaling	  observed	  in	  A+A	  collisions	  is	  also	  seen	  in	  the	  small	  	  	  	  	  	  	  	  	  
3He+Au	  system	   30	  



d+Au : Identified particle v2�

² Mass	  ordering	  seen	  
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p+A : Identified particle v2�

CMS	  	  arXiv:1409.3392v2	  

K0S	  and	  Λ	  parEcles	  
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Higher order cumulants in 
p+Pb : pT dependence �

v2({EP}>v2{4}	  
	  
v2{4}≈v2{6}	  ≈v2{8}	  ≈v2{LYZ}	  
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Higher order cumulants in 
p+Pb : η dependence �

Cumulant	  and	  pid	  results	  
are	  strongly	  supporEve	  
of	  hydro	  

v2({EP}>v2{4}	  
	  
v2{4}≈v2{6}	  ≈v2{8}	  ≈v2{LYZ}	  
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pp Long-range correlations�
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Summary �

² Rich set of new observables to study flow fluctuations 
² Event-shape engineering 
² Flow-correlations 
² Event-plane de-correlations 
² Principal component analysis 
² Cu+Au collisions 

²  Correlations in small systems : p+A, d+A, He+A 
² PID results 
² Higher order cumulants 
² pp long range correlations  (collective or not??) 

² Other talks where flow measurements will be discussed: 
² 	  Experimental	  overview	  on	  beam	  energy	  scan 
²  Experimental	  overview	  on	  small	  colliding	  systems	  at	  RHIC	  
² 	  Experimental	  overview	  on	  small	  colliding	  systems	  at	  LHC	  
² 	  Experimental	  overview	  on	  open	  heavy	  flavor	  

 

Strongly supportive of hydro  
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pp Long-range correlations�

² Single particle harmonics v2 (v3) extracted by ATLAS and CMS 
² Using different assumptions 

 

Experimental	  overview	  on	  small	  colliding	  systems	  at	  LHC	  
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Yields in ATLAS and CMS �

Both	  experiments	  get	  consistent	  in	  ZYAM	  Yields!	  
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² Rich set of new observables to study flow fluctuations 
² Event-shape engineering 
² Flow-correlations 
² Event-plane de-correlations 
² Principal component analysis 
² Cu+Au collisions 

²  Correlations in small systems : p+A, d+A, He+A 
² PID results 
² Higher order cumulants 
² pp long range correlations  (collective or not??) 

² Other talks where flow measurements will be discussed: 
² 	  Experimental	  overview	  on	  beam	  energy	  scan 
²  Experimental	  overview	  on	  small	  colliding	  systems	  at	  RHIC	  
² 	  Experimental	  overview	  on	  small	  colliding	  systems	  at	  LHC	  
² 	  Experimental	  overview	  on	  open	  heavy	  flavor	  

 

Strongly supportive of hydro  
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BACKUP �
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Comparison	  of	  the	  two	  
template	  fit	  methods	  �
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pp Long-range correlations�

Experimental	  overview	  on	  small	  colliding	  systems	  at	  LHC	  

	  arXiv:1509.04776	  
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Higher order cumulants in 
p+Pb : η dependence �
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Spectra in shape selected 
events�

²  Clear modification of spectra seen when selecting on shape 
² More elliptic geometry =>  Harder spectra! => More radial flow 
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