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  the	
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Why	
  do	
  we	
  do	
  Rela%vis%c	
  Heavy	
  Ion	
  Physics?	
  	
  

	
  	
  	
  	
  	
  	
  A	
  rela%vis%c	
  heavy	
  ion	
  collision:	
  
Two	
  nuclei	
  colliding	
  at	
  √s	
  ~	
  1	
  –	
  10000	
  GeV	
  
Thousands	
  of	
  new	
  par%cles	
  are	
  produced.	
  
The	
  product	
  of	
  the	
  collision	
  is	
  NOT	
  a	
  simple	
  superposi%on	
  
of	
  elementary	
  nucleon-­‐nucleon	
  collisions.	
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Heavy	
  Ion	
  Events	
  in	
  Detectors:	
  	
  

Q1: Why measure such complexity?!
Q2: How to measure such complexity?!
Q3: What did we learn so far? !



Q1: Why measure such complexity?!
Q2: How to measure such complexity?!
Q3: What did we learn so far? !
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Heavy	
  Ion	
  Events	
  in	
  Detectors:	
  	
  

  Verify existence of QGP 
  Study properties of QGP 
  Use external and internal probes 
  Small	
  viscosity	
  perfect	
  liquid.	
  	
  	
  	
  	
  	
  	
  
  Opaque	
  to	
  fast	
  partons	
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QGP	
  was	
  there	
  on	
  the	
  “First	
  Day”	
  At 10 µ-seconds 
& ~ 1012 Kelvin 
Quark-to-hadron 
phase transition 

Rapid inflation 

gravity, strong & E-W 
forces separate 

Quark-Gluon Plasma 

‘Big Bang’ 
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Strong color field 
Energy grows with separation !!! E=mc2 ! 

How	
  to	
  measure	
  such	
  a	
  complexity?	
  
	
  An	
  analogy…	
  and	
  a	
  difference!	
  

to study structure of an atom… 

“white” proton 

…separate constituents 

Imagine our understanding of atoms or QED if we 
could not isolate charged objects!! 

nucleus 

electron 

quark 

quark-antiquark pair 
created from vacuum 

“white” proton 
(confined quarks) 

“white” π0 
(confined quarks) 

Confinement: fundamental & crucial (but not understood!) feature of strong force 
 - colored objects (quarks) have ∞ energy in normal vacuum 

neutral atom 

To understand the strong force and the phenomenon of confinement: 
Create and study a system of deconfined colored quarks (and gluons) 
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Hadronic	
  ma+er	
   Quark	
  gluon	
  plasma	
  

Increase the temperature and pressure.  

Crush matter into a soup of its constituents. 

A	
  very	
  hot	
  soup	
  at	
  ~1012K	
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The	
  Landscape	
  of	
  QCD	
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Heavy	
  Ion	
  Collisions	
  at	
  RHIC	
  and	
  LHC	
  create	
  condi%ons	
  
sufficient	
  to	
  “melt”	
  ma;er	
  into	
  a	
  quark	
  gluon	
  plasma	
  



How	
  can	
  we	
  experimentally	
  study	
  the	
  
thermodynamics	
  of	
  the	
  STRONG	
  force?	
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Imagine…	
  

•  You	
  know	
  that	
  ice	
  exists…	
  
•  Your	
  theory	
  friends	
  with	
  huge	
  computers	
  tell	
  you	
  

that	
  there	
  is	
  something	
  called	
  water…	
  

•  You	
  don’t	
  have	
  a	
  way	
  to	
  heat	
  ice…	
  
•  So	
  you	
  put	
  millions	
  of	
  ice	
  cubes	
  in	
  an	
  ice-­‐

accelerator	
  

•  Send	
  them	
  at	
  99.995%	
  of	
  the	
  speed	
  of	
  light	
  to	
  
collide	
  

•  Genera%ng	
  thousands	
  of	
  ice-­‐cube+ice-­‐cube	
  
collisions	
  per	
  second…	
  

•  And	
  you	
  watch	
  it	
  all	
  from	
  the	
  vicinity	
  of	
  Mars!	
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  We	
  must	
  create/compress/heat	
  a	
  bulk	
  (geometrically	
  large)	
  system	
  

Freeze/melt	
  a	
  single	
  H20	
  molecule?	
  
Fundamental	
  dis%nc%on	
  from	
  par%cle	
  physics	
  

	
  	
  	
  	
  	
  	
  Only	
  achievable	
  through	
  collisions	
  of	
  the	
  heaviest	
  nuclei	
  (Au,	
  Pb)	
  	
  
at	
  the	
  highest	
  available	
  energy–	
  Rela%vis%c	
  Heavy	
  Ion	
  Collider	
  
(RHIC)	
  and	
  Large	
  Hadron	
  Collider	
  (LHC)	
  

Producing	
  “Bulk”	
  nuclear	
  Ma;er	
  in	
  the	
  
laboratory.	
  

13	
  Sevil	
  Salur	
  



RHIC	
  @	
  Brookhaven	
  Na@onal	
  
Laboratory	
  	
  

• 2	
  concentric	
  
rings	
  	
  

• 3.8	
  km	
  
circumference	
  
• p+p	
  (√s	
   ≤	
  500	
  
GeV)	
  

• d+Au(√s	
   ≤	
  
200	
  GeV)	
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h 

STAR 

PHENIX 

PHOBOS 

BRAHMS 

  RHIC ≡ Relativistic Heavy Ion 
Collider 
  3.83 km circumference 
  Two independent rings 

  120 bunches/ring 

  Capable of  colliding  
~any nuclear species  
on  
~any other species 

  Energy: 
  Up to 500 GeV for p+p 
  Up to 200 GeV for Au+Au 

(per N-N collision) 

  Luminosity 
  Au+Au: 2 x 1026 cm-2 s-1 
     p+p  : 2 x 1032 cm-2 s-1  

(polarized)  



RHIC	
  Experiments	
  

STAR ~550 Collaborators 
specialty: large acceptance 

Hadronic Observables  
Jets & Di-Hadron Physics 

High-pT Quarkonia 

PHENIX ~550 Collaborators 
specialty: rare probes, leptons, 

and photons  
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Last	
  10	
  Years	
  of	
  Discoveries	
  	
  

•  Collec@ve	
  Flow:	
  
	
  	
  	
  	
  	
  	
  	
  behaves	
  more	
  like	
  liquid	
  

rather	
  than	
  gas.	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  small	
  viscosity	
  perfect	
  
liquid.	
  	
  	
  

•	
  	
  	
  	
  Par@cle	
  Produc@on:	
  

	
  	
  	
  	
  	
  	
  	
  recombina%on/
coalescence	
  dominates	
  over	
  
fragmenta%on	
  at	
  medium	
  pT	
  	
  

•	
  	
  	
  	
  Jet	
  Quenching:	
  	
  
	
  	
  	
  	
  	
  	
  	
  opaque	
  to	
  fast	
  partons	
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Mont	
  Blanc	
  

Jet	
  d’Eau	
  

ATLAS	
  

ALICE	
  CMS	
  

LHCb	
  

Airport	
  

  LHC ≡ Large Hadron Collider 
      LHC is not only a p+p machine! 

At least 4 weeks in a year is 
devoted for heavy ions… 
  27 km circumference 
  100 m underground 
  Two independent rings 
  Capable of  colliding  

~any nuclear species  
on  
~any other species 

  Energy: 
  Up to 14000 GeV for p+p 
  Up to 5500 GeV for Pb+Pb 

(per N-N collision) 
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LHC:The	
  Next	
  Fron%er….	
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LHC	
  Experiments	
  

LHC Heavy Ion program started in late 2010 Pb+Pb and p+p at 2.76 TeV per NN!  !

ALICE	
  

CMS	
  

ATLAS	
  



Why Study Heavy Ion Collisions at LHC ? 

Central collisions SPS RHIC LHC 

s1/2(GeV)  17 200 5500 

dNch/dy 500 700-1500 3-10  x103 

ε (GeV/fm3) 2.5 3.5-7.5 15-40 

τQGP (fm/c) <1 1.5-4.0 4-10 

J. Schukraft QM2001 

LHC	
  :	
  Longer	
  -­‐	
  Ho;er	
  –	
  Colossal	
  (Bigger)	
  	
  	
  

LHC	
  provides	
  a	
  cri@cal	
  lever	
  arm	
  in	
  energy.	
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So,	
  what	
  have	
  we	
  seen?	
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Experimental	
  search	
  for	
  “interes@ng”	
  
phenomena	
  

•  Look	
  at	
  elementary	
  p+p	
  collisions	
  
– Measure	
  an	
  observable	
  (e.g.	
  Jet	
  produc%on)	
  

•  Look	
  at	
  Heavy	
  Ion	
  collisions	
  
– Measure	
  the	
  same	
  observable	
  as	
  we	
  do	
  in	
  p+p	
  

•  Compare	
  them,	
  is	
  there	
  something	
  new?	
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Geometry	
  Ma;ers!	
  

b = 0 ↔ “central collision” 
many particles produced 

“peripheral collision” 
fewer particles produced 
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•  Focus	
  on	
  some	
  slice	
  of	
  the	
  collision:	
  
–  Assume	
  3	
  nucleons	
  struck	
  in	
  A,	
  

and	
  5	
  in	
  B	
  
–  Do	
  we	
  weight	
  this	
  contribu%on	
  as	
  

•  Npart	
  (	
  =	
  3	
  +	
  5)	
  ?	
  	
  
•  NBin	
  (	
  =	
  3	
  x	
  5	
  )	
  ?	
  

•  Answer	
  is	
  a	
  func%on	
  of	
  pT	
  :	
  
–  Low	
  pT	
  	
  large	
  cross	
  sec%ons	
  	
  	
  

yield	
  	
  ~Npart	
  

•  Sot,	
  non-­‐perturba%ve,	
  
“wounded	
  nucleons”,	
  …	
  

–  High	
  pT	
  	
  small	
  cross	
  sec%ons	
  	
  
yield	
  ~NBin	
  

•  Hard,	
  perturba%ve,	
  	
  
“binary	
  scaling”,	
  	
  
point-­‐like,	
  A*B,	
  ...	
  

Geometry	
  Ma;ers!	
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Number	
  of	
  Par%cipant:	
  
(#	
  of	
  incoming	
  nucleons	
  in	
  the	
  overlap	
  area)	
  

1.  Sot	
  Hadron	
  Produc%on	
  
2.  Transverse	
  Energy	
  

Terminology:	
  Centrality	
  of	
  A+A	
  Collisions	
  

Par@cipants	
  

Spectators	
  

Spectators	
  

b 
1.  Jet	
  Produc%on	
  
2.  Heavy	
  Flavor	
  (s,c,b)	
  

	
  (#	
  of	
  inelas%c	
  nucleon+nucleon	
  collisions)	
  	
  
Number	
  of	
  Binary	
  Collisions:	
  

24 Sevil Salur 

CMS-­‐HIN-­‐11-­‐002	
  

Frac%on	
  of	
  cross	
  sec%on	
  “centrality”	
  



Hard	
  sca;ered	
  q,g	
  
–  penetrating probes  

π, K, p, n, φ, Λ, Δ, Ξ, 
Ω, d, 
Forma%on	
  of	
  Hadrons	
  	
  
-­‐sot	
  physics	
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ini@al	
  state	
  

pre-­‐equilibrium	
  

QGP	
  and	
  
hydrodynamic	
  expansion	
  

hadroniza@on	
  

hadronic	
  phase	
  
and	
  freeze-­‐out	
  

	
  Time	
  

Experimental	
  search	
  for	
  “interes@ng”	
  phenomena	
  

QGP	
  
	
  thermal	
  radia%on	
  	
  	
  	
  	
  
	
  (γ, γ*→ e+e-, µ+µ-)	
  



Hard Probes –  
penetrating probes  

soft physics  
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ini@al	
  state	
  

pre-­‐equilibrium	
  

QGP	
  and	
  
hydrodynamic	
  expansion	
  

hadroniza@on	
  

hadronic	
  phase	
  
and	
  freeze-­‐out	
  

Sot	
  Physics:	
  pT	
  <	
  ~1.5	
  GeV/c:	
  
“thermal”	
  par%cles	
  radiated	
  
from	
  bulk	
  medium	
  “internal”	
  
plasma	
  probes	
  

	
  Hard	
  Probes:	
  pT	
  >	
  3	
  GeV/c:	
  	
  
large	
  Etot	
  (high	
  pT	
  or	
  M)
autogenerated	
  “external”	
  probe	
  
describe	
  by	
  perturba%ve	
  QCD	
  

Experimental	
  search	
  for	
  “interes@ng”	
  phenomena	
  

	
  Time	
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Lots	
  of	
  par@cles…	
  	
  

How	
  to	
  characterize	
  this	
  richness	
  of	
  data?	
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Particle Production and Volume 

29 

Pointed out by Fermi and Hagedorn in 50-60’s 
(and discussed much more since) 

Particle production can be described by phase space! 

Assume: Ideal hadron resonance gas thermally and 
 chemically equilibrated  
Recipe: Canonical (small system i.e. pp): 

 Quantum Numbers conserved exactly. 
         Grand Canonical limit (large system i.e. central AA): 

 Quantum Numbers conserved on average via chemical potential  
 ⇒ partition function ⇒ density of particles of species ρI 

Output: temperature T, chemical potential µi  which generates particle-
antiparticle difference and γi which regulates the sum of particle-
antiparticle pairs  

Sevil Salur 

A multi-hadron state should be described by thermodynamics with a limiting 
temperature. If spectrum of resonant states is exponential, as higher states 
are populated, T increases.  
If number of states increases exponentially, T saturates!  



Particle Production and Volume 

30 

Pointed out by Fermi and Hagedorn in 50-60’s 
(and discussed much more since) 

Particle production can be described by phase space! 

Statistical models are used to estimate the equilibrium properties 

Assume: Ideal hadron resonance gas thermally and chemically equilibrated  

Input:    measured particle 
 ratios 

Output:   T = 163 ± 4 MeV,  
           µB = 24 ± 4 MeV 

Sevil Salur 

  

€ 

p 
p

=
e−(E +µ ) /T

e−(E −µ ) /T = e−2µ /T



The	
  Limits	
  of	
  Thermodynamics	
  

•  This	
  exercise	
  in	
  “hadro-­‐chemistry”	
  
–  Applies	
  to	
  final-­‐state	
  (ordinary)	
  hadrons	
  
–  Does	
  not	
  (necessarily)	
  	
  
indicate	
  	
  
•  QGP	
  forma%on	
  
•  De-­‐confinement	
  
•  New	
  state	
  of	
  ma;er	
  

•  A	
  smooth	
  con%nua%on	
  	
  
of	
  trends	
  seen	
  	
  

– at	
  lower	
  energies	
  
–  in	
  p-­‐p,	
  even	
  e+e-­‐	
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Systema%zing	
  Our	
  Expecta%ons:	
  Compare	
  with	
  p+p	
  

•  Describe	
  in	
  terms	
  of	
  	
  
scaled	
  raEo	
  	
  	
  RAA	
  

=	
  1	
  for	
  “baseline	
  
expecta%ons”	
  € 

≡
Yield  in  Au + Au  Events
NBin Yield  in  p + p  Events( )
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RCP
h ( pT ) =

dNh
dpT

1
NColl

central( )

dNh
dpT

1
NColl

peripheral( )

0-­‐5%	
  

	
  40-­‐60%	
   Y-­‐4	
  Λ,	
  K0s	
  

√sNN=200	
  GeV	
  	
  

Nuclear Modification Factors Rcp 

Baryons	
  

Mesons	
  

The	
  ‘quenching’	
  of	
  high	
  pt	
  par%cles	
  due	
  
to	
  partonic	
  energy	
  loss.	
  (Lecture	
  2)	
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Parton recombination at intermediate pT 

• 	
  in	
  vacuo	
  fragmenta%on	
  of	
  a	
  high	
  
momentum	
  quark	
  to	
  produce	
  hadrons	
  
competes	
  with	
  in	
  medium	
  recombina%on	
  
of	
  lower	
  momentum	
  quarks	
  to	
  produce	
  
hadrons	
  

• 6	
  GeV/c	
  par%cle	
  via	
  :	
  
	
  fragmenta%on	
  from	
  high	
  pT	
  

	
  meson	
  	
  
	
  	
  	
  	
  -­‐	
  2	
  quarks	
  at	
  	
  pT~3	
  GeV/c	
  
	
  baryon	
  	
  
	
  	
  	
  -­‐	
  3	
  quarks	
  at	
  	
  pT~2	
  GeV/c	
  

Recombina%on	
  produces	
  
more	
  baryons	
  than	
  mesons	
  
at	
  intermediate	
  pT	
  

R.J. Fries et al., PRL 90 (202303) 2003!
V. Greco et al.,  PRL 90 (202302) 2003!

baryon 

meson 

34	
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  Degrees	
  of	
  freedom	
  



Bulk	
  Behaviour	
  
	
  	
  	
  	
  	
  	
  Energy	
  is	
  deposited	
  in	
  small	
  volume.	
  

~	
  size	
  of	
  Lorentz-­‐contracted	
  nuclear	
  overlap.	
  
Leads	
  to	
  forma%on	
  of	
  transient	
  state.	
  

State	
  undergoes	
  hydrodynamical	
  expansion.	
  
System	
  cools	
  down	
  while	
  expanding.	
  	
  
Reaches	
  a	
  freeze	
  out	
  temperature.	
  Tf	
  ~	
  mπ	



Below	
  Tf,	
  hadrons	
  become	
  free	
  par%cles.	
  
Landau	
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Hydrodynamics:	
  
Assume:	
  local	
  thermal	
  equilibrium	
  (zero	
  mean-­‐free-­‐path	
  limit)	
  	
  

Solve:	
  equa%ons	
  of	
  mo%on	
  for	
  fluid	
  elements	
  (not	
  par%cles)	
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Strong	
  Collec%ve	
  Radial	
  Expansion	
  
	
  	
  Different	
  spectral	
  shapes	
  for	
  
par%cles	
  of	
  differing	
  mass	
  
→	
  strong	
  collec%ve	
  radial	
  flow	
  

mT	
  1/
m

T	
  d
N
/d
m

T	
  

light	
  

heavy	
  
T	
  

purely	
  thermal	
  
source	
  

explosive	
  
source	
  

T,β	
  

mT	
  1/
m

T	
  d
N
/d
m

T	
  

light	
  

heavy	
  

mT	
  =	
  (pT2	
  +	
  m2)½	
  

Au+Au central , √s = 200 GeV	



Hydro             pQCD 

Tfo~	
  100	
  MeV	
  &	
  〈	
  βT	
  〉	
  ~	
  0.55	
  c	
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Kine%c	
  Freeze-­‐Out	
  @	
  200	
  GeV	
  

Slightly	
  model	
  dependent	
  
here:	
  blastwave	
  model	
  	
  

Strong	
  collec%ve	
  radial	
  expansion	
  
⇒ 	
  high	
  pressure	
  
⇒ 	
  high	
  resca;ering	
  rate	
  

Radial	
  flow	
  βT:	
  increases	
  with	
  √s	
  and	
  centrality	
  
Freeze-­‐out	
  Temperature	
  Tfo:	
  	
  decreases	
  with	
  centrality,	
  constant	
  in	
  √s	
  
(bigger	
  systems	
  freeze	
  out	
  later)	
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U%lize	
  Azimuthal	
  Anisotropy	
  

Sevil	
  Salur	
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Expansion	
  is	
  driven	
  by	
  a	
  gradient	
  of	
  pressure	
  

There	
  is	
  a	
  preferen%al	
  direc%on	
  for	
  par%cle	
  
emission	
  (Anisotropy	
  in	
  momentum	
  space)	
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Azimuthal Anisotropy of Emission: Elliptic Flow 

Almond shape overlap 
region in coordinate space 

Anisotropy in 
momentum space 

dN/dφ ~ 1+2 v2(pT)cos(2φ) + ….     φ = atan(py/px)            v2 = 〈cos2φ〉 

v2:  2nd harmonic Fourier coefficient in dN/dφ with respect to the reaction plane 

P. Kolb, J. Sollfrank, and U. Heinz Au+Au at b=7 fm 

Equal energy density lines τ1	

 τ2	

 τ3	

 τ4	



Elliptic flow observable sensitive to early evolution of system 

Large v2 is an indication of early thermalization 

dN
/d
φ

 

2v2 

ϕ -ΨRp 

Interactions/ 
Rescattering 



Flows	
  like	
  a	
  liquid	
  

Hydrodynamical	
  models	
  describe	
  data	
  	
  well	
  for	
  pT	
  (<	
  2.5	
  GeV/c)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
v2(π)	
  >	
  v2(K)	
  >	
  v2	
  (p)	
  ~	
  v2(Λ)	
  	
   	
  	
  

⇒	
  	
  compa%ble	
  with	
  early	
  equilibra%on	
  
Strongly	
  suggests	
  that	
  this	
  is	
  	
  not	
  just	
  a	
  superposi%on	
  of	
  p+p	
  collisions	
  

Phys.	
  Rev.	
  C	
  72	
  (2005)	
  014904	
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Quarks	
  Flow	
  

Phys.	
  Rev.	
  C	
  72	
  (2005)	
  014904	
  
Phys.	
  Rev.	
  Le;.	
  95	
  (2005)	
  122301	
  

implicaEon:	
  valence	
  quarks,	
  not	
  hadrons,	
  are	
  relevant	
  	
  
pressure	
  builds	
  early,	
  dressed	
  quarks	
  are	
  born	
  of	
  flowing	
  field	
  

D.	
  Molnar,	
  S.A.	
  Voloshin	
  Phys.	
  Rev.	
  Le;.	
  91,	
  092301	
  (2003)	
  
V.	
  Greco,	
  C.M.	
  Ko,	
  P.	
  Levai	
  Phys.	
  Rev.	
  C68,	
  034904	
  (2003)	
  	
  
R.J.	
  Fries,	
  B.	
  Muller,	
  C.	
  Nonaka,	
  S.A.	
  Bass	
  Phys.	
  Rev.	
  C68,	
  044902	
  (2003)	
  
Z.	
  Lin,	
  C.M.	
  Ko	
  Phys.	
  Rev.	
  Le;.	
  89,	
  202302	
  (2002)	
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Hydro	
  Limits:	
  Like	
  a	
  Perfect	
  Liquid?	
  

hydro-­‐	
  dynamics	
  without	
  
any	
  viscosity	
  
describes	
  heavy	
  ion	
  
reac%ons:	
  	
  Thermaliza%on	
  
%me	
  τ	
  =	
  0.6	
  fm/c,	
  	
  
Energy	
  Density:	
  ε=20	
  GeV/
fm3	
  

ε=spa%al	
  eccentricity	
  =	
  〈y2-­‐x2〉/〈y2+x2〉	
  
S=overlap	
  area	
  

Hydro	
  Limit	
  
(RHIC)	
  

Heinz,	
  nucl-­‐th/0407067	
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Small	
  Viscosity:	
  	
  
	
  	
  	
  	
  	
  	
  Viscosity	
  describes	
  a	
  fluid's	
  

internal	
  resistance	
  to	
  flow	
  -­‐	
  
inability	
  to	
  transport	
  
momentum	
  &	
  sustain	
  a	
  wave	
  

Sevil	
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Viscosity/entropy	
  (η/s)	
  	
  ~1/4π	
  limit	
  
	
  liquid	
  at	
  RHIC	
  is	
  “perfect”	
  !	
  

Good momentum transport: 
neighboring fluid elements “talk” to each other 

Can	
  we	
  do	
  be;er?	
  How	
  to	
  quan%fy?	
  
• 	
  Use	
  hydrodynamics	
  	
  
• 	
  Set	
  ini%al	
  energy	
  density	
  to	
  reproduce	
  
observed	
  par%cle	
  mul%plicity	
  
• 	
  Use	
  various	
  values	
  of	
  η/s	
  
• 	
  Constrain	
  with	
  data	
  



Viscous	
  hydrodynamics	
  &	
  RHIC	
  data	
  

P.	
  Romatschke	
  et	
  al.	
  
	
  Phys.	
  Rev.	
  Le;.	
  99:172301	
  (2007)	
  

Caveats:	
  	
  Details	
  of	
  hydro	
  code,	
  Viscous	
  correc%on,	
  Ini%al	
  condi%ons,	
  freezeout	
  par%cle	
  mix,	
  	
  	
  
What	
  is	
  η/s?	
  	
  

45	
  Sevil	
  Salur	
  



Viscous	
  hydrodynamics	
  &	
  RHIC	
  data	
  

v2	
  described	
  by	
  both	
  Glauber	
  and	
  CGC	
  
	
  	
  	
  	
  	
  	
  but	
  different	
  values	
  of	
  η/s	
  

Theory	
  calcula%on:	
  
Alver	
  et	
  al.	
  
PRC82,034913	
  	
  	
  

2	
  models	
  with:	
  Different	
  fluctua%ons,	
  Eccentricity,	
  ρ	
  distribu%on	
  

Lappi,	
  Venugopalan,	
  PRC74,	
  054905	
  
Drescher,	
  Nara,	
  PRC76,	
  041903	
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Viscous	
  hydrodynamics	
  &	
  RHIC	
  data	
  

v2	
  described	
  by	
  both	
  Glauber	
  and	
  CGC	
  
	
  	
  	
  	
  	
  	
  but	
  different	
  values	
  of	
  η/s	
  

Theory	
  calcula%on:	
  
Alver	
  et	
  al.	
  
PRC82,034913	
  	
  	
  

arXiv:1105.3928	
  

Theory	
  calcula%on:	
  
Alver	
  et	
  al.	
  
PRC82,034913	
  	
  	
  

v3	
  described	
  only	
  by	
  Glauber	
  
	
  	
  	
  breaks	
  degeneracy	
  

2	
  models	
  with:	
  Different	
  fluctua%ons,	
  Eccentricity,	
  ρ	
  distribu%on	
  

Lappi,	
  Venugopalan,	
  PRC74,	
  054905	
  
Drescher,	
  Nara,	
  PRC76,	
  041903	
  

Ini%al	
  condi%ons	
  &	
  hydro	
  details	
  are	
  s%ll	
  on	
  the	
  works!	
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ALICE	
  

Pb+Pb	
  at	
  LHC	
  flows	
  similarly	
  

ALICE	
  Phys.	
  Rev.	
  Le;.	
  105,	
  252302	
  (2010)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PRL	
  107,	
  032301	
  (2011)	
  

the	
  integrated	
  ellip%c	
  flow	
  increases	
  30%	
  
(caused	
  by	
  the	
  increase	
  in	
  the	
  mean	
  pt)	
  

Hydrodynamics	
  at	
  LHC	
  	
  

Sevil	
  Salur	
  



49	
  

ALICE	
  

Pb+Pb	
  at	
  LHC	
  flows	
  similarly	
  

ALICE	
  Phys.	
  Rev.	
  Le;.	
  105,	
  252302	
  (2010)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PRL	
  107,	
  032301	
  (2011)	
  

the	
  integrated	
  ellip%c	
  flow	
  increases	
  30%	
  
(caused	
  by	
  the	
  increase	
  in	
  the	
  mean	
  pt)	
  

Hydrodynamics	
  at	
  LHC	
  	
  

	
  Favors	
  a	
  small	
  value	
  of	
  Viscosity/entropy	
  (η/s)	
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Last	
  10	
  Years	
  of	
  Discoveries	
  	
  

•  Collec@ve	
  Flow:	
  
	
  	
  	
  	
  	
  	
  	
  behaves	
  more	
  like	
  liquid	
  

rather	
  than	
  gas.	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  small	
  viscosity	
  perfect	
  
liquid.	
  	
  	
  	
  

•	
  	
  	
  	
  Par@cle	
  Produc@on:	
  

	
  	
  	
  	
  	
  	
  	
  recombina%on/
coalescence	
  dominates	
  over	
  
fragmenta%on	
  at	
  medium	
  pT	
  	
  

•	
  	
  	
  	
  Jet	
  Quenching:	
  	
  
	
  	
  	
  	
  	
  	
  	
  opaque	
  to	
  fast	
  partons	
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