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Aims of ALICE 

Study	
  of	
  strongly	
  interac2ng	
  ma4er	
  under	
  extreme	
  condi2ons	
  
of	
  temperature	
  and	
  energy	
  densi2es	
  	
  

Study	
  the	
  QCD	
  phase	
  transi2on	
  from	
  hadronic	
  ma4er	
  to	
  a	
  
deconfined	
  state	
  of	
  quarks	
  and	
  gluons	
  -­‐	
  The	
  Quark-­‐Gluon	
  
Plasma.	
  	
  

Study	
  the	
  physics	
  of	
  the	
  Quark-­‐Gluon	
  Plasma	
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Phases of Strongly Interacting Matter 

Lattice QCD, µB = 0!

Both	
  sta)s)cal	
  and	
  la.ce	
  QCD	
  predict	
  that	
  
hadronic	
  ma7er	
  will	
  undergo	
  a	
  phase	
  transi)on,	
  in	
  
to	
  a	
  deconfined	
  state	
  of	
  quarks	
  and	
  gluons	
  –	
  a	
  
quark-­‐gluon	
  plasma,	
  	
  at	
  a	
  temperature	
  of,	
  	
  
T	
  ~	
  170	
  MeV	
  and	
  energy	
  density,	
  	
  ε	
  ~	
  1	
  GeV/fm3.	
  

ALICE	
  will	
  far	
  exceed	
  these	
  
temperatures	
  &	
  densi2es	
  at	
  the	
  
LHC.	
  

Satisfied at LHC 
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Detector:	
  
Size:	
  16	
  x	
  26	
  metres	
  
Weight:	
  10,000	
  tons	
  

Collabora2on:	
  
>	
  1000	
  Members	
  
>	
  100	
  Ins2tutes	
  	
  
>	
  30	
  countries	
  

Technologies:18	
  
	
  Tracking: 	
  7	
  
	
  PID: 	
   	
   	
  6	
  
	
  Calo. 	
  : 	
   	
  5	
  

Trigger,	
  Nch:11	
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
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Centrality selection using Glauber Model !"#$#%&'()$'*(+*,+-*..'/'*(+-#($%).'$0
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Two-source model for particle 
production according to negative 
binomial distribution 

Nch ~ f * Npart + (1-f) * Ncoll 

σpp
inel = 64 ± 5 mb 

Centrality classes are determined 
by integrating the measured 
distribution above the cut. 

PRL 105, 252301 (2010) 

PRL 106, 032301 (2011) 

ZN	
  

ZP	
  

Zero	
  Degree	
  Calorimeters	
  	
  
~	
  100m	
  away	
  from	
  the	
  interac2on	
  point	
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dNch/dη = 1584 ± 4 (stat.) ± 76 (syst.) 

Increase of factor 1.9 compared to p-p 
collisions and about 2.2 to central Au-
Au collisions at √SNN = 0.2 TeV 

Energy	
  dependence	
  	
  
	
  p-­‐p	
  ~	
  sNN0.11	
  	
  
	
  A-­‐A	
  ~	
  sNN0.15	
  (most	
  central)	
  

Empirical extrapolation of RHIC 

Initial state gluon saturation 

Tuned to 7 TeV p-p data 

Hydrodynamic models 

Charged Particle Multiplicity in most central collisions 

PRL 105, 252301 (2010) 
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Charge particle density per nucleon pair 
increases by factor of 2 from peripheral 
(70-80%) to central (0-5%). 

Multiplicity increases by factor of 2 
between √SNN = 0.2 and 2.76 TeV. 

Dependence of multiplicity is very similar 
between √SNN = 0.2 and 2.76 TeV. 

Impact parameter dependent gluon shadowing 
(sg) limits the rise of particle production with 
centrality 

Centrality dependence of charged particle multiplicity density 

PRL 106, 032301 (2011) 
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Energy Density 

dET/dη per	
  par2cipant	
  pair	
  is	
  up	
  by	
  3	
  
2mes	
  from	
  RHIC.	
  	
  

!Bj (" ) =
1

#R2"
dET

dy
ε.τ	
  ~	
  16	
  GeV/fm2c	
  

Energy	
  Density	
  at	
  LHC	
  is	
  at	
  least	
  3	
  2mes	
  more	
  than	
  that	
  at	
  RHIC	
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
  



14th EDS Blois workshop, Qui Nhon,  20.12.11 

p2	
  

p1	
  
q	
  Rside	
  

Rout	
  

Rlong – along beam direction 
Rout– along “line of sight”	
  
Rside – ⊥“line of sight” 

C(q) = N[(1-λ) + λ*K(qinv)*(1 + G(q))] 

G(q) = exp(-(R2
outq2

out + R2
sideq2

side+ R2
longq2

long)) 
Cross term between qlong and qout is zero for symmetric systems 

Correlation Function 

q = p2 – p1;   kT = |pT,1 + pT,2|/2 

HBT - Correlation 
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Pion HBT radii at 5% central 

The radii of are significantly larger compared to RHIC 

PLB 696, 328 (2011) 

Rout ~ Rside 
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The Fireball 

Volume at decoupling: ~ 5000 fm3 

R ~ 7 fm 

X2 of RHIC 

Hotter bigger and longer-lived 

Lifetime from collision to freeze out 

~  10 fm/c 

30% longer 

PLB 696, 328 (2011) 
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
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Collective expansion - Flow 
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Fluctuations & Fourier Decomposition of dNpairs/dΔφ	



|Δη|	
  >	
  0.8	
  :	
  	
  	
  	
  excludes	
  near-­‐side	
  jet	
  

	
  	
  	
  	
  	
  	
  “Ridge”	
  at	
  Δφ=0	
  remains	
  

1	
  ≤	
  n	
  ≤	
  5	
  describe	
  shape	
  
V3 is necessary ! 

PRL 107, 032301 (2011) 

Odd terms become negative at large 
pT (influence of away-side jet) 
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Effect of radial flow for π, K, p  

Slope	
  changes	
  at	
  LHC	
  vs	
  RHIC	
  

Very	
  strong	
  radial	
  flow	
  	
  	
  
	

β	
  ≈	
  0.66	
  at	
  LHC	
  

P	
  >>	
  0	
  
P	
  =	
  0	
  

v0	
  

v0	
  
v0	
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
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Particle Ratios in PbPb collisions 

p/π-	
  ra2o	
  off	
  by	
  factor	
  >	
  1.5	
  	
  from	
  
predic2ons	
  !	
  
similar	
  to	
  RHIC	
  (where	
  pbar/p	
  =	
  0.8)	
  ?	
  

Range	
  of	
  Thermal	
  model	
  predic2on	
  

19	
  

PHENIX, Brahms, ALICE feed down corrected 

STAR, not feed down corrected 

Agreement at LHC energies better 
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Particle ratios and Temperature 

THERMUS MODEL 

Consistent with T = 160 MeV and vanishing baryo-chemical potential 
except for protons 
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'Baryon anomaly': Λ/K0
   

Baryon/Meson ratio still strongly enhanced  
 x 3 compared to pp at 3 GeV 

- Enhancement slightly larger than at RHIC 200 GeV	
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
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J/Ψ – classical case of deconfinement  

NA38 RHIC~SPS 

J/Ψ not suppressed at all only χc  
OR 

J/Ψ suppression is compensated by coalescence of charm quarks 
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Quarkonium at LHC 

SPS RHIC LHC 

   J/Ψ  
melting 

   J/Ψ  
regeneration 

Ψ’ χ	

 Y’’(3) Y’(2S) J/Ψ	

 Y 
Td/Tc 1-1.2 1-1.2 1.1-1.3 1.2-2 1.5-2.5 3-5 

Suppression => Y'(2S) ≈ J/Ψ , Y''(3S) ≈ Ψ',  

Suppression + regeneration => 
Y', Y'' ~unaffected, J/Ψ less 
suppression than @ RHIC 
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J/Ψ in p-p 

Atlas 

LHCb 

CMS 

µµ	



e+e- 

PLB 696, 328 (2011) 
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J/Ψ suppression: Results 
26 

Rather small suppression & centrality dependence	
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J/Ψ suppression: Comparisons 

Less suppression than RHIC! 

0-10% 10-20% 

50-80% 

30-50% 
20-30% 
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Comparison with models 

On of Recombination ?  

Thermalization - J/Ψ elliptic flow           
Knowledge of shadowing – p+Pb data. 

Recombination models  

Nuclear Shadowing models – CSM at LO 
shadowing calculated with EKS98 and nDSg 
parameterization for PDF   

RAA ~ 0.7 =>  medium induced suppression is stronger  

SHM – deconfinement + thermal equilibration of cc pairs  

TM – rate of production & suppression  
 with and without shadowing 
 shadowing + Cronin effect – can be tuned further 
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J/Ψ suppression: Comparisons 

Larger suppression observed at ATLAS 

BUT 

Different pT and y 
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Heavy Ion Collisions - Evolution of the Fireball 

!   global	
  observables:	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  mul2plici2es,	
  rapidity	
  distribu2ons	
  

!  	
  geometry	
  of	
  the	
  emiXng	
  source:	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  HBT,	
  impact	
  parameter	
  via	
  	
  
	
  	
  	
  	
  zero-­‐degree	
  energy	
  flow	
  

!  	
  early	
  state	
  collec2ve	
  effects:	
  
	
  	
  	
  	
  collec2ve	
  flow	
  

!  	
  degrees	
  of	
  freedom	
  as	
  a	
  func2on	
  of	
  T:	
  
	
  	
  	
  	
  hadron	
  ra2os	
  and	
  spectra	
  

!  	
  deconfinement:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
	
  	
  	
  	
  charmonium	
  and	
  bo4onium	
  spectroscopy	
  

!  	
  energy	
  loss	
  of	
  partons	
  in	
  QGP:	
  
	
  	
  	
  	
  jet	
  quenching,	
  high	
  pt	
  spectra,	
  	
  
	
  	
  	
  	
  open	
  charm	
  and	
  open	
  beauty	
  

so]	
  

hard	
  
probes	
  



14th EDS Blois workshop, Qui Nhon,  20.12.11 

Nuclear Modification Factor 
•  Production cross section of hard probes in Pb-Pb collisions is expected to scale with 

the number of binary nucleus-nucleus collisions (Pb-Pb is superposition of pp) 
•  Medium affects initially produced (colored) probes 
•  Departure from binary scaling expectation quantifies medium effects 
•  Study in-medium energy loss by measuring inclusive particle spectrum (dNch/dpT) 

Compare Pb-Pb and pp collisions scaled with number of 
binary  

collisions (from Glauber calculation) 

Nuclear overlap function <TAA> 
from Glauber (corresponding to the 
number of binary collisions) 

Particle production in Pb-Pb 

Particle production in pp 
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Charged Particle RAA 

No pT dependence for peripheral 

Stronger parton energy loss in central collisions compared to RHIC 

Clear increase for pT > 7 GeV/C !  

Not observed in RHIC 

PLB 696, 30 (2011) 
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Centrality dependence 

 <RAA > in pT bins vers. Nch 	



20-30 

> 50 

4-7 GeV 

15-20 

With increasing pT 

 Less central => less RAA 
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 RCP for Λ, K 

Universal RCP for pT > 7 GeV/C 
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Charm RAA: D-Mesons 

•  RAA prompt charm ≈ RAA pions 
for pT > 5-6 GeV 

•  RAA charm > RAA pion for pT < 
5 GeV ? – better error 
estimation 

•  Qualitative expectation:  
RAA Charm > RAA Mesons 
–   ΔE gluon > ΔE quark 

(Casimir factor) 
–   ΔE massless parton >  ΔE 

massive quark ('dead cone') 
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Very low X-range accessible to ALICE for heavy-flavour production 

Unprecedented low values of momentum fraction (Bjorken x) 

Suppression of Charm production > Beauty production 

Separate the RAA’s – In Central barrel 
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Status in p-p data 

Charm contribution from D2h data compared with total HF electon yield 
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HF Electrons and D meson RAA 

  More energy loss for charm than for beauty? 
    Very large systematic errors 
    Better knowledge of gluon shadowing – pA collisions 

  D0 seems more suppressed than HF electrons (inclusive-cocktail) 
  Similar results for HF muons (inclusive – π+κ) 
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FUTURE 
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Luminosity in Pb-Pb 2010 & 2011 

~20 times more data! 
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Upsilon 

Υ peak (not resolved) observed in p-p at forward rapidity – experimentally difficult 

Υ physics 
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Summary 

•  First Pb-Pb data of 2010– 3 weeks of low luminosity 
run ~ 30 M MB! 

•  ALICE & RHIC results are consistent in the regions of 
overlap e.g V2, fluctuations, baryon/meson 
enhancement. 

•  The bigger&hotter&longer-lived fireball is expected 
to lead to better quantitative results e.g η/s. 

•  Already some surprises! 
–  Larger mass spltting for V2 
–  Strong radial flow 
–  Necessity of V3 
–  Increase of charged particle RAA at high pT 
–  Small and centrality independent RAA for J/Ψ at high pT 
–  Universal RCP at high pT 
–  RAA Charm ~ RAA mesons at high pT 

•  Newer ideas with 2011 data.   
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Backup slides 
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Quark Scaling 

For Central collisions: 
Quark scaling appears to work for π and K at low pT 
Quark scaling does NOT work for protons at low pT 

Quark scaling may work (large errors) for π, K, p  
at high pT for peripheral collisions 
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J/Ψ suppression: Comparisons 

	
  Statistical model (successful at 
RHIC and SPS) would suggest less 
suppression at LHC, but large uncertainties 

 Needs a precise charm cross-section 
 Needs better knowledge of gluon 
shadowing (pA collisions) 

J/Ψ (B) ≈ 10% (LHCb) => RAA(prompt)  
 lower by ≈ 0.05 

shadowing(LHC) > shadowing(RHIC) ? => 
RAA goes up ! 

cold nuclear matter suppression ? 



14th EDS Blois workshop, Qui Nhon,  20.12.11 

Hadron	
  Gas:	
  q	
  =	
  ±1;	
  	
  q2	
  =	
  1	
   QGP:	
  q	
  =	
  ±⅓,	
  ±⅔;	
  	
  q2=1⁄9,	
  4⁄9	
  	
  	
  	
  

Net charge:  δQ  = N+ - N-	



=>	
  Fluctua)on	
  of	
  net	
  charge	
  is	
  sensi)ve	
  to	
  	
  charge	
  state:	
  hadron	
  gas	
  or	
  QGP	
  

Net Charge Fluctuations in Pb-Pb Collisions at
√
sNN = 2.76 TeV

(ALICE Collaboration)
(Dated: July 19, 2011)

The event-by-event net-charge fluctuations are presented for Pb-Pb collisions at
√
sNN = 2.76 TeV

using the dynamical fluctuation measure, ν+−,dyn, which is, by its construction, free from most of
detector effects. The scaled variable, �Nch� × ν+−,dyn, is studied as a function of centrality bins
and different pseudo-rapidity window. A model independent method is employed to study the
dissipation of fluctuation. It is observed that, the results for peripheral collisions are close to those
of the minimum bias p-p collisions and are consistent with hadron gas scenario. The results or
central collisions are close to the values repdicted for the quark gluon plasma phase.

PACS numbers:

The ALICE experiment [1] at the Large Hadron
Collider, CERN is a multipurpose detector, designed
to study the formation and evolution of the nuclear
matter at high temperature and high energy densi-
ties. One of the major goals of the experiment is to
collect and explore as many evidences as possible to-
wards the formation of Quark Gluon Plasma (QGP),
a deconfined state of quarks and gluons. Several sig-
natures have been proposed in the literature to study
the phase transition of nuclear matter to and from
the QGP stage to Hadron Gas (HG). Among these,
the event-by-event observtion of net-charge fluctua-
tions is considered to provide a direct tool for distin-
guishing between the QGP state with respect that
of the HG [2–5].

Charge fluctuations are sensitive to the number
of charges in the system. The fluctuations of net-
charge depends on the squares of the charges present
in the system In the QGP phase, the unit of charge
is fractional whild in the hadronic phase it is unity.
Thus the fluctuations in the QGP phase, with frac-
tionally charged partons, are significantly different
from those of the hadron gas with unit charged par-
ticles. The entropy conserving hadronization of a
plasma of quarks and gluons should produce a final
state characterized by a dramatic reduction of the
net charge fluctuations relative to that of a hadron
gas on an event-by-event basis. A first hand estima-
tion of the amount of fluctuation can be made be
neglecting the quark-quark interactions. Further it
is to be noted that the hadronization of gluons pro-
duces pairs of positive and negative particles, not
contributing to the net-charge fluctuations. Net-
charge fluctuations may be epxressed by the quan-
tity, D, defined as [2]:

D = 4
�δQ2�
Nch

, (1)

where δQ2 is the variance of the net charge with
Q = N+ − N−, and Nch = N+ + N− is the to-
tal number of charged particles. Accounting for the
fractional charges of the quarks, it can be foud that

D is approximately four times smaller for QGP state
compared to HG. However, quark-quark interactions
may not be negligible, thus the original estimates
need to be revised. This has been done by includ-
ing susceptibilities calculated on the lattice, result-
ing in a quantitatively different estimation, which is
still dramatically smaller than values expected for a
hadron gas. The value of D calculated on lattice is
∼1 whereas for the hadron gas it is ∼3.

The event-by-event net-charge fluctuations are
best studied in the experiments [7–9] by calculating
the dynamical quantity, ν+−,dyn, defined as [10]:

ν+−,dyn =
�N+(N+ − 1)�

�N+�2
+

�N−(N− − 1)�
�N−�2

−2
�N−N+�
�N−��N+�

, (2)

where N+ and N− are multiplicities of positive and
negative particles calculated in a specific pseudora-
pidity, and transverse momentum range. The nota-
tion �...� denotes an average of the quantity over an
ensemble of events. This quantity has been found to
be independent of detector efficiencies. The quantity
D is related to this quantity by:

ν+−,dyn × �Nch� ≈ D + 4. (3)

This Letter reports the first measurement of the
charge fluctuations as a function of collision central-
ities in Pb-Pb collisions at

√
sNN = 2.76 TeV taken

at the LHC by the ALICE experiment. The data
were recorded in November 2010 during the first run
with heavy ions at the LHC.

For this analysis the inner tracking system (ITS)
and the time projection chamber (TPC) were used
to reconstruct the charged particle tracks. The
VZERO counters and the Silicon Pixel Detector
(SPD) were used for the trigger. The VZERO
counters consist of two scintillator arrays provid-
ing both amplitude and timing information, cover-
ing the pseudorapidity ranges of 2.8 < η < 5.1 and
3.7 < η < 1.7, on both sides of the interaction ver-
tex. The SPD is the innermost part of the ITS,

	
  ≈1	
  for	
  QGP	
  and	
  	
  
	
  	
  	
  3	
  for	
  hadron	
  gas	
  

Measure	
  of	
  Dynamical	
  Net	
  Charge	
  fluctua)ons:	
  	
  

Net Charge Fluctuations 
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Charge Fluctuations 

Fluctuations decrease with increase of energy 

Data between hadron-gas and QGP 
predictions 
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pT Fluctuations 
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V2 Fluctuations 

Fluctuation dependence on centrality – same as RHIC 
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Azimuthal Anisotropy – Elliptical Flow 

x!
y! z!

Ini2al	
  spa2al	
  anisotropy	
  

py 

px 

Final	
  momentum	
  anisotropy	
  

Reac)on	
  plane	
  defined	
  by	
  
“sor”	
  (low	
  pT)	
  par)cles	
  	
  

Ellip)cal	
  flow 

Reaction plane 

dN

d∆ϕ
∝ 1 + 2v2 cos(2∆ϕ)

∆ϕ = ϕ− ϕReaction P lane

ϕ = arctan
py

px
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v2 as function of pt 
practically no change with energy ! 
extends towards larger centrality/

higher pt  

 v2 integrated over pt 
  expected increases from 

 Central to peripheral 

Elliptic Flow 

PRL 105, 252302 (2010) 
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Integrated Elliptic flow at 20-30% centrality 

The	
  system	
  produced	
  at	
  the	
  LHC	
  behaves	
  as	
  a	
  very	
  low	
  viscosity	
  fluid	
  (departure	
  from	
  a	
  
perfect	
  fluid	
  behaviour	
  as	
  compared	
  to	
  RHIC	
  observa2on	
  -­‐	
  η/s = 1/4π = 0.08).	
  

30% increase in magnitude 
compared to Au-Au collisions at 
√SNN = 0.2 TeV caused by 
increase in mean pt 

PRL 105, 252302 (2010) 
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V2 for identified particles 

Significant departure for protons 
in Central collisions 

Reasonable agreement with Hydro 
for peripheral collisions. 
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V2 for identified particles – LHC & RHIC 

Larger mass splitting at LHC than RHIC 
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Identified particle yields 

Blast wave model fits to the observed yields and <pT> 
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Multi-strange Baryon Production 

Multi-strange baryon production 
increases in Pb-Pb collisions at 
√SNN = 2.76 TeV with respect to p-p 
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Heavy Flavour Muons 

Muon RCP at forward rapidity > Charm RAA at central rapidity 

HF	
  μ,	
  pt>	
  4.5	
  GeV/c	
  

HF	
  e,	
  pt>	
  4.5	
  GeV/c	
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Directed Flow 
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J/ψ vs multiplicity pp, 7 TeV 
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J/ψ cross-section 
pp, 7 TeV 

61	
  

Inclusive	
  J/ψ	
  cross	
  sections	
  at	
  7	
  TeV	
  
	
  –	
  σJ/ψ	
  (|y|<0.9)	
  =	
  10.7	
  ±	
  1.00	
  (stat)	
  ±	
  1.70	
  (syst)	
  +	
  1.60	
  (λHE=+1)	
  -­‐2.30	
  (λHE=-­‐1)	
  μb	
  
	
  –	
  σJ/ψ	
  (2.5<y<4)	
  =	
  6.31	
  ±	
  0.25	
  (stat)	
  ±	
  0.76	
  (syst)	
  +	
  0.95	
  (λCS=+1)	
  -­‐1.96	
  (λCS=-­‐1)	
  μb	
  

Inclusive	
  J/ψ	
  cross	
  sections	
  at	
  2.76	
  TeV	
  
	
  –	
  σJ/ψ	
  (|y|<0.9)	
  =	
  6.44	
  ±	
  1.42	
  (stat)	
  ±	
  0.88	
  (syst)	
  ±	
  0.52	
  (lumi)	
  +	
  0.64	
  (λHE=+1)	
  -­‐1.42	
  (λHE=-­‐1)	
  μb	
  
	
  –	
  σJ/ψ	
  (2.5<y<4)	
  =	
  3.46	
  ±	
  0.13	
  (stat)	
  ±	
  0.32	
  (syst)	
  ±	
  0.28	
  (lumi)	
  +	
  0.55	
  (λCS=+1)	
  -­‐1.11	
  (λCS=-­‐1)	
  μb	
  

Good	
  agreement	
  
with	
  NRQCD	
  

Phys. Lett. B704 (2011) 442 
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J/ψ polarization pp, 7 TeV 

ECTP,	
  6	
  December	
  2011,	
  Cairo	
  C.	
  Zampolli	
  -­‐	
  ALICE	
   62	
  

arXiv:1111.1630 
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The	
  Perfect	
  Fluid	
  

Lowest Predicted 
Value (i.e. Perfect). 

η/s ~ 0 

η/s = 1/4π	



η/s = 2 x 1/4π	



η/s = 3 x 1/4π	



Viscous Hydrodynamics 

M.Luzum & R. Romatschke  
PRC 78 034915 (2008)  

String Theory (AdS/CFT) predicted η/s Bound 

Hydro calculations, 
η/s = 0.2 for V2 and 
that for identified 
particles 
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Di-leptons - general 
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HFMuons 
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Data Samples of 2010 

QM2011 J. Schukraft 

66 

Beam Energy # of Events 

pp 900 GeV 300 k MB 2009, analysis finished 

pp 900 GeV ~ 8 M MB 2010, partially analyzed 

pp 2.36 TeV ~ 40 k MB 2009, only ITS, dNch/dη	



pp 7 TeV ~ 800 M MB 
~ 50 M muons 
~ 20 M high Nch 

2010  

PbPb 2.76 TeV/N ~ 30 M MB 2010  


