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Heavy	
  Ion	
  Physics	
  
1980-­‐2004	
  old	
  paradigm	
  	
  

Exploring	
  Phases	
  and	
  Structures	
  of	
  QCD	
  
phase	
  diagram	
  

– 	
  High	
  temperature	
  T	
  
– 	
  High	
  density	
  ε	
  
– 	
  Many-­‐body	
  aspects	
  QCD	
  
– 	
  Vacuum	
  proper9es	
  

RHIC	
  

LHC	
  

hot	
  &	
  dense	
  &	
  
net	
  baryon	
  free	
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Phase	
  transi9on	
  in	
  Heavy	
  Ion	
  collisions	
  

T.D.Lee          (1974)   Temporarily restored broken symmetries of the physical vacuum  
Collins, Perry (1975)   Asymptotic  freedom in QCD → deconfined quarks/gluons matter 
E.V. Shuryak (1978)    Invented Quark Gluon Plasma →  target of HI community  
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  Slavery	
  

Asympto9c	
  Freedom	
  ➨	
  
	
  	
  	
  	
  T	
  =	
  150-­‐200	
  MeV	
  
	
  	
  	
  	
  ε	
  ~	
  	
  0.6-­‐1.8	
  GeV/fm3	
  

La]ce	
  QCD,	
  	
  Lect.	
  Notes	
  Phys	
  583,	
  209	
  (2002)	
  

Ideal	
  gas	
  limit	
  





Present	
  status	
  of	
  the	
  EquaQon	
  of	
  State	
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Can	
  the	
  forces	
  of	
  nature	
  be	
  unified?	
  

One possibility for Grand Unification is 
introduction of new set of supersymmetric particles 

Can	
  the	
  forces	
  of	
  nature	
  be	
  unified	
  ?	
  







Problem:	
  	
  see	
  h=p://folk.uio.no/larissa/nuclphys/Wong_book/Wong_Ch.9_q,g_and_QGP.pdf	
  
	
  1)	
  For	
  the	
  	
  first	
  order	
  phase	
  transi9on	
  between	
  	
  pion	
  gas	
  and	
  quark	
  gluon	
  equilibrated	
  ideal	
  gas	
  
	
  	
  	
  (number	
  of	
  flavours	
  is	
  2:	
  u,d	
  quarks	
  only	
  )	
  	
  	
  find	
  	
  Cri9cal	
  temperature	
  Tc	
  	
  	
  	
  
	
  	
  	
  for	
  	
  equal	
  number	
  of	
  quarks	
  	
  and	
  an9quarks	
  	
  
	
  2)	
  Find	
  cri9cal	
  baryon	
  chemical	
  poten9al	
  for	
  quarks	
  at	
  zero	
  temperature	
  (in	
  neutron	
  stars)	
  	
  



















Net-­‐baryon	
  density	
  (ρp-­‐ρpbar)	
  :	
  From	
  baryon	
  stopping	
  	
  to	
  transparency	
  at	
  high	
  energies!	
  





















Strangeness	
  enhancement   	
  





StaQsQcal	
  thermal	
  model	
  



Exploring	
  Freeze-­‐out	
  

Chemical freezeout describes 
many hadrons 

 
Many new strange ones soon 

on the market  
(van Buren, Witt, Estienne) 

 
But possible discrepancies on 

the horizon (Markert)! 

Becattini, Florkowski, PBM, 
Keranen, Manninen, Tawfik, Redlich… 





Are	
  the	
  condiQons	
  at	
  SPS/RHIC	
  met	
  to	
  form	
  a	
  QGP?	
  

QCD on Lattice (2-flavor): 
Phase transition at 
TC ≈ 173±8 MeV, εC ≈ (6±2) T 4 
 

hence εC ≈ 0.70 ± 0.27 GeV/fm3 
 
Remember:  cold nuclear matter 
εcold ≈ u / 4/3πr0

3 ≈ 0.13 GeV/fm3 

At a minimum we need to create εC in order to create a QGP. 
Note: this is a necessary but not sufficient condition 
Tevatron (Fermilab) ε(√s = 1.8 TeVpp) >> ε(Au+Au RHIC)  
Thermal Equilibrium ⇒ many constitutents ⇒ Size matters !!! 

y 

x 

pre-equilibrium 





(Lorentz)	
  invariant	
  cross	
  sec9on:	
  Ed3N/dp3	
  =d3N/(dy	
  pTdpT	
  dϕ),	
  depends	
  on	
  	
  
rapidity	
  y=0.5	
  ln	
  ((E+pz)/(E-­‐pz)),	
  	
  transverse	
  momentum	
  pT=√(px2+py2)	
  and	
  	
  
angle	
  ϕ	
  	
  between	
  px	
  and	
  pT	
  of	
  the	
  produced	
  par9cle.dN/dϕ	
  is	
  expanded	
  into	
  Fourier	
  series.	
  	
  	
  
First	
  term	
  (=1)	
  is	
  radial	
  flow,	
  second	
  term	
  v1=<cos(ϕ-­‐Ψ)>,	
  is	
  directed	
  flow,	
  	
  
third	
  term	
  v2=	
  <cos2(ϕ-­‐Ψ)>	
  -­‐ellip9c	
  flow,	
  v3=	
  <cos3(ϕ-­‐Ψ)>	
  -­‐	
  triangular	
  flow	
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Nuclear	
  Geometry	
  and	
  Hydrodynamic	
  
flow	
  

φRP

mul9ple	
  
sca=ering	
  	
  

larger	
  pressure	
  
gradient	
  in	
  plane	
  

d 3N
pTdpTdydϕ

∝ [1+ 2v2 (pT )cos2(ϕ −φRP )+ ...]

less	
  yield	
  out	
  	
  
more	
  in	
  plane	
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Reaction 
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v 2
	
  

baryons	
  

mesons	
  

“Fine	
  structure”	
  of	
  v2(pT)	
  for	
  
different	
  mass	
  par9cles.	
  	
  
In	
  Ideal	
  “hydro”	
  picture:	
  	
  

What	
  are	
  the	
  relevent	
  DOF’s	
  in	
  “Flow”	
  ?	
  

v2(KET)	
  universal	
  for	
  baryons	
  
v2(KET)	
  universal	
  for	
  mesons	
  
	
  	
  	
  	
  
Do	
  we	
  have	
  an	
  even	
  more	
  universal	
  scaling?	
  

	
  

∂νT
µν = 0  →   Work-energy theorem

                  → ∇PdV
vol∫ = ΔEK =

                   = mT − m0 ≡ ΔKET

v2(pT)→	
  v2(KET)	
  

Phys. Rev. Lett., 2007, 98, 162301 
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QG	
  medium	
  fragmenta9on-­‐quark	
  
recombina9on	
  

dVPS 

quarks	
  

pt 

3 quarks  

1 proton 

Why	
  is	
  the	
  universal	
  v2(KET)	
  different	
  for	
  meson	
  and	
  baryons?	
  	
  
Exited	
  quark-­‐gluon	
  medium	
  →	
  huge	
  phase-­‐space	
  densi9es	
  →	
  cons9tuent	
  Quark	
  
Recombina9on	
  /	
  Coalescence	
  

Phys.	
  Le=.,1996,B371,157-­‐162	
  	
  
FERMILAB	
  hep-­‐ex/9601001	
  

α(xF ) =
D− (cd)− D+ (cd )

D− + D+

Phys.Rev.Le=.91:092301,2003	
  

v2
meson (pT ) ≈ 2 ⋅v2

quark pT ,quark

2
⎛

⎝⎜
⎞

⎠⎟
    v2

baryon (pT ) ≈ 3 ⋅v3
quark pT ,quark

3
⎛

⎝⎜
⎞

⎠⎟
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v 2
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The	
  “Flow”	
  Knows	
  Quarks	
  

v2 (pT ) →  nq ⋅v2
KET
nq

⎛

⎝
⎜

⎞

⎠
⎟

Assump9on:	
  	
  
all	
  bulk	
  par9cles	
  are	
  
coming	
  from	
  
recombina9on	
  of	
  flowing	
  
partons	
  

Discovery	
  of	
  universal	
  scaling:	
  	
  
	
  

● 	
  flow	
  parameters	
  scaled	
  by	
  quark	
  content	
  nq	
  resolves	
  meson-­‐baryon	
  separa9on	
  of	
  final	
  state	
  
hadrons.	
  Works	
  for	
  strange	
  and	
  even	
  charm	
  quarks.	
  	
  
● 	
  strongly	
  suggests	
  the	
  early	
  thermaliza9on	
  and	
  quark	
  degree	
  of	
  freedom.	
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HI	
  collision	
  -­‐	
  Nuclear	
  Modifica9on	
  Factor	
  RAA	
  

RAA (pT ) =
d2NAA / dpTdη

Nbinary d2N pp / dpTdη

A+A	
  

n	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  m	
  	
  	
  	
  ≈  〈Nbinary〉 
varies	
  with	
  
impact	
  
parameter	
  b	
  

p+p	
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π0	
  
π0	
  

RHIC	
  √s	
  =	
  200	
  πo	
  and	
  h++h-­‐	
  data	
  

d	
  
Au	
  

π0	
  

• 	
  Strong	
  suppression	
  (x5)	
  in	
  central	
  Au+Au	
  coll.	
  
• 	
  No	
  suppression	
  in	
  peripheral	
  Au+Au	
  coll.	
  
• 	
  No	
  suppression	
  (Cronin	
  enhancement)	
  in	
  control	
  d+Au	
  exp.	
  
Convincing	
  evidence	
  for	
  the	
  final	
  state	
  partonic	
  interac9on	
  -­‐	
  emergence	
  of	
  sQGP	
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QCD	
  and	
  Jets	
  	
  
•  At	
  the	
  famous	
  Snowmass	
  conf.	
  (July	
  1982)	
  almost	
  
nobody	
  believed	
  that	
  jets	
  seen	
  in	
  e+e	
  collisions	
  exist	
  
also	
  in	
  p+p.	
  NA5	
  data	
  -­‐	
  no	
  jet	
  structure.	
  

•  The	
  Interna9onal	
  HEP	
  conference	
  in	
  Paris,	
  three	
  
weeks	
  later,	
  changed	
  everything.	
  	
  

C.	
  DeMarzo	
  et	
  al	
  NA5,	
  
PLB112(1982)173	
  

Full	
  azim.	
  
trigg.	
  
b-­‐2-­‐b	
  	
  	
  	
  
trigg.	
  
	
  	
  	
  	
  	
  	
  QCD	
  

This	
  one	
  event	
  from	
  UA2	
  in	
  1982	
  changed	
  
everybody’s	
  opinion.	
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Status	
  of	
  RAA	
  in	
  AuAu	
  at	
  √sNN=200	
  GeV	
  

Direct γ are not suppressed. π0 and η suppressed even at high pT
Implies a strong medium effect (energy loss) since γ not affected. 
Suppression is flat at high pT. 
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For	
  Au+Au	
  min	
  bias	
  direct	
  γ	
  RAA	
  is	
  simple	
  
Au+Au minimum bias at mid-rapidity

Do the structure function ratios actually drop by ~20% from x=0.1 to x=0.2? 

Eskola,Kolhinen,Ruuskanen Nucl. 
Phys. B535(1998)351

100 xT 

x 

Eskola et al. NPA696 (2001) 729 

gluons in Pb / gluons in p 

Anti 
Shadowing 

Shadowing 
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The	
  biggest	
  result	
  at	
  QM2006?	
  

If	
  RπAA=	
  RγAA	
  the	
  whole	
  concept	
  of	
  energy	
  loss	
  changes:	
  
perhaps	
  no	
  effect	
  for	
  pT>20	
  GeV.	
  	
  
New	
  physics	
  on	
  the	
  horizon?	
  	
  

p+p→γ+X	
  reference	
  	
  
From	
  FNAL,	
  SPS,	
  ISR	
  extrapola9on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  our	
  own	
  measurement	
  























Signatures	
  of	
  Quark	
  Gluon	
  Plasma	
  	
  -­‐	
  Summary	
  	
  



•  Experiments:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BRAHMS,	
  PHENIX,	
  

PHOBOS,	
  STAR	
  (pp,	
  dAu	
  Au+Au	
  collisions	
  at	
  19.4,	
  62,	
  130	
  and	
  200	
  GeV)	
  :	
  “There	
  is	
  
compelling	
  experimental	
  evidence	
  that	
  the	
  ma=er	
  created	
  at	
  RHIC	
  differs	
  from	
  
anything	
  that	
  has	
  been	
  seen	
  before.	
  S9ll	
  there	
  is	
  no	
  direct	
  indica9on	
  of	
  QGP	
  
forma9on”	
  

•  Accelerator	
  faciliQes	
  will	
  be	
  upgraded	
  by	
  order	
  of	
  magnitude	
  
Super	
  processors	
  for	
  Labce	
  QCD	
  will	
  be	
  upgraded	
  at	
  least	
  
order	
  of	
  magnitude	
  Microscopic	
  and	
  hydrodynamic	
  models	
  	
  
need	
  urgently	
  manpower	
  for	
  describing	
  physics	
  at	
  LHC	
  

Summary and outlook: 




