
Summary:	
  	
  
	
  8’th	
  Interna0onal	
  Workshop	
  on	
  High	
  pT	
  Physics	
  at	
  the	
  LHC	
  

CGC	
   Ini0al	
  
Singularity	
   Glasma	
   Thermalized	
  

sQGP	
  
Hadron	
  Gas	
  

<-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐sQGP	
  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐>	
  

What	
  are	
  the	
  proper0es	
  of	
  the	
  CGC,	
  the	
  Glasma	
  and	
  the	
  thermalized	
  QGP?	
  
When	
  is	
  the	
  maIer	
  produced	
  in	
  heavy	
  ion	
  collisions	
  a	
  Glasma	
  or	
  a	
  thermalized	
  sQGP?	
  



Color	
  Glass	
  Condensate:	
  	
  	
  
The	
  High	
  Density	
  Gluonic	
  States	
  of	
  a	
  high	
  energy	
  hadron	
  that	
  dominate	
  high	
  energy	
  scaIering.	
  

	
  
Glasma:	
  	
  

Highly	
  coherent	
  gluon	
  fields	
  arising	
  from	
  the	
  Glasma	
  that	
  turbulently	
  evolve	
  into	
  the	
  
thermalized	
  sQGP	
  while	
  making	
  quarks	
  

	
  
Thermalized	
  sQGP:	
  

Largely	
  incoherent	
  quark	
  and	
  gluons	
  that	
  are	
  reasonably	
  well	
  thermalized	
  	
  



The	
  CGC	
  is	
  a	
  consequence	
  of	
  QCD	
  at	
  some	
  energy	
  and	
  some	
  A:	
  	
  Are	
  we	
  there	
  yet?	
  



Mo0vated	
  by	
  the	
  dominance	
  and	
  increase	
  
of	
  the	
  gluon	
  density	
  for	
  small	
  x	
  

	
  
Provides	
  a	
  good	
  descrip0on	
  of	
  deep	
  

inelas0c	
  scaIering	
  and	
  diffrac0on	
  from	
  
protons	
  and	
  nuclei	
  at	
  small	
  x	
  

	
  
Precision	
  tests	
  in	
  Electron	
  Ion	
  Collider	
  



Provided	
  semi-­‐quan0ta0ve	
  descrip0on	
  of	
  forward	
  par0cle	
  produc0on	
  in	
  AA	
  and	
  dA	
  collisions	
  at	
  
RHIC	
  



Many	
  tests	
  with	
  the	
  extraordinary	
  reach	
  in	
  pt	
  and	
  y	
  at	
  LHC	
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PHOBOS, 0.2 TeV  
BRAHMS, 0.2 TeV  
 b-CGC, 5 TeV (CGC-R1 in arXiv:1210.2385)
IP-Sat, 5 TeV
KLN, 5 TeV
rcBK, 4.4 TeV
ALICE, Prelim, 1210.3615

Too	
  steep	
  a	
  dependence	
  of	
  the	
  
satura0on	
  momentum	
  on	
  y.	
  	
  

NLO	
  effects?	
  
Rapidity	
  and	
  centrality	
  dependence?	
  

15	
  years	
  ago:	
  	
  Theorists	
  would	
  
claim	
  that	
  one	
  cannot	
  compute	
  

mul0plicity!	
  



Much	
  exci0ng	
  physics	
  to	
  come:	
  	
  
	
  Centrality	
  and	
  rapidity	
  dependence	
  of	
  R_pA,	
  J/Psi	
  and	
  

heavy	
  quark	
  produc0on,	
  two	
  par0cle	
  correla0ons,	
  photon	
  
triggered	
  correla0ons,	
  Drell	
  Yan….	
  



Bowen	
  Xiao	
  



The	
  Glasma	
  

1/Qs	
  

random 

Typical configuration of a single event 
           just after the collision 

Highly	
  coherent	
  colored	
  fields:	
  
Stringlike	
  in	
  longitudinal	
  direc0on	
  

Stochas0c	
  on	
  scale	
  of	
  inverse	
  satura0on	
  momentum	
  in	
  transverse	
  direc0on	
  
Mul0plicity	
  fluctuates	
  as	
  nega0ve	
  binomial	
  distribu0on	
  	
  



Fluctua0ons	
  in	
  posi0ons	
  of	
  sources	
  of	
  color	
  field	
  and	
  in	
  mul0plicity	
  of	
  
produc0on	
  from	
  individual	
  source	
  will	
  make	
  v_n	
  

Scale	
  in	
  transverse	
  size	
  is	
  sub-­‐
nucleonic:	
  

	
  
If	
  there	
  is	
  flow	
  in	
  pp,	
  would	
  generate	
  

v_n	
  
	
  

Without	
  flow	
  there	
  are	
  intrinsic	
  
correla0ons	
  that	
  would	
  generate	
  two	
  

and	
  mul0par0cle	
  correla0ons	
  
	
  

Strongest	
  in	
  high	
  mul0plcity	
  events	
  
	
  

Transverse	
  momentum	
  scale	
  
associated	
  with	
  satura0on	
  momentum	
  

Q2
s ⇠ 1

⇡R2

dN

dy

VERY	
  IMPRESSIVE	
  	
  and	
  	
  SOPHISTICATED	
  
flow	
  analysis,	
  correla0ons	
  etc	
  from	
  Atlas.	
  	
  	
  

	
  Jia,	
  Csernai,	
  Wang	
  



High	
  Mul0plicity	
  

pp	
  Ridge	
  

Ridge	
  seen	
  in	
  high	
  mul0plicity	
  pp	
  in	
  CMS	
  
	
  

Now	
  seen	
  in	
  high	
  mul0plicity	
  pA	
  in	
  CMS	
  
	
  

For	
  fixed	
  mul0plicity	
  cut,	
  	
  pA	
  ridge	
  appears	
  
to	
  be	
  stronger	
  than	
  in	
  pp	
  



What	
  causes	
  the	
  apparent	
  increase	
  
in	
  strength	
  of	
  pA	
  ridge	
  rela0ve	
  to	
  pp	
  

for	
  fixed	
  mul0plicity?	
  
	
  

Is	
  there	
  a	
  threshold	
  in	
  mul0plicity?	
  
	
  

Alterna0ve	
  explana0ons	
  such	
  as	
  
Wong’s?	
  



The	
  Glasma:	
  
	
  

Weak	
  coupling	
  but	
  strongly	
  interac0ng	
  due	
  to	
  coherence	
  of	
  the	
  fields	
  
In	
  transport	
  or	
  classical	
  equa0ons,	
  the	
  coupling	
  disappears!	
  

Two	
  scales	
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But	
  it	
  takes	
  0me	
  to	
  separate	
  the	
  scales	
  and	
  make	
  a	
  thermal	
  distribu0on	
  

How	
  long	
  does	
  it	
  take	
  to	
  
thermalize?	
  

	
  
Are	
  there	
  Bose-­‐Einstein	
  
Condensates	
  formed?	
  

	
  
For	
  how	
  long	
  is	
  the	
  system	
  in	
  

homogeneous	
  with	
  longitudinal	
  
pressure	
  not	
  equal	
  to	
  transverse?	
  

	
  
Cane	
  we	
  measure	
  a	
  difference	
  
between	
  longitudinal	
  and	
  
transverse	
  pressure?	
  

Gelis:	
  	
  Scalar	
  field	
   Order	
  parameters:	
  	
  Electric	
  and	
  magne0c	
  confinement	
  	
  	
  



In	
  scalar	
  field	
  theory:	
  
	
  

Smallish	
  viscosity	
  
	
  

Eventual	
  equilibra0on	
  of	
  longitudinal	
  
and	
  transverse	
  pressure	
  

	
  
Longish	
  0me	
  for	
  thermaliza0on	
  

	
  
Yang	
  Mills	
  theory	
  with	
  realis0c	
  numbers?	
  

	
  
What	
  condenses?	
  

The	
  Glasma	
  and	
  turbulent	
  
coherent	
  fields	
  is	
  generically	
  a	
  

new	
  type	
  of	
  maIer:	
  
	
  

There	
  may	
  be	
  genuinely	
  new	
  
phenomenon	
  associated	
  with	
  

electric	
  and	
  magne0c	
  
confinement	
  and	
  perhaps	
  

superfluidity	
  
	
  

Vacuum	
  ~	
  Turbulent	
  
Fluctua0ons?	
  



The	
  Glasma	
  may	
  be	
  a	
  nearly	
  perfect	
  fluid,	
  even	
  though	
  it	
  is	
  not	
  a	
  thermalized	
  sQGP.	
  	
  It	
  
is	
  certainly	
  a	
  sQGP	
  



High	
  pT	
  suggests	
  photons	
  comes	
  from	
  early	
  0me	
  
V2	
  	
  
and	
  	
  

geometric	
  scaling	
  of	
  mul0plicity	
  dependence	
  seen	
  in	
  Phenix	
  
suggest	
  photons	
  did	
  not	
  arise	
  from	
  a	
  very	
  hot	
  thermalized	
  

QGP	
  



The	
  study	
  of	
  jet	
  quenching	
  is	
  very	
  
sophis0cated	
  and	
  provides	
  non-­‐trivial	
  
informa0on	
  about	
  the	
  sQGP.	
  	
  There	
  is	
  
s0ll	
  some	
  lack	
  of	
  convergence	
  about	
  
the	
  magnitude	
  and	
  proper	
  method	
  of	
  
computa0on.	
  	
  It	
  appears	
  however	
  that	
  
the	
  jet	
  energy	
  loss	
  mechanism	
  has	
  an	
  

underlying	
  explana0on	
  within	
  
perturba0ve	
  QCD.	
  	
  The	
  body	
  of	
  work	
  
experimental	
  and	
  theore0cal	
  is	
  very	
  

impressive!	
  	
  



Energy	
  loss	
  
consistent	
  with	
  
jet	
  quenching	
  
computa0ons.	
  



Vitev	
  computa0ons:	
  	
  Reasonable	
  agreement	
  

“The	
  data	
  is	
  consistent	
  with	
  weak	
  coupling	
  
between	
  the	
  jet	
  and	
  the	
  medium.	
  Experiment	
  
have	
  largely	
  confirmed	
  theory	
  expecta0ons”	
  

I.	
  Vitev	
  



Energy	
  loss	
  is	
  not	
  propor0onal	
  to	
  E	
  as	
  had	
  been	
  suggested	
  by	
  
AdSCFT	
  considera0ons:	
  Betz	
  



Dispersion	
  in	
  computa0ons	
  
related	
  to	
  various	
  
approxima0ons.	
  	
  

Approxima0ons	
  can	
  be	
  
tested	
  by	
  NLO	
  

computa0on,	
  which	
  is	
  in	
  
progress.	
  

	
  
For	
  an	
  outsider:	
  	
  

	
  Need	
  to	
  discard	
  models	
  
that	
  make	
  unrealis0c	
  

approxima0ons	
  in	
  light	
  of	
  
comparison	
  with	
  

experiment	
  of	
  higher	
  order	
  
computa0on.	
  

Big	
  Uncertainty:	
  	
  Is	
  the	
  media	
  more	
  thermalized	
  and	
  incoherent	
  or	
  Glasma	
  and	
  coherent?	
  

How	
  could	
  we	
  decide	
  between	
  the	
  two	
  scenarios:	
  
1,	
  Gluon	
  energy	
  loss	
  →	
  thermal	
  bath	
  of	
  QGP	
  →hadroniza0on	
  with	
  quark	
  coalescence	
  

2,	
  Gluon	
  energy	
  loss	
  →	
  coherent	
  gluon	
  field	
  →quark	
  pair	
  produc0on	
  from	
  strong	
  field	
  →	
  
Quark-­‐an0quark	
  dominated	
  plasma	
  (QAP)	
  →	
  

hadroniza0on	
  with	
  quark	
  coalescence	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
P.	
  Levai	
  



Towards	
  a	
  
theory	
  of	
  media	
  

induced	
  
fragmenta0on	
  
(low	
  energies	
  
along	
  the	
  jet	
  

axis)	
  



Fragmenta0on	
  func0on	
  goes	
  to	
  1	
  at	
  high	
  z	
  because	
  
fragmenta0on	
  func0on	
  for	
  quenched	
  jet	
  is	
  measured	
  rela0ve	
  to	
  
energy	
  of	
  quenched	
  jet,	
  not	
  original	
  unquenched	
  jet.	
  	
  Must	
  do	
  

some	
  reconstruc0on	
  to	
  extract	
  “intrinsic”	
  fragmenta0on	
  func0on	
  



Even more at lower z… 

For	
  energy	
  loss,	
  the	
  fragmenta0on	
  func0ons	
  should	
  be	
  energy	
  dependent	
  at	
  low	
  z.	
  	
  
They	
  should	
  not	
  scale!	
  



γ-jet imbalance  

ATLAS-­‐CONF-­‐2012-­‐121	
  

CMS,	
  arXiv:1205.0206	
  



Phenix:	
  	
  	
  	
  	
  Does	
  anyone	
  understand	
  this?	
  

Rcp	
  jets	
  



J/Psi	
  and	
  Heavy	
  Quarks	
  

Qsat ⇠ Mcharm

Qsat >> Mcharm

RHIC	
  

LHC	
  

In	
  laIer	
  case,	
  heavy	
  
quark	
  bound	
  states	
  are	
  

made	
  late	
  and	
  
recombina0on	
  is	
  

important.	
  	
  Energy	
  loss	
  
should	
  look	
  more	
  like	
  
that	
  for	
  light	
  quarks	
  

	
  
Can	
  we	
  coumpute	
  and	
  
understand	
  heavy	
  quark	
  

produc0on	
  in	
  pA	
  
collisions?	
  	
  Would	
  
eliminate	
  many	
  
uncertain0es	
  



J/ψ flow? 

Charm	
  meson	
  suppression	
  and	
  flow	
  



Many	
  thanks	
  to:	
  


