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  probes	
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●  The	
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  in	
  QGP	
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study	
  plasma	
  with	
  radiated	
  	
  	
  
&	
  “probe”	
  parGcles	
  

●  as	
  a	
  funcGon	
  of	
  transverse	
  momentum	
  
	
  90°	
  is	
  where	
  the	
  acGon	
  is	
  (max	
  T,	
  ρ)	
  
	
   	
  pL	
  between	
  the	
  two	
  beams:	
  midrapidity	
  

●  pT	
  <	
  1.5	
  GeV/c	
  
“thermal”	
  parGcles	
  	
  
radiated	
  from	
  bulk	
  medium	
  
“internal”	
  plasma	
  probes	
  

●  pT	
  >	
  3	
  GeV/c	
  
large	
  Etot	
  (high	
  pT	
  or	
  M)	
  
	
  set	
  scale	
  other	
  than	
  T(plasma)	
  
autogenerated	
  “external”	
  probe	
  
describe	
  by	
  perturbaGve	
  QCD	
  

●  control	
  probe:	
  photons	
  
EM,	
  not	
  strong	
  interacGon	
  
produced	
  in	
  Au+Au	
  by	
  QCD	
  	
  
	
  	
  Compton	
  scaZering	
  

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

#	
  scales	
  as	
  Npart	
  

#	
  scales	
  as	
  Ncoll	
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Step	
  1:	
  heat	
  nuclei	
  to	
  >150	
  MeV	
  

Collide heavy ions for max temperature & volume 
p+p and p/d+A for comparison 

RelaGvisGc	
  Heavy	
  Ion	
  Collider	
  Large	
  Hadron	
  Collider	
  

CERN	
  in	
  Geneve	
  
Pb+Pb	
  @	
  2.76	
  TeV/A	
  

Brookhaven	
  in	
  New	
  York	
  
	
  	
  	
  Au+Au	
  @	
  200	
  GeV/A	
  



Experiments	
  at	
  RHIC	
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At LHC they are even bigger! 
  ALICE + ATLAS + CMS 



Do	
  fast	
  quarks	
  &	
  gluons	
  escape	
  the	
  plasma?	
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They feel the strong interaction, so they 
should interact 
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Measuring	
  QGP	
  opacity	
  to	
  quarks	
  &	
  gluons	
  	
  

p-p PRL 91 (2003) 241803  

Good agreement 
with pQCD 

head-on Au+Au"
Ncoll = 975 ± 94"

π0	
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colored	
  objects	
  lose	
  energy,	
  photons	
  don’t	
  	
  

VERY opaque! Lots of gluon 
radiation (bremsstrahlung) 

Nuclear modification factor: 

ησ
η
ddpdT
ddpNdpR
T

NN
AA

T
AA

TAA /
/)( 2

2

=



Energy	
  loss	
  even	
  by	
  very	
  energeGc	
  q	
  &	
  g	
  

●  LHC	
  experiments	
  reach	
  to	
  300	
  GeV!	
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interaction of  radiated 
 gluons with gluons in 

the plasma greatly 
enhances the amount 

of  radiation  
 

Radiation is coherent, 
rather than incoherent 

QCD:	
  medium	
  induces	
  gluon	
  bremsstrahlung	
  

I. Vitev 

d+Au 

Au+Au 

Large energy loss should be 
absent if  no large volume of  

plasma 
 



Energy	
  loss	
  depends	
  on	
  medium	
  density	
  
●  In	
  dilute	
  medium	
  

Independent	
  processes:	
  bremsstrahlung	
  &	
  scaZering	
  
Calculate	
  probabiliGes	
  and	
  add	
  them	
  up	
  
Independent	
  radiaGons	
  follow	
  Bethe-­‐Heitler	
  

●  In	
  dense	
  medium	
  
Mean	
  free	
  path	
  is	
  short:	
  λ = σ/ρ	


FormaGon	
  Gme	
  of	
  radiated	
  gluon:	
  τ = ω/kT2	


Transverse	
  momentum	
  of	
  radiated	
  gluon:	
  kT2=nµ2	
  

   #	
  of	
  collisions	
  n=L/λ, µ=typical	
  pT	
  transfer	
  in	
  1	
  scaZering	
  
   λ,µ are	
  properGes	
  of	
  the	
  medium,	
  combine	
  to	
  q=	
  √µ2/λ	



●  Coherence	
  in	
  the	
  dense	
  medium!	
  
Next	
  scaZering	
  takes	
  place	
  faster	
  than	
  gluon	
  formaGon	
  
Add	
  amplitudes	
  for	
  all	
  mulGple	
  scaZerings	
  
In	
  QCD	
  this	
  increases	
  the	
  energy	
  loss!	
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What	
  else	
  could	
  happen?	
  

●  AdS/CFT	
  says	
  	
  QGP	
  is	
  a	
  strongly	
  interacGng	
  field	
  
Interact	
  with	
  this	
  QGP	
  as	
  with	
  a	
  Gny	
  black	
  hole	
  
No	
  parGcles	
  to	
  hit,	
  none	
  can	
  survive	
  inside.	
  Eloss	
  è	
  collecGve	
  excitaGons	
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In plasma: interactions among charges of multiple particles 
  charge is spread, screened in characteristic (Debye) length, λD      
       also the case for strong, rather than EM force 

● 	
  radiaGon	
  (bremsstrahlung)	
  
● 	
  collisional	
  energy	
  loss	
  

Δ	



S. Gubser 



Fit	
  RAA	
  at	
  different	
  √s	
  
JET	
  collaboraGon	
  fit	
  all	
  data	
  with	
  mulGple	
  calculaGons	
  
	
  	
  	
  minimize	
  χ2	
  for	
  best	
  fit	
  to	
  strong	
  coupling	
  parameter	
  or	
  q	
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AMY  
model 

arXiv:1312.5003 

< 

Put	
  together	
  all	
  
the	
  calculaGons	
  



More	
  jet	
  probes	
  =	
  more	
  insight	
  	
  
●  Hadrons	
  

Single	
  high	
  pT	
  hadrons	
  (leading	
  jet	
  fragments)	
  
di-­‐hadron	
  correlaGons	
  

●  Reconstructed	
  jets	
  (reconstructed	
  jets	
  depend	
  on	
  algorithm)	
  
Single	
  jets	
  
<di-­‐jets>	
  or	
  jet-­‐h	
  correlaGons	
  

●  Gamma-­‐jet	
  correlaGons	
  	
  	
  (photon	
  tags	
  jet	
  energy)	
  
γ-­‐h	
  correlaGons	
  
<γ-­‐reconstructed	
  jet>	
  

●  Construct	
  the	
  variables:	
  RAA,	
  IAA,	
  AJ,	
  q-­‐hat	
  
Nuclear	
  modificaGon:	
  
	
  
Jet	
  asymmetry:	
  	
  
	
  

Jet	
  transport	
  coefficient:	
  q=	
  µ2/λ; µ=	
  <pT	
  transfer>	
  in	
  1	
  scaZering	
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Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions atp
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)⇤

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-
metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events
with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are
reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.
The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse
energy above the ambient background. The transverse energies of dijets in opposite hemispheres is
observed to become systematically more unbalanced with increasing event centrality leading to a
large number of events which contain highly asymmetric dijets. This is the first observation of an
enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,
which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are
expected to produce an evanescent hot, dense state, with
temperatures exceeding two trillion kelvins, in which the
relevant degrees of freedom are not hadrons, but quarks
and gluons. In this medium, high-energy quarks and glu-
ons are expected to transfer energy to the medium by
multiple interactions with the ambient plasma. There is
a rich theoretical literature on in-medium QCD energy
loss extending back to Bjorken, who proposed to look
for “jet quenching” in proton-proton collisions [1]. This
work also suggested the observation of highly unbalanced
dijets when one jet is produced at the periphery of the
collision. For comprehensive reviews of recent theoretical
work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-
ments established that high transverse momentum (p

T

)
hadrons are produced at rates a factor of five or more
lower than expected by assuming QCD factorization
holds in every binary collision of nucleons in the on-
coming nuclei [4, 5]. This observation is characterized
by measurements of R

AA

, the ratio of yields in heavy
ion collisions to proton-proton collisions, divided by the
number of binary collisions. Di-hadron measurements
also showed a clear absence of back-to-back hadron pro-
duction in more central heavy ion collisions [5], strongly
suggestive of jet suppression. The limited rapidity cover-
age of the experiment, and jet energies comparable to the
underlying event energy, prevented a stronger conclusion
being drawn from these data.

The LHC heavy ion program was foreseen to provide
an opportunity to study jet quenching at much higher
jet energies than achieved at RHIC. This letter provides
the first measurements of jet production in lead-lead col-
lisions at

p
s

NN

= 2.76 TeV per nucleon-nucleon col-
lision, the highest center of mass energy ever achieved
for nuclear collisions. At this energy, next-to-leading-
order QCD calculations [6] predict abundant rates of jets
above 100 GeV produced in the pseudorapidity region
|⌘| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during
the 2010 lead-lead run at the LHC and correspond to an
integrated luminosity of approximately 1.7 µb

�1.
For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where
those jets have an azimuthal angle separation, �� =
|�1 � �2| > ⇡/2 to reduce contributions from multi-jet
final states. In this letter, jets with �� > ⇡/2 are la-
beled as being in opposite hemispheres. The jet energy
imbalance is expressed in terms of the asymmetry A

J

,

A

J

=
E

T1 � E

T2

E

T1 + E

T2
,�� >

⇡

2
(1)

where the first jet is required to have a transverse en-
ergy E

T1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
E

T2 > 25 GeV. The average contribution of the under-
lying event energy is subtracted when deriving the in-
dividual jet transverse energies. The event selection is
chosen such that the first jet has high reconstruction ef-
ficiency and the second jet is above the distribution of
background fluctuations and the intrinsic soft jets asso-
ciated with the collision. Dijet events are expected to
have A

J

near zero, with deviations expected from gluon
radiation falling outside the jet cone, as well as from in-
strumental e↵ects. Energy loss in the medium could lead
to much stronger deviations in the reconstructed energy
balance.
The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-
tromagnetic (EM) and hadronic calorimeters. These al-
low e�cient reconstruction of jets over a wide range in
the region |⌘| < 4.5. The detector also provides precise
charged particle and muon tracking. An event display
showing the Inner Detector and calorimeter systems is
shown in Fig. 1.
Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-
netic calorimeter that covers the pseudorapidity range
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Just	
  how	
  opaque	
  IS	
  the	
  plasma?	
  
●  Use	
  jet	
  pairs	
  
●  high	
  pT	
  trigger	
  to	
  tag	
  hard	
  

scaZering	
  
●  second	
  parGcle	
  to	
  probe	
  the	
  

medium	
  
●  answer:	
  VERY	
  opaque!	
  

Central Au + Au 

same jet 
opposing jet 

collective flow 
in underlying event 



Where	
  does	
  the	
  lost	
  energy	
  go?	
  
●  We	
  don’t	
  know	
  yet!	
  	
  
●  Medium	
  enhances	
  gluon	
  radiaGon/spliung:	
  

	
  
extra	
  gluons	
  at	
  small	
  	
  
angles	
  (in/near	
  jet	
  cone)	
  
	
  	
  
	
   	
   	
   	
  	
  
	
   	
   	
   	
  radiated	
  gluons	
  thermalize	
  in 	
  	
  
	
   	
   	
  medium	
  (i.e.	
  they’re	
  gone!)	
  

	
  
	
  
remain	
  correlated	
  with	
  leading	
  
parton,	
  but	
  broaden/change	
  jet	
  
	
  

16 



Jet	
  FragmentaGon	
  funcGon	
  

17 

D(z) = 1/Njet dN(z)/dz; z = phad/pjet 
 
Measure: count partners per trigger 
as fraction of trigger momentum    
 
               zT = pTa/pTt  ~ z for γ trigger 

               ξ = ln(1/zT)	


Modification factor similar to RAA: 

FFn	
  experimental	
  challenge:	
  
measure	
  the	
  parton	
  p	
  
Use	
  trigger	
  γ	
  or	
  jet	
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What	
  happens	
  to	
  the	
  lost	
  energy?	
  

●  First	
  step:	
  tag	
  the	
  jet’s	
  energy	
  
•  qg	
  -­‐>	
  qγ	


•  Is	
  fragmentaGon	
  of	
  the	
  quark	
  into	
  the	
  jet	
  of	
  
hadrons	
  modified?	
  

γ	



Calibrate the probe 
energy: use QCD 
Compton process 



PHENIX:	
  FFn	
  via	
  γ-­‐h	
  correlaGon	
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“Extra”	
  sow	
  
parGcles	
  at	
  
larger	
  angles	
  
near	
  the	
  away	
  
side	
  jet	
  

Provide	
  
constraints	
  on	
  
gluon	
  spliung	
  
	
  
PerturbaGve?	
  

γ:	
  parton	
  energy,	
  h:	
  fragmenta9on	
  fn. 

Au+Au/	
  
	
  	
  	
  p+p 

PRL	
  111,	
  032301	
  (2013)	
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Timescales	
  according	
  to	
  AdS/CFT	
  
●  Horizon	
  of	
  black	
  hole	
  in	
  AdS	
  at	
  distance	
  1/πT	
  from	
  

boundary	
  
Sets	
  light	
  arrival	
  Gme	
  
Black	
  holes	
  form	
  by	
  gravity	
  
Gravitons	
  travel	
  at	
  c	
  

●  	
  Timescale	
  for	
  black	
  hole	
  formaGon	
  is	
  τ	
  =	
  1/πT	
  	
  
For	
  T=318	
  MeV,	
  τ	
  =	
  hbar	
  c	
  /1	
  GeV	
  =	
  0.2	
  fm	
  

●  Decay	
  rate	
  for	
  non-­‐hydro	
  modes	
  
τe-­‐fold	
  ~	
  1/8.6Tinit	
  	
  yielding	
  τ~0.3	
  fm/c	
  

●  sGll	
  need	
  to	
  separate	
  τ	
  and	
  Tinit	
  

●  Of	
  course,	
  the	
  coupling	
  is	
  NOT	
  ∞	
  

Gubser & Karch, Ann Rev. Nucl. Part. Sci. 59, 145 (2009) 
Friess, Gubser, Michalogiorgakis, Pufu, JHEP 04, 80 (2008)) 

AnG-­‐kT	
  algorithm:	
  d1i	
  =	
  min(1/kT12,	
  1/kTi2)	
  Δ1i
2/R2	
  

Distance	
  between	
  hard	
  parGcle	
  1	
  and	
  sow	
  parGcle	
  i	
  is	
  determined	
  
	
  	
  	
  	
  	
  by	
  the	
  pT	
  of	
  the	
  hard	
  parGcle	
  and	
  the	
  separaGon	
  distance	
  
Sow	
  parGcles	
  don’t	
  modify	
  jet	
  shape	
  –	
  algorithm	
  is	
  infrared	
  safe	
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Reconstructed	
  jets	
  in	
  p+p	
  collisions	
  at	
  RHIC	
  
*	
  STAR	
  uses	
  reconstructed	
  jets	
  in	
  p+p	
  
for	
  a	
  beauGful	
  spin	
  measurement!	
  

4

0.350.05 0.15 0.25 0.35 0.05 0.15 0.25
Δr from jet axis Δr from jet axis

0.4

0.6

0.8

1.0

Ψ
(Δ

r)
 

5.0<p <6.2 GeV/c
T  14.1<p < 17.3 GeV/c

T

HT STAR Data

MB STAR Data

HT Monte Carlo

MB Monte Carlo

(a) (b)

FIG. 1: Jet profile Ψ(∆r, rcone, pT) versus inner cone size ∆r
at rcone = 0.4 for MB (open squares) and HT (filled circles)
data compared with STAR Monte Carlo simulation in two jet
pT bins (a) 5.0 < pT < 6.2 and (b) 14.1 < pT < 17.3 GeV/c.
In (b) the MB jet yield was too small to measure.

6.205 [14] ‘CDF TuneA’ settings [15]) Monte Carlo simu-
lations passed through geant-based [16] STAR detector
simulation. The simulations are used in determining the
cross section and to assess effects of the trigger bias on
ALL. In the cross section analysis of HT data an ET

threshold of 3.5 GeV was imposed on the BEMC trigger
tower to ensure a uniform trigger efficiency.

The differential inclusive cross sections were deter-
mined separately for the MB and HT data according to

1

2π

d2σ

dηdpT
=

1

2π

Njets

∆η∆pT

1∫
Ldt

1

c(pT)
, (2)

where Njets denotes the number of jets observed within a
pseudorapidity interval ∆η and a transverse momentum
interval ∆pT at a mean jet pT. The correction factors
c(pT) were determined from simulation, and are defined
as the ratio of the number of jets reconstructed within
a given pT interval in the simulated data to those gen-
erated in the pythia final-state particle record. They
change monotonically for HT events from 0.02 at pT =
8.3 GeV/c to 0.79 at pT = 43 GeV/c, whereas they are a
constant 0.69 for MB events with pT < 12.6 GeV/c. Con-
sistent values were obtained with the herwig [17] gener-
ator. Typically 35%-40% of the jets generated in a given
pT interval were reconstructed in the same interval. Re-
constructed pT was found to be on average ∼20% larger
than generated pT in each reconstructed pT interval, and
the difference is taken into account via c(pT).

The MB differential cross sections extracted from 1.4×
103 jets collected in 2003 and 1.1 × 103 in 2004 are in
good agreement (χ2/ndf = 0.8). A 20% systematic off-
set for all pT was found between the HT differential cross
sections extracted from 43 × 103 and 42 × 103 jets col-
lected in 2003 and 2004. We ascribe this difference to
5% uncertainty (included in the systematic errors below)
in the year-to-year absolute scale of the BEMC calibra-
tion, which was changed by a factor of ∼ 2 between the
two years, and to uncertainty in the modeling of tem-
porary BEMC hardware malfunctions. The calibration
used 20×106 d+Au collision events in 2003 and 50×106

Au+Au events in 2004. The absolute energy scale was

1
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(b)

Combined MB

Combined HT

NLO QCD (Vogelsang)

Systematic Uncertainty
Theory Scale Uncertainty

p+p g jet + X
                 GeV
midpoint-cone
r     =0.4
0.2<η<0.8

=200s

cone

STAR 

FIG. 2: (a) Inclusive differential cross section for p+p → jet+
X at

√
s = 200 GeV versus jet pT for a jet cone radius of 0.4.

The symbols show MB (open squares) and HT (filled circles)
data from the years 2003 and 2004 combined. The horizontal
bars indicate the ranges of the pT intervals. The curve shows a
NLO calculation[6]. (b) Comparison of theory and data. The
band indicates the experimental systematic uncertainty. The
upper (lower) dashed line indicates the relative change of the
NLO calculation when it is evaluated at µ = pT/2 (µ = 2pT).

set by matching BEMC energy to TPC track momentum
for well-contained showers from 1.5 < p < 8 GeV/c elec-
trons identified in the TPC. Uncertainties arise in the
electron selection, from residual hadronic contamination,
and from the limited d+Au statistics.

Figure 2(a) shows the arithmetic average of the 2003
and 2004 MB and HT cross sections versus jet pT. The
MB and HT data are in good agreement for overlap-
ping jet pT (χ2/ndf = 1.0), despite the very different
c(pT). The curve shows the NLO pQCD cross section
of Ref. [6] evaluated at equal factorization and renormal-
ization scales, µ ≡ µF = µR = pT, using the CTEQ6M
parton distributions [18]. Figure 2(b) compares data and
theory, showing satisfactory agreement over 7 orders of
magnitude. The theoretical cross section changes by less
than 23% if µ is varied by a factor of two and increases by
1% (13%) at pT of 10 (40)GeV/c if the CTEQ6.1M dis-
tributions are used. The experimental systematic uncer-
tainty amounts to 8% in the normalization with the BBC
and 48% in the measured yield, consisting of 5% due to
residual beam background, 13% on c(pT), and 46% from
a 9% uncertainty on the jet energy scale. The BEMC cal-
ibration and undetected neutral particles dominate in the
latter. No corrections were made for the nonperturbative
redistribution of energy into and out of the jet by the

STAR	
  jets	
  using	
  cone	
  algorithm;	
  PHENIX	
  with	
  Gaussian	
  Filter	
  

PRL	
  97,	
  252001	
  (2006)	
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Requiring	
  a	
  narrow	
  jet	
  	
  è  
same	
  suppression	
  as	
  leading	
  hadron	
  

Hard	
  to	
  reconcile	
  if	
  eloss	
  =	
  spliung	
  inside	
  jet	
  cone	
  

Reconstruct	
  jets	
  in	
  heavy	
  ion	
  collisions	
  



So	
  far,	
  we	
  see	
  

23 
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What	
  happens	
  to	
  more	
  massive	
  probes?	
  
●  Diffusion	
  of	
  heavy	
  quarks	
  traversing	
  QGP	
  

Mc	
  ~	
  1.3	
  GeV/c2	
  
●  PredicGon:	
  	
  less	
  energy	
  loss	
  than	
  light	
  quarks	
  	
  

large	
  quark	
  mass	
  reduces	
  phase	
  space	
  for	
  radiated	
  gluons	
  
how	
  many	
  collisions	
  with	
  light	
  quarks???	
  
	
  

●  Measure	
  via	
  semi-­‐leptonic	
  
decays	
  of	
  mesons	
  containing	
  	
  
charm	
  or	
  boZom	
  quarks	
  

D Au 

Au D

X e± 

π K
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c,b	
  decays	
  via	
  single	
  electron	
  spectrum	
  

compare data to “cocktail” of (measured) hadronic decays 
PRL 96, 032301 (2006) 
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Surprise:	
  large	
  heavy	
  quark	
  energy	
  loss!	
  

Non photonic electrons    
                               π0, η 

Who ordered that? 
Mix of radiation + collisions (diffusion) 

 but collisions with what? 
Drag force of strongly coupled plasma on moving quark? 

► more energy loss than gluon radiation can explain! 
► charm quarks flow along with the liquid 

b + c ! 



Same	
  behavior	
  in	
  QGP	
  at	
  LHC	
  

●  Can	
  reproduce	
  energy	
  loss	
  and	
  
flow	
  at	
  both	
  energies	
  

●  Charm	
  quarks	
  diffusing	
  through	
  
strongly	
  coupled	
  QGP	
   27 
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An	
  astounding	
  result!	
  

Even more surprising 
than you might think… 

Significant fraction 
must be b quarks! 

PHENIX	
  
90%	
  C.L.	
   STAR	
  Data	
  

N
eB
	
  /
(N

eB
+N

eD
) 	
  



Reconstruct	
  D	
  and	
  B	
  decays	
  to	
  find	
  out	
  
●  Silicon	
  detector	
  arrays	
  around	
  beam	
  pipe	
  	
  

STAR,	
  ALICE,	
  PHENIX	
  
Tag	
  displaced	
  vertex	
  to	
  separate	
  c,b	
  	
  
Reconstruct	
  D	
  &	
  B	
  mesons	
  from	
  their	
  decay	
  hadrons	
  

29 

D 

Au Au D 

X e± 

π K 
D± cτ = 310 µ	
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small	
  viscosity/entropy	
  was	
  a	
  surprise	
  

Viscosity:	
  inability	
  to	
  transport	
  
momentum	
  &	
  sustain	
  a	
  wave	
  

low	
  viscosity	
  →	
  absorbs	
  parGcles	
  &	
  
transports	
  disturbances	
  

Viscosity/entropy	
  near	
  1/4π	
  limit	
  from	
  
quantum	
  mechanics!	
  

∴	
  liquid	
  at	
  RHIC	
  is	
  “perfect”	
  

Example: milk. 
Liquids with higher 
viscosities will not 
splash as high 
when poured at the 
same velocity."

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

 → QGP is strongly coupled 
Should affect opacity :  
e.g. q,g collide with “clumps”  
of gluons, not individuals 
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High	
  meff	
  →	
  large	
  collisional	
  energy	
  loss	
  

R. Kolevatov &  
U.A. Wiedemann 
arXiV:0812.0270 

●  The “clumps”? 
●  b/c separation 
allows to test! 
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an	
  independent	
  measure	
  of	
  viscosity	
  
PRL98, 172301 (2007) 

Heavy quark diffusion 
(Langevin equation) 
 
drag force ↔ random force 
↔ <ΔpT

2>/unit time ↔ D* 
 
~ agrees with data  
charm relaxation is fast 
      
D ~ 4-6/(2πT)   
	


η = 1/3 ρ <v> λ  
D = <v>/ 3ρσ	


D = η/ρ ∼ η/S  	


	


→ η/S = (1.3 – 2.0)/ 4π	
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● backup	
  slides	
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CalculaGng	
  transport	
  in	
  QGP	
  

weak	
  coupling	
  limit	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  ∞	
  strong	
  coupling	
  limit	
  
perturba9ve	
  QCD	
   	
   	
   	
  not	
  easy!	
  Try	
  a	
  pure	
  field…	
  
kine9c	
  theory,	
  cascades	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  gravity	
  ↔	
  supersym	
  4-­‐d	
  	
  
	
  interac9on	
  of	
  par9cles 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  (AdS/CFT)	
  

2→3,3→2,n→2… 
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Geometry	
  

36 

ameter	
  =	
  b	
  

Use Glauber model of nucleons in the nucleus 
  calculate # of participant nucleons Npart 

                  # of binary NN collisions Ncoll 
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Using	
  the	
  duality	
  

AnG	
  de-­‐SiZer/Conformal	
  Field	
  Theory	
  Correspondence	
  
	
  
N=4	
  Supersymmetric 	
   	
  Weakly	
  coupled	
  type	
  IIB	
  
Yang-­‐Mills	
  theory	
  -­‐ 	
   	
   	
  on	
  AdS5xS5	
  

a	
  field	
  theory	
  similar	
  	
   	
  Dual	
  to	
  gravity	
  near	
  a	
  
to	
  QCD	
   	
   	
   	
  	
  	
  	
  black	
  hole	
  

Maldacena 

Predict properties of strongly 
coupled systems (η/s ≥1/4π) & 
non-equilibrium processes 
(e.g. energy loss)  
“easy” to calculate evolution 
of stress-energy tensor 
Applied to strongly correlated          

 electron systems, too Son, Policastro, Starinets; Gubser 


