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Detector: 
Size: 16 x 26 meters 
Weight: 10,000 tons 

Collaboration: 
> 1000 Members 
> 100 Institutes  
> 30 countries 
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A Mini-Bang in the lab 

•  We need a small system so that it can be accelerated 
to ultrarelativistic speed (99.9% c) 

•  That system (i.e. a chunk of matter and not just a single 
particle) must follow simple rules of thermodynamics 
and form a new state of matter in a particular phase 

 
•  We can use heavy ions (e.g. Pb). They are tiny (~10-14 

m) but have a finite volume that can be exposed to 
pressure and temperature 

We will try to force matter, through a phase transition, to a 
new state of matter called “Quark Gluon Plasma” 
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       Confinement Potential 

T < T conf 

T > T conf 

constant potential 

r 

V(r,T) 
The potential between quarks is a  

function of distance. It also depends on 

the temperature. 

1) At low temperature, the potential  

increases linearly with the distance  

between quarks  

! quarks are confined; 

2) At high temperature, the confinement 

potential is ‘melted’ 

!! quarks are ‘free’. 

Note: It is not clear at all if there is a  

critical ‘temperature’ in high energy 

collisions 

Confined Potential 

When and how did the transition happen in the 
early Universe? 

1 GeV/fm 



Collins and Perry (1975)  

•! Term “quark soup” was originally proposed by 

Collins and Perry and comes from cosmology… 
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Space-‐'me	  evolu'on	  of	  
the	  hadron	  birth	  

q-g transition in early Universe 
 cosmological theories 

QCD properties at high  
temperature: degree of freedom, 

viscosity, conductivity, … 

QCD	  equa'on	  state	  

Plasma	  instability,	  
color	  chaos	  

Partonic	  energy	  loss	  

A soup “rich” of information 



Phase transition in early Universe: 
 
when the Universe cools below 150-200 MeV,  
i.e. 10-5 seconds from the Big Bang 

•  Before simply not enough “space” available for hadrons  

•  Color screening and high quark density forbid hadronic 
scale  

What is the Quark-Gluon Plasma?

A state of strongly interacting matter, in which the constituents
of hadrons, quarks and gluons, are not spatially confined to form
color-neutral bound states.

Nucleon Gas Nuclear Matter Quark Matter

When many hadrons overlap, quarks cannot identify “their hadron”,

the concepts of a hadron and of confinement become meaningless,

color screening and high quark density (asymptotic freedom)

forbid hadronic scales ⇒ transition to a new state of matter
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Cosmological phase transitions 

QCD phase transition     T~175 MeV 
 
Electroweak phase transition   T~150 GeV 
(bariogenesis, …) 

 
Inflation          T~1015 GeV 
(primordial densisty fluctuations, primordial magnetic fields, …) 

 
GUT phase transition      T~1016 GeV 
(monopoles, cosmic strings, …) 
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phase transition from hadronic matter at low T to QGP at high T
At the critical temperature a strong increase in the degrees 
of freedom appears: 
ü  Gluons, quarks 
ü  Not an ideal gas close to TC à residual interactions 
ü  At the phase transition dp/dε decreases rapidly by 

latent heat of deconfinement 

TC
4! 0.3B ! 150-200 MeV 

!C! 0.5-1.0 GeV/fm3

critical temperature:

Pπ = PQGP → T 4
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with B1/4 " 200 MeV from quarkonium spectroscopy

corresponding energy densities
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Helen Caines - Yale - DIS - April 2011

Expectations based on RHIC results

3

F. Karsch, et al. Nucl. Phys. B605 

Open questions:

LHC plasma hotter, denser, longer lived
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La#ce	  QCD	  

Big	  Bang	  

Already	  happened…	  

Neutron	  Stars	  

How	  long	  do	  you	  want	  to	  wait	  for…	  

Where can the QGP be produced ? 

LHC 



At the LHC it can happen 

Geneva Airport LHC accelerator 

CERN main site 
SPS accelerator 

CERN 2nd site 
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1232  superconducting dipoles at 9T 
500   superconducting quadrupoles at 250 T/m 
4100  superconducting correction magnets 
4x105 tons of material at 1.9 K 

Main Ion-Ion 
Colliders in the 
history: 
 
•  AGS 

•  SPS 

•  RHIC 

•  LHC 

LHC 
Total cost 9 GEuro   

s~    5 GeV

s~   17 GeV

s~  200 GeV

s~ 5500 GeV
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Detector: 
Size: 16 x 26 meters 
Weight: 10,000 tons 

Collaboration: 
> 1000 Members 
> 100 Institutes  
> 30 countries 
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RHIC Beam Collisions 

Collision time ~ 10-22 seconds 

Helen Caines - Yale - DIS - April 2011 2

Setup started Nov 4
First collisions Nov 7
Stable beams Nov 8 

Pb-Pb !sNN = 2.76 TeV
 Total energy 

287 TeV/beam

Highest energy man-made collisions ever!

>8µb-1 in 4 weeks 

!PbPb > 2x1025 

(~1/20 !maxPbPb)

p-p  !s=0.9   TeV   ~3x105 MB, ~8x106 MB 
  !s=2.36 TeV   ~4x104 MB 
  !s=7.0   TeV   ~8x108 MB, (~8x106 muon, ~2x107 high Nch) Increasing daily 

  !s= 2.76 TeV  ~7x107 MB, (~9x106 muon, ~1x106 high tower (18 nb-1 MB))

Collision time ~ 10-22 s 



Worldwide LHC Computing Grid (wLCG)

WLCG is a worldwide 
collaborative effort on 
an unprecedented scale 
in terms of storage and 
CPU requirements, as 
well as the software 
project’s size
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GRID computing developed 
to solve problem of data storage 
and analysis

LHC data volume per year: 
10-15 Petabytes

One CD has ~ 600 Megabytes 
1 Petabyte = 109 MB = 1015 Byte

(Note: the WWW is from CERN... )
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A Single Event 
Properties of average events instead of average event properties 

Ev
en

ts
 



Anti-Nuclei 

~ 2 M Pb-Pb Min Bias events 
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Charged particle multiplicity

7

dNch/d! = 1584±4(stat)±76 (sys) 5% most central Pb+Pb at 2.76 TeV

ε(τ) =
E

V
=

1
Aτ0

dN

dη
|η=0�mT �

ε(τ)LHC ≥ 3× ε(τ)RHIC

A+A  = 1.9x p+p 

nuclear amplification!

pQCD

Saturation/
shadowing

Other

PRL 105, 252301 (2010)

Result on high side of 

expectations 

- opposite to RHIC

Empirical

Charge particle multiplicity 
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Growth with √s faster in AA than pp    
(√s dependent ‘nuclear amplification’) 



 Testing the HI ‘Standard Model’ 
Elliptic Flow: one of the most anticipated answers from LHC 
ð  experimental observation: particles are distributed with azimuthally 
anisotropy around the scattering plane 
ð  Are we sure Hydro interpretation is correct  ? 
 

Helen Caines - Yale - DIS - April 2011

Elliptic flow expectations
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Initial state spatial 
an isotropy

Final state 
momentum 
isotropy

cos(2!") modulation 
in particle distributions

Elliptic Flow v2 as interpreted by Hydrodynamics 
Pressure gradient converts 

spatial anisotropy → momentum anisotropy  
→ particle yield anisotropy  



 Hydro seems to work very well for first time at RHIC 
•  LHC prediction: modest rise (Depending on EoS, viscosity, speed of sound, dNch/dh, ..) 

(‘better than ideal is impossible’) 
experimental trend & scaling predicts large increase of flow 
(‘RHIC = Hydro is just a chance coincidence’) 

BNL Press release, April 18, 2005: 

Data = ideal Hydro 
"Perfect" Liquid 
New state of matter more remarkable than predicted – 
 raising many new questions 

LHC ? 
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 Testing the HI ‘Standard Model’ 



l  Hydro passed the first test ! 
ð  many more tests of Hydro and the HI-SM to come…. 

LHC ! 

CERN Press release, November 26, 2010: 
 
‘confirms that the much hotter plasma  
produced at the LHC behaves as a  
very low viscosity liquid (a perfect fluid)..’ 

Disclaimer: very rough guesstimate, assuming geometry not to change between RHIC and LHC 

 Testing the HI ‘Standard Model’ 



First Elliptic Flow Measurement at LHC 
l v2 as function of pt 

ð  practically no change  
   with energy ! 
µ  extends towards  
larger centrality/higher pt ? 

l v2 integrated over pt 
ð  30% increase from RHIC 
ð  <pt> increases with √s 
µ  pQCD powerlaw tail ? 

ð  Hydro predicts increased  
    ‘radial flow’ 
µ  very characteristic  
pt and mass dependence;  
to be confirmed ! 

STAR at RHIC 

+30% 

RHIC 

ALICE 

ALICE 

PRL 105, 252301 (2010) 



RAA = 1 for (very) hard QCD processes 
in absence of nuclear modifications 

Quenching as seen by pt spectra 
l Suppression of high pt particles ( ~ leading jet fragments) 
ð  Minimum RAA ~ 1.5 – 2 x smaller than at RHIC 
ð  Rising with pt ! (ambiguous at RHIC !) 
ð  accuracy limited by pp reference  

  

   

Including CDF data 

0.9 TeV * NLO (2.76 TeV)/NLO(0.9 TeV) 

Data driven Interpolation 
900 GeV & 7 TeV 

or using NLO for change in shape 
7 TeV * NLO (2.76 TeV)/NLO(7 TeV) 



Global observables summary 

•  Energy density > 50 GeV/fm3  

•  Freeze-out volume ~300 fm3 

•  Time scale until decoupling 10 fm/c 

•  Elliptic flow as expected from hydro-dynamical 
calculations 

•  Initial state saturation effects smaller than expected 



Can a Black Hole  
be produced at  
the LHC? 



•  At CM energies above Planck scale, black holes can 
be produced in particle collisions 

•  Naively, the xsection for a BH production is:                    
     with RS the Schwarzschild radius  

•  The production depends on which fraction of available 
parton energy goes into forming the black hole 
(trapped behind horizon) 

 
•  Energy needed  
 
•  Impact parameter < RS (i.e. particles  

 passing within distance smaller than  
 the event horizon) 

! ! "RS
2

s~ MPlank = 1019  GeV



Black Holes evolution and decay 
•  Mini black holes produced at LHC would be light and tiny 

compared to cosmic black holes (~TeV versus ~3 Solar masses) 
•  This means they would be extremely hot (T~100 GeV) and 

evaporate almost instantaneously, mainly via Hawking radiation 

•  Typical decay signature: 
 ~6 ptc for each decay emitted spherically 
  75% quarks and gluons 
  10% charged leptons 
  5% neutrinos 
  5% of photons or W/Z boson 
  new ptc around 100 GeV 

 

BH event  
simulated by CMS 



LHC as a Black Hole Factory 

Drell-Yan γ+X 

Spectrum of BH produced at the LHC w/ subsequent decay into final states tagged with  
an electron or a photon [Dimopoulos, G. Landsberg, PRL 87, 161602 (2001)] 

100 fb-1 

For Planck scale up to ~ 5 TeV, clean and large samples of BH’s at the LHC  



SUSY 
SM extension: each boson(fermion) gets a fermion(boson) “superpartner” which  
differs only in spin  

Gauginos mix to form  
charginos and neutralinos 

0~~
ji χχ ±

•  Offers dark-matter candidate 
•  Offers possibility of force unification 

Some advantages: 

Popular SUSY model: mSUGRA (Minimal Supergravity) 

•  SUSY broken via gravitational interactions 
•  Assuming mass unification at GUT scale reduces vast parameter space to just 5 
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The signal : jets + leptons + missing ET

SUSY at the LHC

(or l+l-, )

DM

DM

Colored particles are 
produced  and they 
decay finally into the 
weakly interacting stable 
particle

High PT jet

High PT jet

[mass difference is large]

The pT of jets and leptons
depend on the sparticle
masses which are given by 
models

R-parity conserving

(or l+l-, )



Simulated event for SUSY 

CSM 



Conclusions 
Alice and the LHC are operating wonderfully  
showing a highly hot, dense and opaque  
medium has been generated 
 
A new and unique era for the exploration of the QCD phase 
diagram just started. The connections with other branches of 
physics are incredibly high and intriguing 
 


