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OUTLINE

First lecture

ÅHeavy ion collisions, forming quark-gluon plasma

Åñthe ridgeò and particle spectra

ÅThe standard model of heavy ion collisions

ÅInitial dynamics (second)

ÅRelativistic hydrodynamics (first)

ÅFreeze-out / hadronic rescattering (not covered)

Second lecture

ÅJets as probes of the medium

ÅInternal jet structure

ÅThe challenge: strong interactions, a bit of string theory
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WHY DO WE STUDY QGP?

Quark gluon plasma in the early universe

ÅHeavy ion collisions, forming quark-gluon plasma

ÅAlso: heavy ion collisions full of surprises J

Strong force ïQuantum Chromo Dynamics

ÅNo doubt about underlying Lagrangian and perturbative QCD

ÅBut QCD non-perturbative and lattice is limited (Euclidean)

ÅRecent: perhaps insights in structure proton?

Strongly interacting quantum matter

ÅQGP may be one of cleanest systems of quantum matter

ÅInteresting properties: low viscosity, fast thermalization

ÅEven connections to high temperature superconductors??
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WHERE DO WE STUDY QGP? RHIC
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A Large Ion Collider Experiment 5
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WHERE DO WE STUDY QGP? LHC

(1/12 months)



WHERE DO WE STUDY QGP?
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Different energies

ÅRHIC: from 3.5 ï100 GeV per nucleon, i.e. top energy ãsNN = 200 GeV

ÅLHC: ãsNN 2.76 and 5.02 TeV for Pb-Pb and 5.02 TeV for p-Pb

Exercise: explain these numbers from pp collisions (7, 8 and 13 TeV)

Exercise: what is the transverse and longitudinal size? (Pb radius ~ 6.7 fm)

Different ions

ÅRHIC: wide variety, d3, Cu64, Au197, also He3, Uranium238 (funny shapes)

ÅLHC: mostly Pb208

ÅAlso interesting: asymmetric collisions, i.e. d-Au or p-Pb

Different observables

ÅQGP maybe one of cleanest systems of quantum matter

ÅInteresting properties: low viscosity, fast thermalization

ÅEven connections to high temperature superconductors??



HOW DO WE STUDY QGP?
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We only see resulting particles



QGP IS ALSO COOL! (OR HOT..)

8
/5

2

Wilke van der Schee, MIT

As close to big bang as we can get (about a millisecond)

ÅTemperatures: 4x1012 ºK or 7x1012 ºF (100.000 hotter than interior sun)

ÅLifetime: 7x10-23 s, size 20x10-15 m

ÅAccelerations: 1031 g

QGP may behave much like a black hole horizon

ÅA fluid-like horizon, in 4+1 dimensions, later moreé

One unfortunate fact

ÅQGP is hottest man-made plasma

ÅUnfortunately cosmic rays have higher ãsNN and are hence even hotter

Figure ESA



ELLIPTIC FLOW: V
2
, 

QGP IS INTERESTING
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How anisotropic is the final state?

ÅIdeal gas/weak coupling

ÅPerfect fluid/strong coupling

K. Aamodt et al, Anisotropic Flow of Charged Particles in Pb-Pb Collisions at ãsNN=5.02 TeV (2016)

Wilke van der Schee, MIT



WHAT IS MEASURED?
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How anisotropic is the final state?

ÅIdeal gas/weak coupling

ÅPerfect fluid/strong coupling

***
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(PSEUDO)RAPIDITY
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Transverse and longitudinal dynamics

ÅNote distinction between space 

and momentum rapidity

ÅBoost invariance: no y-dependence

Bjorken symmetry, simplest model

for expanding plasma

Wilke van der Schee, MIT

Exercise: ALICE measures up to h=5.1, 4cm from beam, how big is the detector? 



RAPIDITY VERSUS PSEUDO -RAPIDITY
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Longitudinal particle spectrum

ÅNo real boost invariance: rapidity dependence Gaussian width 

(~ 2 at RHIC, ~3 at LHC), with Jacobian depending on mass

ÅTheorists prefer y, experimentalists h

Wilke van der Schee, MIT

ALICE, Centrality dependence of the pseudorapidity distribution for charged particles in PbïPb collisions at ãsNN = 2.76 TeV (2013)



RAPIDITY SPECTRUM AT RHIC
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Longitudinal particle spectrum at 19.6, 130 and 200 GeV

ÅSpectrum gets wider at higher energies

ÅCoincidence: pseudo-rapidity very flat at top RHIC energies

ÅInteresting: as a function of h+ybeam they collapse 

(limiting fragmentation, related to saturation (?))

Wilke van der Schee, MIT

PHOBOS, The PHOBOS Perspective on Discoveries at RHIC (2004)



CENTRALITY
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Ions collide with an impact parameter b: centrality

Å0% is head on: highest multiplicity (at mid-rapidity)

Å>50% peripheral: skimming ions

Related to number of participants/spectators

ÅEstimate by Monte Carlo Glauber

ÅSubtleties defining centrality (especially in p-Pb)

Wilke van der Schee, MIT

ALICE, Centrality determination of Pb-Pb collisions at ãsNN = 2.76 TeV (2013)

B. Alver, M. Baker, C. Loizides and P. Steinberg, The PHOBOS Glauber Monte Carlo (2008)



ôTHE RIDGEõ
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Two particle correlator

ÅTrigger particle and response particle

ÅCompare particles in same event versus mixed events 

(to avoid detector effects)

Å̀ jetô contribution, transverse momentum conservation

CMS, Centrality dependence of dihadron azimuthal anisotropy harmonics in PbPb collisions at ãsNN = 2.76 TeV

Wilke van der Schee, MIT



WHAT IS MEASURED?
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How anisotropic is the final state?

ÅIdeal gas/weak coupling

ÅPerfect fluid/strong coupling

***
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ôTHE RIDGEõ
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More fun: average over Dhto extract `flowô

ÅQuantifies response to initial correlations (causality)

ÅNatural explanation is hydrodynamics (more later)

ÅAlso causality in transverse plane

ÅCentrality dependence of v2 is convincing for hydrodynamics

Wilke van der Schee, MIT

exclude short range `jetô: 

ALICE, Elliptic Flow of Charged Particles in Pb-Pb Collisions at ãsNN=2.76 TeV (2016)

particles

Point of last interaction



ôTHE RIDGEõ
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More fun: average over Dhto extract `flowô

ÅQuantifies response to initial correlations (causality)

ÅNatural explanation is hydrodynamics (more later)

ÅAlso causality in transverse plane

ÅCentrality dependence of v2 is convincing for hydrodynamics

Wilke van der Schee, MIT

exclude short range `jetô: 

ATLAS, Measurement of elliptic and higher order flow from ATLAS experiment at the LHC (2011)



ôTHE RIDGEõ
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Preview of small systems, recent excitement

ÅRidge also seen in p-Pb and p-p (at high multiplicity? ïspoiler)

CMS, Centrality dependence of dihadron azimuthal anisotropy harmonics in PbPb collisions at ãsNN = 2.76 TeV

Wilke van der Schee, MIT



ôTHE RIDGEõ
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More fun: average over 4, 6 or 8 particle correlation to get `flowô

ÅTechnique to remove short range correlation (i.e. momentum)

ÅTypical expectation weak coupling: weaker correlations

ÅTypical expectation hydro/strong coupling: `constantô correlations

More non-trivial checks:

ÅMass-ordering of pions/kaons/protons elliptic flow versus pt

ÅParticles produced according to Boltzmann-distribution (more later)

Wilke van der Schee, MIT



THEORETICAL DESCRIPTION
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Standard model of heavy ion collisions

ÅWill start with hydrodynamics

ÅLater: initial pre-equilibrium stage

Wilke van der Schee, MIT



RELATIVISTIC HYDRODYNAMICS

2
2

/5
2

Hydrodynamics is a gradient expansion

ÅStart with homogeneous thermal state moving at constant v

ÅPromote temperature and velocity to field, assuming small variations

Evolution

ÅEquations of motion are conservation equations

ÅExtra input is equation of state and transport coefficients

ÅIn real life: use 2nd order hydrodynamics (causal)

R. Baier, P. Romatschke and D. T. Son, A. Starinets and M. Stephanov, Relativistic viscous hydrodynamics, conformal invariance, and holography (2007)

Wilke van der Schee, MIT



RELATIVISTIC HYDRODYNAMICS
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Hydrodynamic simulations

ÅNeed initial conditions: simple Wood-Saxon shape of nucleus

ÅHas involved a lot of fitting in the pasté

P. Romatschke and U. Romatschke, Viscosity Information from Relativistic Nuclear Collisions: How Perfect is the Fluid Observed at RHIC? (2007)

Wilke van der Schee, MIT



HEAVY ION STATE -OF-THE -ART 

(BJORN SCHENKE )
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Start with energy density from Wood-Saxon profile

ÅFluctuations may follow from glasma/saturation

ÅProfile in rapidity largely put in by hand (BI+cut-off)

Wilke van der Schee, MIT

http://quark.phy.bnl.gov/~bschenke/


PARTICLE MULTIPLICITY å ENTROPY
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Around temperature of 170 MeV QGP cross-over into hadron gas

ÅAfter few scatterings, and many resonance decays: 

free-streaming to detector (freeze-out)

ÅIn local rest-frame particle distribution precisely known (Boltzmann):

Cooper-Frye prescription (on constant temperature hypersurface)

ÅDirect link between entropy

and multiplicity:

Nchå S / 7.5

ÅAlso: entropy approx constant

during hydrodynamic evolution

ÅSubtlety: when anisotropic

also momentum distribution

anisotropic

F. Cooper and G. Frye, Single-particle distribution in the hydrodynamic and statistical thermodynamic models of multiparticle production (1974)

Wilke van der Schee, MIT

Figure NA61



EMULATOR + PRINCIPLE COMPONENT (PCA)
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Likelihood of i.e. h/s, EOS

ÅRequires many 

models * events

Wilke van der Schee, MIT

J. Novak, K. Novak, S. Pratt, J. Vredevoogd, C. Coleman-Smith, R. Wolpert, Determining Fundamental Properties of Matter Created in Ultrarelativistic Heavy-Ion Collisions (2013)

S. Pratt, E. Sangaline, P. Sorensen and H. Wang, Constraining the Eq. of State of Super-Hadronic Matter from Heavy-Ion Collisions (2015)



SUMMARY FIRST LECTURE

Heavy ion collisions are fun, interesting study of QGP

ÅPerhaps most striking: ridge

ÅSuggests hydrodynamic flow

ÅNon-trivial as function of rapidity and centrality

ÅCan be used to estimate viscosity etc

ÅStill several puzzles

ÅHow to get initial conditions for hydrodynamics (Wednesday)

ÅHow to constrain physics more, such as viscosity versus temperature

ÅEffect QGP on jets (Wednesday)

ÅRecent puzzles: is there QGP in proton-proton collisions?
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THEORETICAL DESCRIPTION
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Standard model of heavy ion collisions

ÅNow: initial pre-equilibrium stage

Wilke van der Schee, MIT



INITIAL STAGE
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Hydrodynamics needs initial conditions

ÅEnergy density, velocity, as function of space at initial time

Å(Gradient tensors for 2nd order hydro)

QCD is well understood theory??

ÅPerhaps at weak coupling

Wilke van der Schee, MIT



INITIAL STAGE ðPERTURBATIVE QCD

3
0

/5
2

Many more gluons when probed at high energy

ÅIntuition: at short time scale vacuum fluctuations separated from loops

ÅNow we can treat (loop) gluons as partons, for purpose of scattering

Initial dynamics is governed by classical evolution of Yang-Mills charge

ÅMuch like coherent photons together are described by Maxwell eqn

ÅSystem dilutes and at weak coupling becomes kinetic theory

Wilke van der Schee, MIT

Edmond Iancu, QCD in heavy ion collisions (2012)



INITIAL STAGE ðPERTURBATIVE QCD
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Typical process of thermalization:

ÅFar-from-equilibrium universal scaling (Berges et al)

ÅKinetic theory towards thermal equilibrium (time of order 1 fm/c)

Wilke van der Schee, MIT

Aleksi Kurkela and Yan Zhu, Isotropization and Hydrodynamization in Weakly Coupled Heavy-Ion Collisions (2015)

Coupling: a



INITIAL STAGE ðSTRING THEORY

A theory of (more than?) everything?
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A Capella Science - Bohemian Gravity! (2013)

Wilke van der Schee, MIT



STRING THEORY

A theory of (more than?) everything?
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https://www.facebook.com/toemovie (The Search for the Theory of Everything)

Wilke van der Schee, MIT

https://www.facebook.com/toemovie


LARGE N GAUGE THEORIES

At strong coupling we can get GR

Gerard ôt Hooft, A planar diagram theory for strong interactions (1974)

Planar limit:

fixed
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THE WORLD AS A HOLOGRAM

A very curious fact: black hole entropy proportional to area!

Thought experiment: collapse entropy to black hole

Intuition: gravity provides UV cut-off in space due to BH formation

Jacob Bekenstein, Black holes and entropy (1973)

Stephen Hawking, Particle creation by black holes (1975)

Gerard ôt Hooft, Black hole quantization and a connection to string theory (1990)
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ADS /CFT
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A Capella Science - Bohemian Gravity! (2013)

Wilke van der Schee, MIT



QUICK GUIDE TO HOLOGRAPHY 
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Juan Maldacena, The large-N limit of superconformalfield theories and supergravity (1997)

Exact equivalence between string theory and quantum field theory

Dictionary:

ÅOriginal: type IIB string theory 

ÅNear-boundary metric of AdS ~ stress tensor 

ÅBlack hole ~ thermal state

ÅFundamental string ~ Quark-antiquark pair

Most famous result: (from black hole horizon)

Also: insights information paradox, fast thermalization, ... (14000+)

Holography synonyms:

AdS /CFT, gauge/gravity duality, 

gauge/string duality
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SU(N): 3 å Ð?

ÅGood for thermal

Quarks?

ÅReplaced by (dominant) gluons

Infinite coupling strength?

ÅBut coupling runs only logarithmicallyé

Theories not the same: 

So maybe not too bad; and with room for improvement J

M. Panero, Thermodynamics of the QCD plasma and the large-N limit (2009)

ARE WE PERHAPS NOT CHEATING 

WITH N=4 SYM?



THE MOST PERFECT LIQUID?
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Famous viscosity:

K. O'Hara, S. Hemmer, M. Gehm, S. Granade and J. Thomas, Observation of a Strongly-Interacting Degenerate Fermi Gas of Atoms, 2002

U. Heinz, C. Shen and H. Song, The Viscosity of Quark-Gluon Plasma at RHIC and the LHC, 2011

Fermions at unitarity Quark-gluon plasma

Wilke van der Schee, MIT



ADS/ CFT VISCOSITY REVISITED?
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S. Ryu, J.-F. Paquet, C. Shen, G. S. Denicol, B. Schenke, S. Jeon, C. Gale, 

The importance of the bulk viscosity of QCD in ultrarelativisticheavy-ion collisions (2015)

New experimental estimate for shear viscosity QGP:

Many caveats applying N=4 SYM to QCD:

ÅInfinite coupling limit (QCD = intermediate coupling?)

ÅSYM vs YM, no confinement, what to collide?, jet production?

Idea: get strong coupling benchmark/intuition + improve model


