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Why Heavy Ions at the LHC?Why Heavy Ions at the LHC?

QCD is the fundamental theory of strong QCD is the fundamental theory of strong 
interactions. interactions. 

QCD is well studied/tested in the few particles QCD is well studied/tested in the few particles 
and large Qand large Q22–– i.e. in i.e. in perturbativeperturbative limitlimit

Heavy Ions provide a new opportunity to study Heavy Ions provide a new opportunity to study 
QCD in small Q2 and many-particle regime

( ) n
n

nnQCD mtAigFFL ψγψ α
α
μ

μμν
α

α
μν ∑ −−∂/−−=

4
1



2/9/20092/9/2009 Marzia Rosati  Marzia Rosati  -- Iowa State UniversityIowa State University 44

QCD Coupling ConstantQCD Coupling Constant

asymptotic freedom at           
short range / high energy

non perturbative at  
long range/low energy

NPNP HEPHEP
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Matter under Extreme conditionsMatter under Extreme conditions

QuarkQuark--Gluon Plasma (QGP)Gluon Plasma (QGP) is a state of QCD and is considered to be the is a state of QCD and is considered to be the 
primordial matter of the Universe  primordial matter of the Universe  

Quarks and gluons are Quarks and gluons are deconfineddeconfined
ChiralChiral symmetry is restored (quarks are symmetry is restored (quarks are masslessmassless))

HI collisions provide unique opportunity to  study HI collisions provide unique opportunity to  study mattermatter limit of QCDlimit of QCD

Another calculable limit of QCDAnother calculable limit of QCD

–– Asymptotic freedom via high temperatureAsymptotic freedom via high temperature

OnlyOnly matter we can create in the laboratory whose properties are matter we can create in the laboratory whose properties are 
entirely determined by  entirely determined by  fundamentalfundamental, , nonnon--AbelianAbelian interactioninteraction

Normal Nuclear Matter Quark Gluon Plasma

Heat
Compression
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Lattice QCD calculationsLattice QCD calculations
The nature of this bath of The nature of this bath of 
quarks and gluons cannot be quarks and gluons cannot be 
calculated directly with calculated directly with 
Quantum Quantum ChromodynamicsChromodynamics. . 
TeraflopTeraflop--scale computers  scale computers  
simulate equilibrium QCD simulate equilibrium QCD 
(assume thermal system)(assume thermal system)

Predict phase transition:Predict phase transition:

hadrons hadrons ⇒⇒ quark/gluonquark/gluon
(QUARK GLUON PLASMA)(QUARK GLUON PLASMA)3
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10170~
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ForMeVT
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A fundamental “phase transition” that can  be studied in the lab
Direct consequence of asymptotic freedom.
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LHC Heavy Ion ProgramLHC Heavy Ion Program

MachineMachine
EnergyEnergy

E(beamE(beam)=7* Z/)=7* Z/A→√sA→√s = 5.5.TeV/A or 1.14 = 5.5.TeV/A or 1.14 PeVPeV for for PbPb--PbPb

Heavy Ion RunningHeavy Ion Running
Typically 4 weeks/ year Typically 4 weeks/ year 
Luminosity  10Luminosity  1027 27 cmcm--22 ss--11 ((PbPb))

10 kHz rates10 kHz rates

ExperimentsExperiments
ALICE: experiment designed for HIALICE: experiment designed for HI
ATLAS and CMS: have a major and rich HI program    ATLAS and CMS: have a major and rich HI program    

this talkthis talk
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Stages during HI CollisionStages during HI Collision

t  = - 3 fm/c t  = 0

hard collisions

t  = 1 fm/c

pre-equilibrium

t  = 5 fm/c

QGP

t  = 10 fm/c

hadron gas

t  = 40 fm/c

freeze-out
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What Have We Learned from RHICWhat Have We Learned from RHIC

Au+Au collisions @ 200 Au+Au collisions @ 200 GeVGeV/N/N--N pair produce “matter” N pair produce “matter” 
with energy density > 10 GeV/fmwith energy density > 10 GeV/fm33

~ 10x the critical energy density~ 10x the critical energy density..

This matter induces strong energy loss in hardThis matter induces strong energy loss in hard--scattered scattered 
quarks and gluons.quarks and gluons.

This matter This matter thermalizesthermalizes rapidly and generates large rapidly and generates large 
pressures pressures –– much larger than expectedmuch larger than expected

–– “Ideal Fluid”“Ideal Fluid”

Initial conditions of a heavy ion collision are affected by Initial conditions of a heavy ion collision are affected by 
strong coherent gluon fields in the incident nuclei strong coherent gluon fields in the incident nuclei 
(saturation).(saturation).

Discovering the QuarkDiscovering the Quark--Gluon Plasma is no longer the Gluon Plasma is no longer the 
issue.issue.
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Heavy Ion Physics at LHCHeavy Ion Physics at LHC

LHC: factor 30 jump in center of mass LHC: factor 30 jump in center of mass 
energy with respect to RHICenergy with respect to RHIC

44--10101.51.5-- 4.04.0< 1< 1ττQGPQGP ((fmfm/c)/c)

2x102x10447x107x1033101033VVff(fm(fm33))

1515-- 40403.53.5--10102.52.5εε ((GeVGeV/fm/fm33))

22-- 8  x108  x1033700700430430dNdNchch//dydy

550055002002001717ss1/21/2((GeVGeV) ) 

LHCLHCRHICRHICSPSSPSCentral collisionsCentral collisions

× 3

× 4 -10
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Different technologies but close acceptances – cross-checks possible.
Unprecedented acceptance for A+A physics both in pT and rapidity, with full 
azimuth

The ATLAS and CMS detectorsThe ATLAS and CMS detectors

ECAL, PbWO4
0.0174x0.0174

Inner detector

HCAL (sampling)
0.087x0.087 (HB)
0.087->0.17 (HE)

HFHF

Muon 
Spectrometer

Ca
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r
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r

Inner detector (|η|<2.5)
ECAL  (|η|<3)
HCAL (|η|<3)
HF (3<|η|<5)
Muon (|η|<2.4)
Castor (5<|η|<6.7)
ZDC (|η|>8)

CMS:

Inner detector (|η|<2.5)
ECAL  (|η|<3.2)
HCAL (|η|<3.2)
HF (3.2<|η|<5)
Muon (|η|<2.7)
Lucid (5.5<|η|<6)
ZDC (|η|>8)

ATLAS:

CMS graphics by Olga Kodolova
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Heavy Ion Physics Program at LHCHeavy Ion Physics Program at LHC

LHC will accelerate and collide heavy ions at energies far LHC will accelerate and collide heavy ions at energies far 
exceeding the range of existing accelerators:exceeding the range of existing accelerators:

A hotter and longer lived A hotter and longer lived partonicpartonic phasephase
Extended Extended kinematickinematic reach for pp, reach for pp, pApA, AA, AA
New experimentally accessible hard probes New experimentally accessible hard probes 

Some examples of what we hope to do:Some examples of what we hope to do:
First 15 min of running at low luminosity ~ 10First 15 min of running at low luminosity ~ 1055

events:events:
global event properties and global event properties and hadronichadronic observablesobservables

multiplicitymultiplicity
elliptic flowelliptic flow

first few days of running ~ 10first few days of running ~ 1077 events:events:
highhigh--pt, heavy flavorpt, heavy flavor

jet quenching, photon, heavyjet quenching, photon, heavy--flavourflavour energy lossenergy loss
quarkoniumquarkonium productionproduction
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GLOBAL EVENT PROPERTIES:GLOBAL EVENT PROPERTIES:
Characterize gross properties of initial state
Test saturation predictions
Probe early collective motion
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Charged Particle Density Charged Particle Density vsvs c.mc.m. energy. energy

First estimate of energy density
Saturation, CGC ?
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Multiplicity measurementsMultiplicity measurements

hit count in pixels 
using dE/dx cutSilicon Hits

CMS

HIJING 
default settings

Pixels hits count

One event

ATLAS
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Collective flow in heavy ion collisionsCollective flow in heavy ion collisions

dN/dφ ~ 1 + 2 v2(pT) cos (2φ) + …

“elliptic flow”

x

y
z
(direction of the 
impact parameter)

d
N

/d
φ

V2

In non central collisions there is large initial spatial 
anisotropy.
The degree to which this translates into momentum space 
is a measure of the pressure gradient

φ= φlab- ψplane
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Flow at RHICFlow at RHIC

• Hydrodynamics with small viscosity 
describes heavy ion reactions

??Linear extra
polation

Hydro Limit

Asymptotic freedom
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Elliptic Flow in ATLAS and CMSElliptic Flow in ATLAS and CMS

ATLAS
Flow included in HIJING 
using parametrization
from RHIC
3 separate methods are 
shown

b=10.7fm

CMS
HYDJET
Flow measured using 
reaction plane and tracker
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Hard ProbesHard Probes

Hard probe rates can be calculated with pQCD
Results with no medium (pp) define the benchmark 
for the probe; 
Results in hot medium and their difference with 
defined expectation provides a characterization 
of the medium.
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Jet TomographyJet Tomography

• Partons are expected to lose energy 
via induced gluon radiation in 
traversing a dense colored medium.
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Discovery of Jet Quenching  at RHICDiscovery of Jet Quenching  at RHIC

Measure using (Leading) high-pT hadrons and 
photons 
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Jet Rates at LHCJet Rates at LHC

•• High High ppTT, large , large 
ratesrates

•• b jets, b jets, didi--jet, jet, γγ--jetjet

•• Also full jet Also full jet 
measurement not measurement not 
leading hadronsleading hadrons

P. Jacobs and M. van Leeuwen
Nucl. Phys A774, 237 (2006) 
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““Full” Jet Measurements at LHCFull” Jet Measurements at LHC

ET
rec vs ET

gen

CMS
Iterative cone (R>=0.5) wit
background subtraction

dNch/dη = 5000

ATLASCone, R=0.4, 
with background 
Subtraction

After subtraction of the “underlying event” background
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Fragmentation FunctionsFragmentation Functions

Well measured fragmentation function both in Well measured fragmentation function both in jjTT
and zand z
Will provide direct access to Will provide direct access to radiativeradiative energy lossenergy loss

ATLAS ATLAS
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Photon measurement at LHCPhoton measurement at LHC

Excellent photon reconstruction will allow direct Excellent photon reconstruction will allow direct 
photon and photon and γγ--jet measurements:jet measurements:

ATLAS uses ATLAS uses direct identification in first EM sampling 
layer through shower shape
CMS uses Photon reconstruction with Island Algorithm 
and Photon ID using Multi-Variate Analysis 

ATLAS
CMS
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DeconfinementDeconfinement

r√σ

V(
r )
/√
σ

Lattice QCD calculation

Color Screening

cc

Different Quarkonia states test the degree of color 
screening and measure the temperature.

LLattice QCD makes a 
clear prediction for 
the onset of 
deconfinement.

T
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J/J/ψψ suppression at RHICsuppression at RHIC

Smooth Smooth 
suppression with suppression with 
increasing increasing 
collision centralitycollision centrality
Forward rapidity Forward rapidity 
more suppressed more suppressed 
than midthan mid--rapidityrapidity
very similar 
suppression at 
RHIC and SPS...

N
uc

le
ar

 S
up

pr
es

si
on

 F
ac

to
r

R
at

io
 B

lu
e 

/ R
ed



2/9/20092/9/2009 Marzia Rosati  Marzia Rosati  -- Iowa State UniversityIowa State University 2828

J/J/ψψ Measurement at the LHCMeasurement at the LHC

both muons
with |η|<2.4

Mass resolution 
68 MeV/c2 Mass resolution 

35 MeV/c2

~100k J/ψ per month,
tagging method

ATLAS

CMS

Expected rate
(per month,10

6
s, 0.5 nb

-1
):

J/ψ ~ 180 kevents
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Upsilon Measurement at LHCUpsilon Measurement at LHC

0.25 nb-1

|η|<1

mass resolution, 125 MeV

mass resolution, 54 MeV|η|<2.4

ATLAS CMS

Y ~ 25 kevents,
Y' ~ 7 kevents,
Y'' ~ 4 kevents

Upsilon rates in 1 month of running: 
(at nominal luminosity)
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ConclusionsConclusions

The LHC with Heavy Ions is a fantastic discovery The LHC with Heavy Ions is a fantastic discovery 
machine with a very rich Physics program:machine with a very rich Physics program:

The first 15 minutes; LThe first 15 minutes; Lintint=1=1μμbb--11

Event multiplicity, elliptic flowEvent multiplicity, elliptic flow
The first month; LThe first month; Lintint=0.1=0.1--1nb1nb--11

Rare high pRare high ptt processes: jets, processes: jets, quarkoniaquarkonia

ATLAS and CMS have unprecendented capabilities to ATLAS and CMS have unprecendented capabilities to 
make measurements over a large kinematic range for make measurements over a large kinematic range for 
important signatures of the Quark Gluon Plasmaimportant signatures of the Quark Gluon Plasma

The experiments will be commissioned and ready The experiments will be commissioned and ready 
(thanks to the proton run)(thanks to the proton run)

Important Important results results already from the very already from the very startstart of running of running 
with nuclear beamswith nuclear beams


