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InterazioniInterazioni  di di partoni partoni adad
alta energia nellaalta energia nella

materiamateria
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ProgrammaProgramma::

                -Interazioni nucleo-nucleo ultrarelativistiche-Interazioni nucleo-nucleo ultrarelativistiche: : motivazionimotivazioni

        -Stato         -Stato del del programma sperimentaleprogramma sperimentale

        -Proprieta di         -Proprieta di un plasma un plasma di di quark e quark e gluonigluoni

                -Jets e jet quenching-Jets e jet quenching  nelle collisioni nucleo-nucleonelle collisioni nucleo-nucleo

        -Perdita di energia dei partoni         -Perdita di energia dei partoni per per collisione collisione e pere per
                    radiazione di gluoniradiazione di gluoni

        -Confronto         -Confronto con con gli analoghi processi elettromagneticigli analoghi processi elettromagnetici::
                    dead cone effectdead cone effect
                    regime regime Bethe-Heitler Bethe-Heitler e e Landau-Pomeranchuk-MigdalLandau-Pomeranchuk-Migdal

        -Perdita di energia dei         -Perdita di energia dei quark quark pesantipesanti

        -Problemi aperti         -Problemi aperti per LHCper LHC
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Lattice QCDLattice QCD

 zero baryon density, 3zero baryon density, 3
flavoursflavours

 rapid change around rapid change around TTcc

 TTcc  = 170 = 170 MeVMeV::
→→  εεcc  = 0.6 GeV/fm= 0.6 GeV/fm33

 at at TT~1.2 ~1.2 TTcc    settling atsettling at
about 80%  of the Stefan-about 80%  of the Stefan-
Boltzmann value for anBoltzmann value for an
ideal gas of q,q g (ideal gas of q,q g (εεSBSB))

3 flavours; (q-q)=0

 In lattice QCD,  non-perturbative problems are treated by
discretization on a space-time lattice.
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 How can we compress/heat matter toHow can we compress/heat matter to
such cosmic energy densities?such cosmic energy densities?

 By colliding two heavy nuclei atBy colliding two heavy nuclei at
ultrarelativistic ultrarelativistic energies we hope to beenergies we hope to be
able to recreate, for a short time spanable to recreate, for a short time span
(about 10(about 10-23-23s, or a few fm/c) thes, or a few fm/c) the
appropriate conditions for appropriate conditions for deconfinementdeconfinement
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                                                        Laboratory

2. The energy of collision
is materialized into quarks
and gluons

1. Accelerated ions will
collide head on

The mini Big BangThe mini Big Bang

3. Quarks and gluons
interact via the strong
interaction: matter
equilibrates

v/c = 0,99999993
Lorentz Contraction : 7 fm → 0,003 fm 

t~10-24 s
T~5×1012 K

4. The system expands
and cools down

5. Quarks and gluons
condense into hadrons

t~10-23 s
T~1012 K
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QCD QCD ThermodynamicsThermodynamics

We are here

The Big Bang started
 here

And we will study
this trajectory

Pb collisions at LHC
will take us there
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• 27 km circumference
• 40 m underground
• Cryogeny at 1.9 K

 Accelerates p @ 7×10Accelerates p @ 7×101212 eV & ions @ 2,76×10 eV & ions @ 2,76×101212 eV (99.999993% c) eV (99.999993% c)
 ~10~1088 ions cross 10 ions cross 1088 ions 10 ions 1066 times every second times every second
 8,000 collisions every second, out of which 1% produce 8,000 collisions every second, out of which 1% produce  ” ”extraordinaryextraordinary””

eventsevents
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SPS: two SPS: two ““historichistoric”” QGP signatures QGP signatures

 J/J/ψψ
suppressionsuppression
NA50, NA60NA50, NA60

NA50
NA57

 HyperonHyperon
enhancementsenhancements
WA97, NA49,WA97, NA49,
NA57NA57
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Proprieta Proprieta di un di un gasgas
ideale ideale di quark e di quark e gluonigluoni

Potenziale chimicoPotenziale chimico
Densita Densita di quark e di quark e gluonigluoni
Densita Densita di di energiaenergia
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Potenziale_chimico.jpg
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A A word word of warning!of warning!
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A A glimpse at glimpse at RHICRHIC
resultsresults
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Strangeness at RHICStrangeness at RHIC

(sss)

(qss)

(qqs)

The strangeness “enhancement” is weaker than at SPS
energy, as expected from chemical equilibrium paradigm!
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NotNot  everything is better at RHIC !everything is better at RHIC !

(sss)

(qss)

(qqs)

Multi-strange baryon enhancement probes chiral symmetry restoration
(disappearance of QCD quark mass) and quark deconfinement

NA57
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Jets & jet Jets & jet quenchingquenching
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α
s(Q

2 )

√Q2

Running of αs

⇒ no free quarks or gluons

distance) (longsmallasdiverges 2
!Qs"

The origin of jets: high
energy quarks and gluons
dress themselves in a
spray of hadrons



3434

 In QCD, the field lines are compressedIn QCD, the field lines are compressed
into a into a ““flux tubeflux tube”” (or  (or ““stringstring””) of constant) of constant
cross-section (~fmcross-section (~fm22), leading to a long-), leading to a long-
distance potential which grows linearlydistance potential which grows linearly
with with rr:: krVlong = with k ~ 1 GeV/fm

Confining potentialConfining potential
QED

QCD
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String breakingString breaking

 If one tries to pull theIf one tries to pull the
string apart, when thestring apart, when the
energy stored in theenergy stored in the
string (string (k rk r) reaches the) reaches the
point where it ispoint where it is
energetically energetically favourablefavourable
to create a to create a qq qq pair, thepair, the
string breaksstring breaks……

 ...and one ends up with...and one ends up with
two two colour-neutralcolour-neutral
strings (and eventuallystrings (and eventually
hadrons)hadrons)

[illustration from Fritzsch]
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( ) ( ) ( )222

3

3

,
ˆ

,, QzD
dt

d
QxfQxf

dp

d
E cch

cdab

bBbaAa !!!"
#$$

Jet and hadron productionJet and hadron production

Factorization:
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Hadrons to partons: jet reconstructionHadrons to partons: jet reconstruction

cone
R

Fragmentation:

z hadron

parton

p

p
!

How to re-associate hadrons to
reconstruct the partonic kinematics?

experiment measures fragments
of partons: hadrons and
calorimeter towers (clusters of
hadrons)

pQCD theory calculates partons

Apply “same” jet clustering
algorithm to data and theoretical
calculations

no unique prescription
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p+p+pbar pbar →→  dijet dijet at at TevatronTevatron
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          Aspetti   sperimentali    del     JET   Finding

              LEP                                                     RHIC
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Inclusive jet production Inclusive jet production vs  vs  pQCDpQCD

http://www-cdf.fnal.gov/physics/new/qcd/ktjets/ktjets.html

Good agreement over nine orders of magnitude
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InclusiveInclusive hadron hadron
yields in 200 GeVyields in 200 GeV

Au+AuAu+Au

pT (GeV)

PHENIX

PHOBOS
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High High ppTT  suppressionsuppression

 High High ppTT  particleparticle
production expectedproduction expected
to scale with numberto scale with number
of binary NN collisionsof binary NN collisions
if no medium effectsif no medium effects

 Clearly does not workClearly does not work
for more centralfor more central
collisionscollisions

AApp

AA
AA

1

Yield

Yield

Nbin
R !=
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Partonic energy loss via leading hadronsPartonic energy loss via leading hadrons
-

Energy loss  ⇒ softening of fragmentation ⇒
suppression of leading hadron yield

!"

!

ddpdT

ddpNd
pR

T

NN

AA

T

AA

TAA
/

/
)(

2

2

=

Binary collision scaling p+p reference
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Inclusive hadrons yields inInclusive hadrons yields in
central Au+Au collisions arecentral Au+Au collisions are

suppressedsuppressed

Qualitatively inconsistent with conventional nuclear effects:
• initial state multiple scattering (“Cronin enhancement”)
• shadowing

Binary Collision scaling

!"

!

ddpdT

ddpNd
pR

T

NN

AA

T

AA

TAA
/

/
)(

2

2

=

Factor 5 suppression:
large effect
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Suppression of fast Suppression of fast pionspions

Phenix preliminary

Central collisons

Peripheral collisons

  

R
AA
=

N
AA

!

N
coll

N
pp

!
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Initial or final state effect?Initial or final state effect?
Initial state?

e.g. gluon
saturation

Final state?
partonic

energy loss

How to discriminate? Turn off
final state ⇒ d+Au collisions
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Inclusive yields not suppressedInclusive yields not suppressed
in d+Auin d+Au

PHENIX

PHOBOS

BRAHMS

STAR

PRL 91, 072302/3/4/5

Hadron suppression in central Au+Au is a final state effect
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Cross check: direct photonCross check: direct photon
productionproduction

Direct γ: dominant channel for pT>10 GeV is Compton process 

q+g → jet+γ

Photon does not carry color charge ⇒ production should
not be suppressed by medium-induced radiation
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Direct photons are not suppressedDirect photons are not suppressed

Photons scale as binary collisions while π0 are suppressed: 
⇒ consistent with partonic energy loss
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Surface emission (Surface emission (““trigger biastrigger bias””))

?

Inclusive measurements insensitive to opacity of bulk
⇒ need coincidence measurements to probe deeper

Eskola et al., hep-ph/0406319

RAA~0.2-0.3 for
broad range of q̂

Large energy loss ⇒
opaque core
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““JetsJets”” via dihadron azimuthal distributions via dihadron azimuthal distributions
p+p → dijet • trigger: highest pT track, pT>4 GeV/c

• Δφ distribution: 2 GeV/c<pT<pT
trigger

• normalize to number of triggers

trigger

Phys Rev Lett 90, 082302
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Dihadrons Dihadrons in in Au+Au Au+Au vs vs p+pp+p
Au+Au peripheral Au+Au central

Near-side: peripheral and central Au+Au similar to p+p
⇒ trigger bias: recoil heads towards core

Strong suppression of back-to-back
correlations in central Au+Au

pedestal and flow subtracted

Phys Rev Lett 90, 082302



5555

Azimuthal Azimuthal Correlations (pp)Correlations (pp)
 In high energyIn high energy

collisions particlescollisions particles
are correlated inare correlated in
azimuth due to jetsazimuth due to jets

 e.g.: at RHIC ine.g.: at RHIC in
proton-protonproton-proton
collisions from STARcollisions from STAR
•• ““triggertrigger”” particle: particle:

4 < 4 < ppTT< 6 < 6 GeV/cGeV/c
•• associated particles:associated particles:

ppTT  > 2 > 2 GeV/cGeV/c

trigger

Adler et al., PRL90:082302 (2003), STAR

near-side

away-side
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Initial or final state effect?Initial or final state effect?
Initial state?

e.g. gluon
saturation

Final state?
partonic

energy loss

How to discriminate? Turn off
final state ⇒ d+Au collisions
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Final state suppression? d+Au Final state suppression? d+Au dihadronsdihadrons

pedestal and flow subtracted

Near-side: p+p, d+Au, Au+Au similar
Back-to-back: Au+Au strongly suppressed relative to p+p and d+Au

Suppression of the back-to-back high pT correlation
in central Au+Au is a final-state effect

Phys Rev Lett 91, 072304
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Jet quenching at RHIC: SummaryJet quenching at RHIC: Summary

Consistent picture: core of reaction volume
is opaque to jets

⇒ surface-biased trigger
     observed jets fragment in vacuum

High pT measurements:
inclusive hadrons suppressed 
direct photons unsuppressed (no color charge)
 near-side dihadron correlations ~unchanged 
 back-to-back dihadron correlations suppressed 
azimuthal modulation of correlations vis a vis reaction plane
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Dihadrons Dihadrons in in Au+Au Au+Au vs vs p+pp+p
Au+Au peripheral Au+Au central

Near-side: peripheral and central Au+Au similar to p+p
⇒ trigger bias: recoil heads towards core

Strong suppression of back-to-back
correlations in central Au+Au

pedestal and flow subtracted

Phys Rev Lett 90, 082302



6060

Jet Jet quenching quenching modelsmodels



6161



6262



6363



6464



6565



6666



6767



6868



6969



7070



7171



7272



7373



7474

Debye Debye lengthlength
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BremsstrahlungBremsstrahlung
elettromagneticaelettromagnetica: : richiamirichiami
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OrigineOrigine  del del ««    dead conedead cone  »»
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Photon/gluonPhoton/gluon
Formation  timeFormation  time
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   ttformform  = 1/(  = 1/(ωω(1 (1 ––  ββ cos( cos(θθ))))

     small      small θθ   t tformform  ≈≈ 2 2ωω/(/(ωω22  θθ00
2 2  + k + ktt

22) ,) ,
     where         where    θθ00 = M/E = 1/ = M/E = 1/γγ   and k   and kt t = = ωω  θθ

       For M = 0 :For M = 0 :    ttformform = 2 = 2ωω/k/ktt
22

 LLformform =  = ββ t tformform and  and λλ determine the radiation determine the radiation
regime in multiple scattering:regime in multiple scattering:

        - L- Lformform <  < λλ(mean free path) (mean free path)  Bethe  Bethe –– Heitler Heitler
    - L    - Lformform >  > λλ   LPM LPM
    - L    - Lformform > L(medium length)  > L(medium length)  factorization factorization



)(

2

2

2

2
2 !"

"

+

#
$

E

M
t form

For a given ω and θ,,  tform is smaller for heavy than for light
quarks thus extending the Bethe-Heitler regime for heavier
quarks and reducing the domain of the LPM suppression

EXAMPLE: for θ=1/γ , tform(heavy) = ½ tform(M=0)
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Landau-PomeranchukLandau-Pomeranchuk
Migdal Migdal (LPM)(LPM)  regimeregime
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QCD QCD bremsstrahlungbremsstrahlung
Sparisce Sparisce la la dipendenza dipendenza da 1/M**2da 1/M**2
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Partonic energy loss Partonic energy loss in ain a
coloured mediumcoloured medium
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Partonic energy loss in a coloredPartonic energy loss in a colored
mediummedium

• Bjorken’s collisional energy loss generates only small effects 
• Is medium-induced bremsstrahlung is more effective?

Bjorken, Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Pegne, Schiff, Levai,
Vitev, Zhakarov, Wang, Salgado, Wiedemann, Armesto…

• Essential physics: radiated gluon decoheres due to multiple
interactions with medium
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Scattering centers = color charges

Density of scattering centers

Range of color force

  

q̂ = ! q2dq2
d"

dq2# $ !" k
T

2 =
µ2

%
f

Scattering power of the QCD medium
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 energy loss energy loss
2

 ˆ  LqCE Rs!"#

Casimir coupling factor
transport coefficient
of the medium

average energy loss distance travelled in
the medium

→ R.Baier et al., Nucl. Phys. B483 (1997) 291 (“BDMPS”)
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RiassumendoRiassumendo
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  Three Three bremsstrahlung bremsstrahlung regionsregions
(BDMPS and N.(BDMPS and N.Armesto Armesto lecture, lecture, Torino Torino 2005)2005)

  Set ωBH= µ2λ= ELPM and ωc = ELPM /(λ/L)2 = µ2 L2
 /

 λ and ignore logs
and constants. We have three regimes in the spectrum:

A) ω<ELPM or tcoh<λ: Bethe-Heitler, incoherent regime, 1 scattering.

B) ELPM<ω<ωc or λ<tcoh<L: LPM regime, Ncoh>1, suppression from
Bethe-Heitler.

C) ω>ωc or tcoh>L: factorization regime, enhancement from LPM.
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Partonic energy loss in a coloredPartonic energy loss in a colored
mediummedium

• Bjorken’s collisional energy loss generates only small effects 
• But medium-induced bremsstrahlung is more effective:

Bjorken, Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Pegne, Schiff, Levai,
Vitev, Zhakarov, Wang, Salgado, Wiedemann, Armesto…

• Essential physics: radiated gluon decoheres due to multiple
interactions with medium
• ΔE sensitive to color-charge density of the medium
• Unique non-abelian feature: system size dependence ΔE ~ L2



What do we learn from inclusive hadron suppression?

Partonic energy loss calculations: observed suppression requires initial density
>~30 times cold nuclear matter density

q 5

GeV
2

fm

fmGeVq 2
0ˆ =

fmGeVq 2
1ˆ =

fmGeVq 2
155ˆ !=

Suppression only supplies lower bound on      ~ densityq̂

4
3

~~ˆ !"glueq

see lectures by Nestor Armesto
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HowHow  large is large is q-hatq-hat??
 Data are described by a large loss parameter for centralData are described by a large loss parameter for central

collisions:collisions:

Larger than expected
from perturbation theory

?

Pion gas

pQGP

Cold nuclear matter

RHIC datasQGP

R. Baier
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Heavy flavour energyHeavy flavour energy
lossloss
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Heavy flavour energy loss?Heavy flavour energy loss?
Energy loss for heavy flavours is expected toEnergy loss for heavy flavours is expected to

be reduced:be reduced:

i)i) Casimir Casimir factorfactor
•• light hadrons originate predominantly fromlight hadrons originate predominantly from

gluon jets,             heavy flavoured hadronsgluon jets,             heavy flavoured hadrons
originate from heavy quark jetsoriginate from heavy quark jets

•• CCRR is 4/3 for quarks, 3 for gluons is 4/3 for quarks, 3 for gluons

ii)ii) dead-cone effectdead-cone effect
•• gluon radiation expected to be suppressed forgluon radiation expected to be suppressed for
θθ < M < MQQ/E/EQQ

[[Dokshitzer Dokshitzer & & KarzeevKarzeev,,  Phys. Phys. LettLett. . B519B519 (2001) 199] (2001) 199]
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Weak decays of charmWeak decays of charm
 typically:typically:

→→ large branching ratio to large branching ratio to kaonskaons::
•• DD++::

 DD++  →→ K K--+X   BR ~ 28 %+X   BR ~ 28 %
 ““goldengolden”” channel: D channel: D++  →→  KK--ππ++ππ++ BR ~ 9% BR ~ 9%

•• DD00::
 DD00  →→ K K--+X   BR ~ 50%+X   BR ~ 50%
 ““goldengolden”” channels: D channels: D00  →→ K K--ππ++  BR ~ 4% ; D  BR ~ 4% ; D00  →→  KK--ππ++ππ++ππ--  BR ~ 7%BR ~ 7%

 WW±±  branchingsbranchings::

→→ large large semileptonic semileptonic branching ratio, typical ~ 10%branching ratio, typical ~ 10%
~ 10% heavy ~ 10% heavy flavour flavour hadrons give in final state an ehadrons give in final state an e±± (and ~ (and ~

10% a µ10% a µ±±) ) (and with a respectable (and with a respectable ppTT...)...)
[[Armesto Armesto et al., Phys. Rev. D69 (2004) 114003]et al., Phys. Rev. D69 (2004) 114003]

cc ss’’

WW++
dsdss

CC
22.097.0sincos' !"!= ##

cc ss’’

WW++
uu

dd’’
ee++

ννee

µµ++

ννµµ

bb cc

WW--

(similarly:                       )(similarly:                       )

ϑϑCC =  = ““CabibboCabibbo angle angle””
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Heavy-quark energy loss at RHICHeavy-quark energy loss at RHIC

A. Dainese et al, hep-ph/0601107  13 Jan 2006



Heavy quark suppression (QM2005 data)Heavy quark suppression (QM2005 data)
via non-photonic electronsvia non-photonic electrons

STAR talk by J. Bielcik

Data indicate:
  Large suppression of beauty
  …or charm dominance up to electron pT ≈ 10 GeV

Medium density inferred from heavy quark energy loss larger
than from light quark RAA and IAA
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Large Large Collisional energyCollisional energy
lossloss??
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Jets Jets at at RHIC RHIC summaeysummaey
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Jets @ RHIC: summaryJets @ RHIC: summary

• jet structure is strongly modified in dense matter
• consistent with partonic energy loss via induced gluon radiation

medium is very dense: >~ 30 times cold nuclear matter
heavy quark energy loss not understood

• intermediate pT: complex phenomena, interplay between
   bulk medium and hard processes

Open issues:
• differential measurement of ΔE
• shock waves in recoil direction?
• coupling of induced radiation to collective flow?
• direct observation of induced radiation
• accurate accounting of full jet energy
• dependence on color charge (q/g) and quark mass of probe
• ….
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LHCLHC
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Jets in nuclearJets in nuclear
collisions at thecollisions at the

LHCLHC

ATLAS

CMS

ALICE

2007: p+p collisions @ 14 TeV
2008: Pb+Pb collisions @ 5.5 TeV
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 some prediction ...some prediction ...
T

BD

pp

T

BD

AA

coll

T

BD

AA
dpdN

dpdN

N
pR

/

/1
)(

,

,
,

!=

[Armesto et al.: Phys.Rev. D71 (2005) 054027]

charm beauty
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Ratio of heavy/light meson yieldsRatio of heavy/light meson yields
More detailed considerations: multiple scattering fills dead cone;
fragmentation; q vs g color charge

charm/light beauty/light

pT~10-20 GeV/c: light mesons from glue, charm effectively massless
⇒ well-controlled discrimination of color-charge and mass effects

Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027. 
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Fine!Fine!
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