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4.1 Parton Energy Loss
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Jet Tomography in A+A Collisions

• Hard parton‐parton scaAerings take place in iniQal phase, 
prior to the formaQon of the QGP

• ScaAered quarks und gluons sensiQve to 
medium properQes: „jet tomography“
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Anology: Energy loss of Charged ParQcles in Normal MaAer

• μ+ on Cu: RadiaQonal energy loss („bremsstrahlung“) starts to dominate over 
collisional energy loss („Bethe‐Bloch formula“) for p >> 100 GeV

• For energeQc quarks and gluons in QCD maAer, radiaQve energy loss 
(induced gluon emission) is/was expected to be the dominant process 

μ Cu
E E´
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The Idea of Jet Quenching due to Collisional 
Parton Energy Loss was Already Formulated in 1982

• Collisional energy 
loss was later 
believed to have only 
a minor effect on jets

• RadiaQve energy loss  
was discussed in the 
literature from 1992 
on by Gyulassy, 
Pluemer, Wang, 
Baier, Dokshitzer, 
Mueller, Pegne, 
Schiff, Levai, Vitev, 
Zhakarov, Wang, 
Salgado, 
Wiedemann, …

…
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Parton Energy Loss – Expected ProperQes

    ΔE∝αsCFq̂L2 Energy loss ΔE in a staQc medium 
of length L for E → ∞ (BDMPS results)

RadiaQve energy loss 
dominant (?):    µ

2 : Typical momentum transfer
from the medium to the parton

  λ : Mean free path

    
q̂ =

µ2

λ
Medium parameter 

Energy loss for gluon jets
larger than for quark jets 

   
CF =

3
4 / 3 

   for gluon jets
    for quark jets

⎧
⎨
⎪⎪
⎩⎪⎪

L2 dependence:
Non‐abelian nature of 
QCD + quantenm. interference 

Nucl.Phys.B483:291‐320,1997
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Parton Energy Loss: Why ΔE ∝ L2 ?

Probability for radiaQng a gluon:

Coherent gluon wave funcQon accumulates transverse momentum kT. 

Number of scaAerings with momentum transfer kT unQl it decoheres:

Total energy loss:

  ∝ L

   ΔE∝ L2

  ∝ L
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RelaQon between Transport Coefficient and
Energy Density of the Medium 

•     increases smoothly with 
energy density

• Nuclear maAer

ideal qgp
hot, massless pion gas

cold pion gas
• QGP (and hot hadron gas): 

Medium characterized by
(Momentum transfer per mean free path)

   q̂nuclear matter < 0.5−1 GeV2 / fm

   q̂qgp  q̂nuclear matter

  q̂ = µ 2 / λ

energy density (GeV/fm3)

  q̂ 
(G

eV
2
/fm

)
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Parton Energy Loss in an Expanding Medium

Medium parameterized 
by iniQal gluon densiQy

Transverse area
(AT ~ R1/3 für b = 0)

Energy loss becomes linear in L
in case of Bjorken expansion

Energy loss becomes linear in L for 1D Bjorken expansion

    
ΔE =−Cαs

3 9π
4

1
AT

dNGluon

dy
L ln 2E

µ2 L
+ ...

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

z
Taking into account the expansion of 
the fireball (Bjorken Model):

1D Bjorken expansion

parton
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Medium‐Modified FragmentaQon FuncQons (I)

energy
lossparton

hadron h, 
energy

Prob. Distr. for parton 
energy loss ε (“Quenching weight”)

Consider fixed parton energy loss ε:

Average over energy loss probability:
Hadrons resulQng
from gluon 
bremsstrahlung
neglected

    

z =
Eh

(1−ε)Eq

, x =
Eh

Eq

=
x

(1−ε)

    

dn
dx

=
dn
dz
⋅

dz
dx

= Dh / q (z,Q2 ) ⋅ 1
1−ε

    (1−ε)Eq Eq

   P(ε)   Dh / q (z,Q2 )

    
Dh / q

med(x,Q2 ) = dεP(ε) Dh / q ( x
1−ε

,Q2 ) 1
1−ε

0

1

∫

Parton energy loss can be conveniently included in a pQCD calculaQon
via modified fragmentaQon funcQons
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Medium‐Modified FragmentaQon FuncQons (II)

FragmentaQon funcQon
u → π for a medium with 
L = 7 fm and various 
gluon densiQes 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Quenching Weights (I)

quenching weight

probability to have no induced gluon radiation

continuous quenching weight

Note that P(ΔE) is a generalized 
probability which can take negative 
values as long as this equation holds  

taken from PhD thesis of C. Loizides    p0 as function of q̂ in the limit E→∞ :
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Quenching Weights (II): ConQnuous Weight

taken from PhD thesis of C. Loizides 

These quenching weights hold for parton energies E → ∞
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Parton Energy Loss in the Limit E → ∞

More realisQc models need to take finite parton energies into account
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Energy loss in the GLV Formalism 
for Pb+Pb at the LHC

energy loss # radiated gluons

Central Pb+Pb at √sNN = 5500 GeV: L ≈ 6 fm, dNg/dy = 2000, 3000, 4000

I. Vitev, Phys.Lett.B639:38-45,2006 

∆Egluon / ∆Equark = 9/4  only in the limit E → ∞
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RadiaQve vs. Collisional (i.e., ElasQc) Energy Loss 

• ∆EradiaQve > ∆Ecollisonal for 
u, d as well as c quarks 
with E > 10 GeV

• ∆EradiaQve ≈ ∆Ecollisonal for 
b quarks

Wicks, Horowitz,  Djordjevic Gyulassy,
Nucl. Phys. A784, 426‐442
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4.2 Point‐like Scaling
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• Calculate increase of the effecQve luminosity of nucleons (and partons, 
respecQvely) based on known nuclear geometry

• Result:
ParQcle yields scale with the average number 〈Ncoll〉 of inelasQc nucleon‐
nucleon collisions in the absence of nuclear effects 

Only change
compared to p+p

ExpectaQon for ParQcle Yields from Hard ScaAering 
Processes in A+A collisions  

    

dNhart
A+B

dpT

= TAB ⋅
dσhart

p+ p

dpT

    TAB = Ncoll / σNN
unel.
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Digression: Luminosity of a Collider

Rate of events for a given physics process: 

Luminosity [(s⋅cm2)-1]

Cross section [cm2]

Event rate [s-1]

If two bunches of parQcles collide with frequency f then : 

Transverse area of the beam

ni: number of particles in bunch i 

Example:
Au+Au at RHIC: L = 2 x 1026 cm-2 s-1

   N = L ⋅σ

    
L = f

n1n2

Abeam

= f
n1n2

4πσxσ y
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EffecQve Nucleon Luminosity: 
The Nuclear Overlap FuncQon

Nuclear thickness:

NormalizaQon:

“nucleon luminosity” in area 

unit: 1/area

 at :

“Total nucleon luminosity” for collisions at impact parameter b 
(nuclear overlap func8on):

Thus, number of interacQons for a process with cross secQon         :  

In particular:

     
TA (s ) := ρA (s , z)dz∫

    
TA (s )d2s∫ = A

  d
2s   

s

    
TAB (b) = TA (s ) ⋅TB (s−


b )d2s∫

    N int (b) = TAB (b) ⋅σint     Ncoll (b) = TAB (b) ⋅σinel
p+p

    dTAB (s ) = TA (s ) ⋅TB (s−

b )d2s

  σint
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Impact Parameter DistribuQon of a A+A collisions

Au+Au at √sNN = 200 GeV
500 000 Glauber MC 
collisions

slope: 2π

Analytic approximation:Glauber MC:

Total cross section:

probability for an inelastic 
A+B collision at impact 
parameter b  

   σinel
Au+Au@200GeV ≈ 6.9 b

22



     High‐Energy Collisions with Alice: Jets in Nucleus‐Nucleus Collisions                                                    Klaus Reygers

InelasQc p+p Cross SecQon p+p 

b

Naive expectaQon for the order of magnitude of  the p+p cross secQon:

√s (GeV) σinel(p+p)

17.2 32 mb

200 42 mb 

5500 72 mb

σinel ≈ 42 mb 
at √s=200 GeV

  σ geo = π ⋅bmax
2 = π ⋅ (2rProton )2 = π ⋅ (1, 6 fm2 ) = 80 mb

 1 b = 10−28  m2, 1 fm2 = 10−30m2 = 10 mb

 σ inel = σ total − σ elastic
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• 〈Ncoll〉 from Glauber Monte‐Carlo  

calculaQon

• In the absence of nuclear effects:
RAB = 1 at high pT  (pT > 2 GeV/c)

“no medium effects”
RAB = 1

RAB

RAB < 1

                            pT (GeV)

Nuclear ModificaQon Factor

   

RAB ( pT ) =
d2 N / dpTdy

A+B

Ncoll ×d2 N / dpTdy
p+ p
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Glauber Monte‐Carlo Approach

• Nucleons of both nuclei randomly 
distributed in space according to 
Woods‐Saxon distribuQon

• Impact parameter b drawn from 
distribuQon dσ/db = 2πb

• Collision between two nucleons 
take place if their distance d in the 
transverse plane saQsfies

 〈Npart〉 and 〈Ncoll〉 through 
simulaQon of many A+B 
collisions (typically ~ 106)

Au+Au bei √sNN = 200 GeV

  d ≤ σ inel
NN / π

parQcipants

spectators
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Examples of Glauber‐MC  Events (I)

Au+Au bei √sNN = 200 GeV

Side view: Transverse plane:
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Examples of Glauber‐MC  Events (II)

Au+Au at √sNN = 200 GeV

Side view: Transverse plane:
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Npart und Ncoll vs. Impact Parameter

〈Npart(b)〉

〈Ncoll(b)〉

Approximate relaQon between Npart and Ncoll:    Ncoll ∝ Npart
4/ 3
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4.3 ParQcle Yields and Direct Photons at High‐pT
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How Can One Study Jet ProducQon?

• Measurement of parQcle mulQpliciQes at high pT
• Measurement of two‐parQcle angular correlaQons

• Jet reconstrucQon on single event basis
‣ Possible in            collisions at the Tevatron

‣ Very difficult in central nucleus‐nucleus collisions at RHIC due to large 
parQcle mulQplicity from underlying event

‣ SituaQon improves significantly in central Pb+Pb at the LHC due to 
the increased cross secQon for jet producQon
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Cronin Effect in p+A Collisions

Proton-Nucleus Collisions: p+A Collisions:
Nuclear modificaQon factor 

RpA > 1, at intermediate pT, 

before RpA = 1 is reached in the limit 

of very high pT

Common explanaQon of the 
Cronin effect: 
MulQple so{ scaAering in p+A 
leads to addiQonal transverse 
momentum kT
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π0 spectra in p+p‐ and Au+Au Collisionen

peripheral:
Ncoll = 12.3 ± 4.0

central
Ncoll = 955 ± 94

Strong suppression of the π0 spectrum in central 
Au+Au collisions relaQve to Ncoll‐scaled p+p spectrum
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π0 ProducQon in Au+Au Collisions 
at √sNN = 200 GeV

  Au+Au at sNN = 200 GeV

Factor 5
suppression!

T

Strong suppression in central collisions

Discovery:    PHENIX, PRL 88, 022301  (2002) 
Most recent: PHENIX, PRL 101, 232301 (2008
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AlternaQve ExplanaQon: Effects of Cold Nuclear MaAer ?

• Hadron suppression e.g. due to strong modificaQon of parton 
distribuQons in heavy nuclei (iniQal state effects)? 

• Example: Color Glass Condensate Model
‣ Fewer gluons in wavefuncQon of incoming Au nuclei 
‣ Result: Fewer hard parton‐parton scaAerings

and therefore fewer parQcles at high pT
‣ Hadron suppression in Au+Au can be described!

• Control Measurements
‣ Hadron producQon in d+Au

‣ High‐pT direct photons in Au+Au 

Kharzeev, Levin, McLerran,
Phys.LeA. B 561, 93 (2003) 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Cold Nuclear MaAer Effects studied at RHIC with d+Au 

nucl-ex/0610036

d+Au     π0
RdA ≈ 1: 
Cold nuclear matter effects
are small at √sNN = 200 GeV 

200 GeVNNs =
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Centrality Dependence of RAA in d+Au and Au+Au

Au + Au Experiment d + Au Control Experiment

Preliminary DataFinal Data

Upshot: Effects of cold nuclear maAer cannot explain the suppression in central A+A
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Direct Photons at high pT

• ProducQon of direct photons and 
hadrons at high pT sensiQve to the 
same parton luminosity

• Direct photons escape the medium 
unscathed

αs
αs

α
αs

Example:
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Photon Sources in A+A Collisions

• Direct photons from hard 
scaAering dominate at high pT

• Experimental challenge:  
Background from hadron 
decays, e.g.
π0 → γ+γ, η → γ+γ

• Method:
γdirect = γtotal – γdecay hard:

thermal:

Decay photons
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Direct Photons in Au+Au

QCD + Ncoll scaling describes 
direct photon spectra in Au
+Au

Au+Au bei √sNN = 200 GeV

Phys.Rev.Lett.94:232301,2005
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A Further Important Result:
Evidence for Thermal Photons in Au+Au

• Direct γ‘s via internal conversion
• p+p:

Direct γ‘s consistent with pQCD
• Au+Au:

‣ Excess above scaled p+p  
for pT < 3 GeV/c 

‣ Shape: exp(-pT/T) with 
T = (221 ± 23 ± 18) MeV

• A real breakthrough!PHENIX, arXiv:0804.4168v1

Internal conversion
(Example: Compton scaAering)

40



     High‐Energy Collisions with Alice: Jets in Nucleus‐Nucleus Collisions                                                    Klaus Reygers

Nuclear ModificaQon factor for direct Photons

Factor 5 suppression

energy loss
for q and g

No energy
loss for γ‘s

Hadrons are suppressed whereas direct photons are not:
Evidence for parton energy loss (as expected in the QGP)  

   

RAB =
dN / dpT A+B

Ncoll ×dN / dpT p+p
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Centrality Dependence of π0 and Direct Photon 
ProducQon in Au+Au at √sNN = 200 GeV

Direct photons follow Ncoll scaling expected for hard processes 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More Recent Data with Higher StaQsQcs

Possible ExplanaQons for direct photon suppression at pT ≈ 18 GeV/c:

• Proton/neutron difference

• ModificaQon of parton distribuQon (EMC effect?)

• Quenching of fragmentaQon photons 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Direct and FragmentaQon Component

di
re

ct
fr

ag
m

.

NLO pQCD calculation by W. Vogelsang (p+p at √s=200 GeV)
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Jet Quenching: QuanQfying the Stopping Power of the Medium

without parton energy loss 

Wang
Wang

Levai

Levai

Vitev

Au+Au at √sNN = 200 GeV

• Data imply
‣ high initial gluon density

‣ high energy density

• Energy loss for a 10 GeV quark: 

with parton energy loss 

   dNGluonen / dy≈1000 ± 200

    ε>10 GeV/fm3
 εc

   ΔE = 1, 5−2 GeV
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ParQcle ComposiQon at Intermediate pT:
Unusually Large p/π RaQo for 2 < pT < 6 GeV/c

• For a parton that hadronizes in the vacuum a{er traversing the medium 
(A+A collision), parQcle raQos should be similar to those in d+Au or e++e‐ 

• This is indeed approximately true for pT > 6 GeV/c 

• 2 < pT < 6 GeV/c: quark coalescence ?
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What’s going on at Intermediate pT (~2 < pT < ~6 GeV/c) ?

Coalescence of quarks from the QGP is a conceivable
model for hadronizaQon at intermediate pT:
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Different Physical Pictures at Different pT Ranges in 
Heavy‐ion Collisions

? LHC (?)

RHIC

SPS?

Statistical
hadronization

Recombi-
nation

Jet
physics

Berndt Mueller,
Quark Matter 2008

pT ≈ 6 GeV/c
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4.4 Further Tests of Parton Energy Loss
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Is Parton Energy Loss Really the Correct ExplanaQon?

parton energy loss

Dependence of hadron
suppression
on centrality and 
mass number A

Dependence on parton species:

   ΔEGluon >ΔEQuark ,m=0 >ΔEQuark ,m≠0

Dependence on 
path length L

Dependence on parQcle 
species (direct photons,
different hadron species)

Dependence on CMS 
energy √sNN

pT dependence of
hadron suppression
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Dependence of the Suppression on the Size of the Nuclei:
π0 RAA in Au+Au and Cu+Cu at √sNN = 200 GeV

Approximately same RAA in Au+Au 

and Cu+Cu for similar Npart values in 
accordance with jet quenching 
models
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√sNN Dependence of Parton Energy Loss

QGP ⇒
⇐ Suppression of hadrons at high pT 

Onset of hadron suppression at a 
certain √sNN,min?

How do properQes of the created 
QGP depend on √sNN?
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Cu+Cu at √sNN = 22.4, 62.4 and 200 GeV

Phenix, Physical Review Letters 101,162301 (2008)

62.4 and 200 GeV
Consistent with parton
energy loss model
for pT > 3 GeV/c

22.4 GeV
• No suppression
• Enhancement consistent 
with a calculaQon that
describes Cronin effect 
in p+A 

In Cu+Cu parton energy loss starts to prevail over 
Cronin enhancement between √sNN = 22.4 GeV und 62.4 GeV
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√sNN Dependence of RAA : 
RAA in Pb+Pb Collisions at the CERN SPS (√sNN = 17.3 GeV)

High pT pion suppression even at SPS,  but only in 
very central Pb+Pb collisions (Npart > 300)

WA98, Physical Review LeAers  100, 242301 (2008)
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Energy Dependence of RAA in central Pb+Pb (Au+Au):
√sNN = 17.3, 62.4 and 200 GeV

Same observaQon as in lighter system (Cu+Cu): 
Suppression sets in between √sNN = ~ 20 GeV und 62.4 GeV
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Pathlength Dependence:
Studying the ReacQon Plane Dependence of RAA

• Pathlength in the medium is longer 
in the out of plane direcQon

• RAA expected to smaller ou of 
plane, indeed observed

pT (GeV/c)

R A
A

0 < Δφ < 15°

75° < Δφ < 90°

In plane

Out of 
plane

reaction plane

Δφ
0 < Δφ < 15°

75° < Δφ < 90°

π0
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π0 RAA as a FuncQon of the Angle w.r.t. the ReacQon Plane:

Centrality Dependence

NPart

R A
A

 in-plane

 
 out-of-plane

• Constrain dependence of parton energy 
loss on geometry/path length

• Unfortunately, this doesn’t disQnguish 
between different theoreQcal 
approaches so far (talk Majumder)
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Heavy Quark Energy Loss

Dead Cone Effect:

• Gluon emission at small angles suppressed for heavy quarks

• Consequence: Energy loss for heavy quarks expected to be smaller

Dokshitzer & Kharzeev, 
PLB 519(2001)199
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Heavy Quark Energy Loss:
Measurement of Charm ProducQon via Electrons

• Observable:
Excess electrons a{er subtracQon of 
trivial sources (γ conversion, 
π0 Dalitz decay [π0→e+e‐], …)

• Electrons from decay of charm and 
boAom quarks dominant source of 
excess electrons 

 D meson reconstrucQon via Kπ channel 
requires good secondary vertex 
reconstrucQon:

   

1< pT < 3GeV/c: 
dominated by c decay

pT > 4GeV/c: 
dominated by c and 
b decays

    D
0 (cu)→ K−(su) + e+ +νe

  

D+ /− : cτ = 312 µm
D0 : cτ = 123 µm

  
Llab = v ⋅ γ ⋅τ = β ⋅ γ ⋅ cτ =

p
mc

⋅ cτ
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Excess Electrons in p+p at √s = 200 GeV

PerturbaQve QCD calculaQon 
(FONLL = Fix‐order‐next‐to‐
leading‐log) in agreement with 
measurement within systemaQc 
uncertainQes
 

PRL 97, 252002 (2006) 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Excess Electrons in Au+Au at √sNN = 200 GeV:

As Strongly Suppressed as Pions

FONLL calculation scaled by TAB

e± from heavy flavor

Electrons from heavy quarks as 
strongly  suppressed in central Au+Au 
as pions
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Centrality Dependence of the Electron Suppression

• Total charm yield (i.e. pT > 0.3 GeV/c) scales with TAB as expected for charm 

producQon in hard processes

• High pT >  4 GeV/c charm yields appear to be suppressed in central Au+Au collisions
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Excess Electrons in Au+Au at √sNN = 200 GeV:

Not Really Understood with Current Energy Loss Models

PHENIX

Parton energy loss calculation

 RadiaQve energy loss not sufficient to describe excess electron RAA

 Inclusion of elasQc scaAering improves the situaQon only slightly 

Radiative 
energy loss

Radiative 
energy loss +
elastic scattering
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Is Parton Energy Loss Really the Correct ExplanaQon?

parton energy loss

Dependence of 
hadron suppression
on centrality and 
mass number A

Dependence on parton species:

   ΔEGluon >ΔEQuark ,m=0 >ΔEQuark ,m≠0

Dependence on 
path length L

Dependence on parQcle 
species (direct photons,
different hadron species)

Dependence on CMS 
energy √sNN

pT dependence of
hadron suppression

✓

✓

✓

Open
questions

open

some open questions
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4.5 Two‐ParQcle Azimuthal CorrelaQons
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Two‐ParQcle CorrelaQons

• Angular correlaQons around 0° as 
in p+p 

• Suppression of angular correlaQons 
around 180°

Expectation in jet quenching 
scenario:
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Two‐ParQcle CorrelaQons in p+p

• Trigger parQcle: pT > 4 GeV/c

• Associated parQcle: pT > 2 GeV/c
p+p → 2 Jets

Triggerteilchen

Triggerteilchen
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Two‐ParQcle CorrelaQons in A+A 

pp →jet+jet STAR

Trigger particle with high pT > pT cut 1 

Δφ to all other particles 
            with pT > pT cut-2 

Au+Au →??? 

0 π/2 π Δφ  
0

yi
el

d/
tr

ig
ge

r

p+p

yi
el

d/
tr

ig
ge

r

0 π/2 π Δφ 
0

Au+Au

random background
elliptic flow

   Δφ      0 π/2 π

0

yi
el

d/
tr

ig
ge

r
Au-Au

statistical background subtraction

suppression?
Jet correlations in Au-Au via
statistical background subtraction 

68



     High‐Energy Collisions with Alice: Jets in Nucleus‐Nucleus Collisions                                                    Klaus Reygers

Two‐ParQcle CorrelaQons in Au+Au at √sNN = 200 GeV 

• No jet correlaQon around 180° in central Au+Au
• Consistent with jet quenching picture

Au+Au peripheral Au+Au central

background and ellip. flow subtracted

PRL 90, 082302 (2003) Trigger particle: pT > 4 GeV/c
Associated particle: pT > 2 GeV/c
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Dependence of the Away‐side Peak on Angle w.r.t. 
the ReacQon Plane

Stronger suppression at Δφ = 180° if jet axis is perpendicular
to reacQon plane, in line with jet quenching scenario.

STAR PRL 93, 252301
20-60% central

In-plane

Out-of-plane
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Two‐ParQcle CorrelaQons: Towards higher pT

• Trigger parQcle: pT > 8 GeV/c

• Associated parQcle: pT > 6 GeV/c

trigger parQcle

For higher jet energies the correlaQon at Δφ = 180° in 
central Au+Au is not fully suppressed anymore 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What happens to the jet energy ?

Jet suppression at high pT  

accompanied by mulQplicity  
enhancement at lower pT 

High pT

Low pT
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What’s going on on the Away Side? (I) 

Trigger > 2.5 GeVpartner > 1 GeV
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What’s going on on the Away Side? (II)

D D

PHENIX preliminary

Possible explanaQons of the spli�ng of the away‐side peak include 
  Mach cones

  flow induced jet deflecQon
  and many more ….

Mach cone?
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4.6 Jets in Pb+Pb Collisions at the LHC
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Why is Jet ReconstrucQon Difficult in 
Central Au+Au Collisions at RHIC ?

Au+Au bei √sNN = 130 GeV

Central Au+Au collision 
at √sNN = 130 GeV:

Consider jet cone with radius R:

Total transverse energy in this 
cone

• Background energy large compared to
jet energy in A+A at RHIC.

• Nevertheless, aAempts are made to reconstruct jets    

ET
cone =

d 2 ET

dηdϕ
⋅πR2

=
1

2π
dET

dη
⋅πR2 ≈ 120 GeV

  
R = Δη( )2

+ Δϕ( )2
= 0.7

  

dET

dη
η=0

≈ 500 GeV

  
ET = Ei sinϑ i

i
∑ , dET / dη ≈ mT ⋅ dNch / dη
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Single ParQcle Cross SecQon at the LHC

p+p

Hard scaAering cross secQons
increase significantly at the LHC 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Annual Jet Yield in ALICE Acceptance

1 ALICE year = 1 month of running
luminosity L = 5×1026 cm-2 s-1

Pythia simulation (Pb+Pb, no jet quenching)

Rate of jets with ET > 100 GeV is greater than 1 Hz 
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Jets in Pb+Pb at the LHC

Jets with ET > ~ 50 GeV in Pb+Pb 

at √s = 5500 GeV at the LHC can be 
idenQfied above the background on 
an event‐by‐event basis 

ALICE simulaQon

Cone size for jet reconstrucQon

ba
ck
gr
ou
nd

Influence of background from the 
underlying event minimized with
cone size R ~ 0.3 – 0.4 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How Can One Study Parton Energy Loss with Reconstructed 
Jets at the LHC?

• Measure Jet RAA for different cone radii R

• Study medium induced modificaQon of lateral 
jet profile Ψ(r)

• Study modificaQon of fragmentaQon funcQon
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Jet RAA for Different Cone Radii R

• Large cone radius R:
All energy lost will 
be recovered:
RAA

jet = 1

• Out of cone 
radiaQon will 
reduce RAA

• Study energy loss by 
reconstrucQng jets 
with different R 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Lateral Jet Profile

Broadening of the energy 
distribuQon expected in 
Pb+Pb
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Modified FragmentaQon FuncQons

• ReconstrucQon of the full 
jet energy allows to 
measure fragmentaQon 
funcQon

• Parton energy loss will 
shi{ parQcles to low z 
(and thus higher ξ)

• Moreover, the medium is 
expected to change the 
parQcle composiQon of the 
jet, e.g., the K/π raQo

• Good low pT parQce ID 
makes this a promising 
measurement for Alice

Sapeta, Wiedemann, 
Eur.Phys.J.C55:293-302,2008.

83

http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sapeta%2C%20Sebastian%22
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sapeta%2C%20Sebastian%22
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Wiedemann%2C%20Urs%20Achim%22
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Wiedemann%2C%20Urs%20Achim%22


     High‐Energy Collisions with Alice: Jets in Nucleus‐Nucleus Collisions                                                    Klaus Reygers

Extra Slides
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Jet Quenching and Angular Anisotropy (I)

Bulk (Hydrodynamic) MaAer

Pressure gradient converts posiQon 
space anisotropy to momentum space 
anisotropy

Jet PropagaQon  

Energy loss results anisotropy based 
on locaQon of hard scaAering in 
collision volume

y

x

y

x

Common wisdom:   low pT               high pT  

v2 at high pT  should result from jet quenching

Anisotropy in parQcle producQon related to collision geometry

v2:  2
nd harmonic Fourier coefficient in dN/dφ with respect to the reacQon plane

reacQon plane

A. Drees 

    
E d 3 N

d 3 p
=

1
2π

d 2 N
ptdptdy

1 + 2vn cos n ϕ−Ψr( )( )
n=1

∞

∑
⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟     v2 = cos2φ

    
φ= atan

py

px
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Jet Quenching and Angular Anisotropy (II)

Charged hadron v2:

v2 {2-particle}
v2 {AuAu – pp}
v2 {4-particle}

• v2 remains large at high pT – too large to be 
explained by geometry of jet quenching?

• Origin of v2 at high pT unclear 

STAR, Phys.Rev.Lett.93:252301, 2004  
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A PredicQon for RAA in Pb+Pb at the LHC
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• Parton energy loss in a finite, sta8c 
medium consisQng of color
charge carriers

• Energy loss for gluon jets 
larger than for quark jets:

• Energy loss due to gluon radiaQon 
dominant:

Parton Energy Loss

Typical momentum transfer from
medium to parton 
Mean free path of the radiated 
gluons in the medium 

Path length of the parton in the 
medium 

• Total energy loss in the 
medium:

• Detailed numerical calculaQon 
shows:

(effect of quantum
mech. interference)

   dErad / dx  dEcoll / dx

    
ΔE =−C

αs

4
µ2

λ
L2 ln 2E

µ2 L

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟
+ ...

   

L :

µ2 :

λ :

   
C =

3
4 / 3 

for gluon jets
for quark jets

⎧
⎨
⎪⎪
⎩⎪⎪

   ΔE ~ L2

    

ΔE / E≈ const.  
for E  <  20 GeV
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Averaging TAB(b) over an Impact Parameter DistribuQon 

Observable: Hard process per inelastic A+A collisions, i.e.

Typical example: pT dependent pion yield per inelastic event:

Averaging over an impact parameter range f (say b1 ≤ b ≤ b2):

weighting factor:

Note that 

  
Nhard

A+B (b) =
TAB (b)
pinel

A+B (b)
⋅σ hard

  pinel
A+B (b)

  

1
N inel

A+B

dN π

dpT f

=

2πb TAB (b)
b1

b2

∫ db

2πb pinel
A+B (b)db

b1

b2

∫
⋅

dσ
dpT

≡ TAB f
⋅
dσ p+ p

dpT

  

1
N inel

A+B

dN π

dpT

(b) =
TAB (b)
pinel

A+B (b)
⋅
dσ p+ p

dpT
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Nuclear ModificaQon Factor (I)

DefiniQon of nuclear modificaQon factor:

Consider special case b1 = 0, b2 = ∞:

(holds for hard scaAering in 
the absence of nuclear effects)

In pracQce:

where                is determined with a Glauber
Monte Carlo code

(in the absence of 
nuclear effects)

  

1
N inel

A+B

dN π

dpT f

=
2πb TAB (b)

0

∞

∫ db

2πb pinel
A+B (b)db

0

∞

∫
⋅

dσ
dpT

=
AB
σ inel

A+B ⋅
dσ
dpT

→
dσ A+B

dpT

= AB ⋅
dσ p+ p

dpT

  

RAB ( pT ) =
dσ A+B / dpT

d 2b TAB (b)
f
∫

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
⋅ dσ p+ p / dpT

=

1
N inel

A+B

dN π

dpT f

TAB f
⋅ dσ p+ p / dpT

= 1

  
TAB f

= Ncoll f
/ σ NN

inel

  
Ncoll f
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Excess Electrons in Au+Au at √sNN = 200 GeV (II)

• Models based on radiaQve parton 
energy loss predict

• Thus, electrons from charm and 
boAom quarks should be less 
suppressed than pions

• Experimental observaQon:
Electrons from charm (and 
boAom) decays as strongly 
suppressed as pions

• Simultaneous measurement of 
electron flow further constrains 
energy loss models

PHENIX, Phys.Rev.Lett.98:172301,2007 
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Simple EsQmate of the RelaQve Energy Loss

pT independence of RAA implies constant fracQonal energy loss:

π0 spectra at RHIC energy 
(√sNN = 200 GeV) described with n ≈ 8

Sloss from π0 RAA

PHENIX, nucl‐ex/0611007

π0 spectrum without energy loss:

Constant fracQonal energy loss:

This leads to:

  

dN
dpT

∝ pT
−n+1

  
SLoss :=

−ΔpT

pT

, i.e., ′pT = (1 − SLoss ) pT

  

RAA = 1 − SLoss( )n−2

⇒ SLoss = 1 − RAA
1/ (n−2)
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Energy loss in the GLV Formalism for Cu+Cu, Au+Au, and Pb+Pb

energy loss # radiated gluons
Calculated fractional energy loss 
and number of radiated gluons shown 
for three centralities in each figure: 

Au+Au at √sNN = 200 GeV:

Cu+Cu at √sNN = 200 GeV:

Pb+Pb at √sNN = 5500 GeV:

dNg/dy = 2000, 3000, 4000

I. Vitev, Phys.Lett.B639:38-45,2006 
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pT DistribuQons of Associated ParQcles

Associated charged hadron pT distribution
(4 < pT,trigger < 6 GeV/c)

pT distribution on away side in central Au+Au similar to inclusive distribution:
hint of thermalization of hadrons on away side
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A so‐far Unexplained Phenomenon: The Ridge

Components
− Near-side jet peak
− Near-side ridge

− Away-side (and v2)

3 < pt,trigger < 4 GeV
pt,assoc. > 2 GeV

Au+Au 0-10%
preliminary

hadron-hadron

“ridge” = broad correlation in Δη on the near side
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Near Side Yields per Trigger ParQcle

After subtraction of the “ridge”: 
jet-yield per trigger independent of centrality

Jet + rid
ge

Ridge subtraced
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