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Contents
• High-energy nuclear collisions

• properties of matter at high densities/temperatures (heavy-ion 
collisions!); matter and the control of high-energy strong 
interactions (colour glass condensate); study of structures of 
nucleons (proton spin!)

• HI collisions: experimental controls - calibration 
measurements

• Measurements the properties of quark-gluon 
plasma:

• Collective effects: Particle correlations and flow

• Probing the medium with quarks and jets
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Thanks to all the authors/experiments for the graphics/slides 
shamelessly stolen for the purpose of this talk



SM and QCD... one minute reminder
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Strong interaction binds quarks into 
hadrons and nucleons into nuclei

QCD describes interaction between 
colour charges mediated by strong 
force carriers (gluons)

QCD is successful in describing many 
phenomena (experimental 
observations)

Puzzles:
• sum of masses of the 
constituent quarks (12 MeV) in a 
proton is much less than the 
mass of a proton (~1000 MeV)
• no free quarks detected 
(half of fundamental fermions!)



QCD Vacuum - example/reminder4

[illustration from Fritzsch] 
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FA - CERN Summer Student Lectures - August 2011 
[illustration from Fritzsch] 

Two-gluon singlet at 
distance r

String breaking by 
an artist...

QED 
QCD 

QCD: field lines compressed into a “flux tube” (“string”) of constant 
cross-section (~fm2) => long-distance potential growing linearly with r:

krVlong =

k~1 GeV/fm
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Pressure-temperature considerations5
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Gibbs’ criterion: the stable phase is the one 
with the largest pressure

Statistical mechanics (ideal gas):

Hadron gas

Plasma
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37 Tp π=

QCD vacuum pressure 
B~(200MeV)4

At low-T: hadron gas is the stable phase
At high-T: above Tc QGP is the stable phase

Refined calculations: Tc=170 MeV:
NOTE: Troom (300 K) ~ 25 meV (!lowercase m)

Tc ≈ 170 MeV ≈ 2000 billion K
 (compare Sun core: 15 million K) 



Create hot & colored medium
temperatures ~1.5 x 1012 K   (~200 MeV)
far hotter than center of the sun (~1.5 x 107K)

Heat and compress matter such that the 
individual nucleons start to “overlap”...
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Deconfinded phase of 
quarks and gluons 

allowed to move over 
a large volume



What it the critical energy-density?7

  
•  normal nuclear matter ρ0 

•  critical density:  
 naïve estimation  
 nucleons overlap R ~ rn 

nuclear matter  
   p, n"

Quark-Gluon Plasma 
   q, g"

density or temperature"

distance of two nucleons: 
2 r0 ~ 2.3 fm  

size of nucleon 
 rn ~ 0.8 fm  
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Vacuum (quarks and gluons in bags 
(MIT bag model)) and nucleons



QCD-thermodynamics:-calcula(on-

QCD(laboratory(with(heavy9ions,(MPloskon( 4(

T([MeV](

QCD(on(the(laWce((µB=0)(

Cross9over,(not(sharp(phase(transiGon((

(like(ionizaGon(of(atomic(plasma)(

Slow(convergence(to(non9interacGng(Steffan9Boltzmann(limit(

Degrees(of(freedom?(Note:(In(more(recent(calc.(difference(sGll(persists.(

QCD Thermodynamics - calculation
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“Lattice”: rigorous calculations in non-perturbative regime of QCD - discretization on a space-time lattice
 ultraviolet (large momentum scale) divergencies avoidable

Zero baryon density, 3 flavours: ε changes rapidly around Tc = 170 MeV: εc = 0.6 GeV/fm3 (at T~1.2 Tc: ε settles at about 
80%  of the Stefan-Boltzmann value for an ideal gas of q,q g (εSB))
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Some history...

10-44 sec Quantum Gravity Unification of all 4 forces 1032 K

10-35 sec Grand Unification E-M/Weak = Strong 
forces

1027 K

10-35 sec? Inflation universe exponentially 
expands by 1026

1027 K

2 10-10 sec Electroweak 
unification

E-M = weak force 1015 K

2·10-6 sec Proton-Antiproton 
pairs

creation of nucleons 1013 K

6 sec Electron-Positron 
pairs

creation of electrons 6⋅109 K

3 min Nucleosynthesis light elements formed 109 K

106 yrs Microwave 
Background

recombination - 
transparent to photons

3000 K

109 yrs ? Galaxy formation bulges and halos of 
normal galaxies form

20 K

QCD Lab
“few” years later?
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Another view - qualitative view of a HI 
collision evolution (collision energy)
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 an “artist’‛s view”… 

 
 
 
 
 
 
 
 
 
 

QCD phase diagram 

Tc ~ 170 MeV 

 ~ 5 - 10 nuclear 
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c ~ 1 GeV/fm3 

~ 10 s after  
   Big Bang 

 experimental access to phase transitions in non-abelian QFT! 

FA - Summies 2012 11 



Strategy: how to study QCD 
matter experimentally?

•  Need$to$find$those$observables$that:$
– Are$sensi(ve$to$crucial$parameters$of$hot$QCD$
ma7er$

– Can$be$modeled$well$–$theore5cal$understanding$
– Can$be$measured$well$–$experimental$control$
– Can$connect$theory$and$data$

•  =>$Inclusive$measurements;$correla5ons;$
compare$with$more$elementary$collisions$(pBp,$
pBA);$compare$different$energy$regimes$

12



Heavy-ion collisions

STAR ...RHIC to LHC
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at high energies...



The hot-QCD laboratoriesThe-hot-QCD-laboratories-

QCD(laboratory(with(heavy9ions,(MPloskon( 6(
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The hot-QCD laboratories
The-hot-QCD-laboratories-

QCD(laboratory(with(heavy9ions,(MPloskon( 7(
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lso: p-P
b and other ions planned.
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Currently



LHC and ion runs17

Alice 

!  LHC$$

!  +$other$ions$(Sn,$Kr,$O)$$&$energies$(e.g.:$pp$@$5.5$TeV)$

*Lmax (ALICE) = 1031  ** Lint (ALICE) ~ 0.5 nb-1/year 

7.7$106$**$1027$5.5$PbPb$

2.7$106$1029$6.3$ArAr$
1.9$106$1029$8.8$pPb$

0.07$107$1034$*$14.0$pp$

σgeom$(b)$Run$Mme$(s/year)$L0$(cmR2sR1)$√sNN(TeV)$Collision$system$

LBNL$NSD,$M.$Ploskon$22nd$February$2010$ 4$

Default plans... before the first runs...



Most advanced cameras...18

in streamer chamber (1984)

⇡+ ! µ+ ! e+
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Alice&

LBNL$NSD,$M.$Ploskon$22nd$February$2010$ 3$

Dedicated HI experiment: ALICE
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Size:"16"x"26"meters"
Weight:"10,000"tons"

Technologies:182
"Tracking: " "7"
"PID: " " " "6"
"Calo.": " " "5"

Trigger,"Nch""":11"
LBNL"NSD,"M."Ploskon"22nd"February"2010" 5"

ALICE



Time Projection Chamber21

Drift volume!

Anode!wires!

Wire!propor-onal!
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Drift length!

Spatial precision of track position is usually about 0.5 mm
Speed of TPC is given by drift time, typically 10 -- 100μs



ALICE - Particle identification22

vertexing 

Particle identification (multiple techniques)
Extremely low-mass tracker ~ 10% of X0

Excellent vertexing capability
Efficient low-momentum tracking – down to ~ 100 MeV/c



High energy particle detection - ATLAS
23Detecting Particles

46



Compact Muon SpectrometerThe CMS Detector 

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  2 

CMS can distinguish stable particles as:  h+/-, γ, h0, µ, e 

Primary sub-detectors:  Silicon tracker, ECAL, HCAL, muon chambers 

24



From trigger to data analysis...25

Detector
(front-end-
electronics, 
digitalized 

information)

Online 
systems 
(Trigger: event 

rejection; online 
algorithms)

Offline 
computing (high 

capacity; offline 
reconstruction analysis; 
distributed computing - 

GRID)



Onto heavy-ion 
collisions...

26



14

Peripheral Collision

Color ⇒ Energy loss in TPC gas

only charged particles visible

27



15

Central Collision

200 GeV Au+Au:  Nch~4800

only charged particles visible

28



Glauber model - a description of 
heavy-ion collisions

29

b Participants
Spectators

aka wounded nucleons

central collisions: 
small impact parameter b 
- high number of participants
- high energy density
- large volume 
-> large number of produced 
particles

peripheral collisions: 
large impact parameter b 
- low number of participants 
-> low multiplicity

Impact parameter b is measured as:
Fraction of cross section “centrality”
Number of participants
Number of nucleon-nucleon collisions

Peripheral Collision Central Collision Semi-Central Collision 



Glauber model - a description of 
heavy-ion collisions

30

b Participants
Spectators

aka wounded nucleons

central collisions: 
small impact parameter b 
- high number of participants
- high energy density
- large volume 
-> large number of produced 
particles

peripheral collisions: 
large impact parameter b 
- low number of participants 
-> low multiplicity

Impact parameter b is measured as:
Fraction of cross section “centrality”
Number of participants
Number of nucleon-nucleon collisions

Peripheral Collision Central Collision Semi-Central Collision 



Experimental control of collision geometry

Cross%sec(on*
frac(ons*

Energy*in*the*forward*region*

En
er
gy
*in
*th

e*
ce
nt
ra
l*r
eg
io
n*

y"
b"

x"

Collision"in""
transverse"plane"

How can we measure impact 
parameter in heavy-ion 
collisions?

=> Correlate observables 
connected only by geometry

Characterize events via percentile 
(fraction) of inelastic cross section 
(jargon: “N% most central”)

31
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( )dz db b zρ∫ =, 1

Normalized nuclear density r(b,z): 

( ) ( )T b dz b zA =
−∞

∞

∫ ρ ,Nuclear thickness function 

( )[ ]( )σ σpA
inel

A NN
inel Adb T b= − −∫


1 1Inelastic cross section for p+A: 

Glauber scaling: hard processes with large momentum transfer 
•  short coherence length ⇒ successive NN collisions independent 
•  p+A is incoherent superposition of N+N collisions 

( ) hard
NNA

hard
NN

hard
pA AbTbdA σσσ =≈ ∫



Nuclear geometry - Glauber model 
and hard (high-Q2) processes

32



σDrell-Yan/A in p+A at SPS 

Glauber scaling: 

M.May et al, Phys Rev Lett 35, 407 (1975) 

σinel for 7 GeV muons on nuclei 

A1.00 

A 
NA50 Phys Lett B553, 167 

−+→ µµqq

hard
NN

hard
pA Aσσ =

Glauber scaling of hard processes

Hard cross-
section 
scales in 

p(μ)A as A1.0

Experimental control in heavy-ion collisions? 
=> direct photons, Z’s, measure pA collisions (discussed later...)

33



Centrality measurement: use of the Glauber model 
in an experiment

34

•  Fraction of cross section, 2 approaches: 

•  Fit with Glauber Monte Carlo 

•  Correct: subtract BG, efficiency and 
integrate multiplicity distributions 

•  Npart, Ncoll, Nspect: require Glauber fit 
(computed using cuts on impact parameter) 

•  Estimators:  

 V0, SPD clusters, TPC tracks, ZDCs, … 

•  ZDC measures Nspect: test of Glauber picture 

ZDC$

•  Glauber fit ingredients 

•  Woods-Saxon (constrained by low 
energy electron-nucleus scattering) 

•  Inelastic pp cross section        
(measured by ALICE) 

•  Nucleons follow straight line trajectories,  
interact based on their distance 

•  Compute (fit) observables assuming: 

€ 

Nancestors =α ⋅Npart + 1−α( ) ⋅Ncoll
Several detectors 

- measure the correlation



Energy density in AA 
collisions - RHIC example

πR2

Bjorken energy density:

Time it takes to 
thermalize system 
(t0 ~  1 fm/c)

R~6.5 fm

• (calorimeters) measure energy

• estimate volume of  collision

εBJ ≈ 5.0 GeV/fm3 
      ~30 times normal nuclear density
      ~ 5 times > εcritical  (lattice QCD)

RHIC:

35

Will see later: LHC ~ 3 x RHIC



First: “control” 
understanding 

- before measurements...

36



Experiment*STAR*at*RHIC*

Model*calcula9on*

Heavy-ion collisions
37



Collision evolution

Note: hard scatterings occur early (at t~0)!
High energy partons “witness” the evolution 

and jets “testify” about their fate/CV

a) without QGP b) with QGP

A B

time

z

QGP

/, K, p, ...
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M
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Mixed Phase ?
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Freeze Out 

Tc   
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Chemical Freeze Out

Bea
m R
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idi

ty

Hydrodynamic
Evolution

Hadron Gas

Hadron Gas
Hadron Formation
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Two key things to follow-up: Chemical freeze-out
Kinetic freeze-out



Thermal equilibrium...
Chemical and kinetic freeze-out

39

Chemical equilibrium:
- correct relative particle abundances?
- large system -> Grand Canonical 
ensemble: many particles; conservation laws 
on average - chemical potentials
- small system -> conservation laws E-by-
E -> “canonical suppression” (strangeness)

( )∫ ±
=

−−− 12 /

2

2
0

3
3 TISBE

i
i

isiBe
dppgn
µµµπ

The ratios of produced 
particle yields between 
various species can be 
fitted to determine T, μ.

Kinetic equilibrium - radial flow:
- for any interacting system of particles expanding into vacuum, radial flow is a natural 
consequence.  

During the cascade process, an ordering of particles with the highest common underlying 
velocity at the outer edge develops naturally

Hadrons are released in the final stage and therefore measure “FREEZE-OUT” Temp. - 
instructive simple parametrization - radially boosted source with velocity β and at y=0: 
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)cosh()sinh(1Simple assumption: uniform 
sphere of radius R and 
boost velocity varies 
linearly w/ r:

Blast Wave model 
=> common T and β



Collision 
evolution

Few notes:
We are interested in properties of QGP (lifetimes ~ few fm/c !)
Need to disentangle effects from different phases 
- not a simple problem by principle: detectors do NOT measure these 
time-periods/phases separately (detector: particles after hadronization!)
=> need for detail understanding of the physics processes, particle 
production, dynamics of the system in each phase(!), etc
=> modeling, various assumptions may play an important role in physics 
interpretation
Need for control of the initial conditions, geometry of the collision, the 
incoming parton distributions (nuclear-PDF vs nucleon-PDF) ...

a) without QGP b) with QGP
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Measurements...

41



What is hot and what is not: Thermal radiation from a source
42

  Hot Objects produce thermal 
spectrum of EM radiation. 

  Red clothes are NOT red hot, 
reflected light is not thermal. 

Thomas K Hemmick 
18 

Remote Temperature Sensing 

Red Hot 

Not Red Hot! 

White Hot 

Photon measurements must distinguish  
thermal radiation from other sources: 

HADRONS!!! 



Photons - RHIC43

Proton-Proton 

Photons 

Ti = 4-8 trillion Kelvin 

N
u

m
b

e
r 

o
f 

P
h

o
to

n
s 

Photon Wavelength 

2 x 10-15 m 0.5 x 10-15 m 

Gold-Gold 

Photons 

Initial Temp.

Emission rate and 
distribution 

consistent with 
equilibrated matter

T~300-600 MeV



LHC-QGP Shines bright 
- thermal photons

44

Produc'on)cross+sec'on)
of)photons)in)central)Pb+

Pb)collisions)
)

Photons)shining)from)the)
plasma)(thermal)emission)))

)
the)LHC)Quark+Gluon)
Plasma)is)the)ho?est))
man+made)ma?er)
Inverse)slope)of)the)exponen'al)fit)(pT<2)GeV/c):)304)+/+)51)MeV)

pT)(GeV/c))



Calibration 
measurements...

45



Energy'dependence''
'p+p'~'sNN0.11''
'A+A'~'sNN0.15'(most'central'+'2x'RHIC)''
' '–'stronger'rise'than'log'extrapolaDon'

PRL$105,$252301$(2010)$

Energy'dependence'

         
FIGURE 2.  Left panel: Charged particle pseudorapidity density per participant pair for central AA and 
non-singly diffractive pp collisions as a function of √sNN. Curves are fits to the two data sets. Right 
panel: Comparison of dNch/dη for ALICE Pb-Pb measurement at top with model predictions grouped 
below by similar theoretical approaches separated by dashed lines. See text and Ref. [3] for details and 
model references. 

 
The ALICE result for dNch/dη at midrapidity for Pb-Pb at √sNN = 2.76 TeV is 

dNch/dη = 1584 ± 4 (stat.) ± 76 (sys.). This is shown in Fig. 2 (right panel) with 
predictions from various models. As a whole the perturbative QCD-inspired Monte 
Carlo models (figure, notation and references used in Fig. 2 are from Ref. [3]) based 
either on HIJING, the Dual Parton Model, or Ultrarelativistic Quantum Molecular 
Dynamics are consistent with the ALICE data.  
 

     
FIGURE 3.  Left panel: Charged particle pseudorapidity density per participant pair for Pb–Pb and pp 
collisions at √sNN = 2.76 TeV (left vertical scale) and Au–Au collisions at 0.2 TeV (right vertical scale), 
plotted as a function of 〈Npart〉. Statistical errors are negligible, uncorrelated uncertainties indicated by 
error bars, and correlated uncertainties as gray band. Right panel: Comparison of model predictions for 
Pb–Pb at √sNN = 2.76 TeV with the ALICE data from left panel. Note offset zero. See Ref. [4].   
 

Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
(right ordinate scale) as a function of 〈Npart〉, i.e. centrality. The centrality dependence 
is strikingly similar for the ALICE and RHIC data. A comparison of these data to 
model predictions can be seen in Fig. 3 (right panel). Both the two-component HIJING 
2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 

Comparison'to'predicDons'

46

HI collisions: Particle production



HI collisions: Particle production

Feedback(within(the(heavy0ion(community:(
1.#Mul'plicity#is#crucial#[input]#for#modeling##
2.#Satura'on#models#tend#to#predict#lower#mul'plicity#
3.#Data#driven#extrapola'ons#did#not#seem#to#an'cipate#the#
results#
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model references. 
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Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
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2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 

Comparison#to#predic'ons#
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HI collisions: Particle production
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plotted as a function of 〈Npart〉. Statistical errors are negligible, uncorrelated uncertainties indicated by 
error bars, and correlated uncertainties as gray band. Right panel: Comparison of model predictions for 
Pb–Pb at √sNN = 2.76 TeV with the ALICE data from left panel. Note offset zero. See Ref. [4].   
 

Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
(right ordinate scale) as a function of 〈Npart〉, i.e. centrality. The centrality dependence 
is strikingly similar for the ALICE and RHIC data. A comparison of these data to 
model predictions can be seen in Fig. 3 (right panel). Both the two-component HIJING 
2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 

Comparison'to'predicDons'
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Calibration: proton-A collisions49

Basic&measurement&allows&to&
discriminate&between&models&
&
Data&favors&models&that&
incorporate&shadowing&&
&
Satura9on&models predict&
much&steeper&η:dependence&
not&seen&in&the&data&
&

Pb& p&
c.m. frame shifted by Δy = -0.465 

ALICE:'arXiv:'1210.3615'

p-Pb run ongoing at this very moment!
More during the next lectures...
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Landau-Carruthers (blue dashed), and Landau-Wong (green dotted) formulations have distri-
butions that are narrower than the data. Therefore the longitudinal expansion of the system is
stronger than that predicted from either model. HYDJET 1.8, shown by the purple dashed line,
has been tuned to LHC data in the small |h| region. It gives a good description of dET/dh at
small |h| but overestimates the data at large |h| for central collisions. The AMPT (A Multi Phase
Transport) model [24, 25] (orange dashed line) overestimates dET/dh for central collisions but
is in rough agreement with the shape of dET/dh. For peripheral collisions there is better agree-
ment between AMPT and the data. Integrating (dET/dh)/(hNparti/2) over h between �5.2 and
5.2 gives a total measured ET per participant pair of 82± 4 GeV for the most central events. This
serves as a lower limit for the total transverse energy per nucleon pair. Extrapolating to the full
phase space gives a total transverse energy per pair of participating nucleons of 92 ± 6 GeV for
the most central events. It is clear from Fig. 1 that the magnitude of dET/dh increases rapidly
with the number of nucleons participating in the collision. One can account for the dependence
on hNparti by normalizing dET/dh by the number of participating pairs of nucleons, hNparti/2.
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Figure 1: Transverse energy density versus |h| distribution for a range of centralities of (0–
2.5)%, (20–30)%, (50–60)% and (70–80)%. The boxes show the total systematic uncertainties.
The statistical uncertainties are negligible. Also shown are a Gaussian fit and the predictions
of various models (see text).

Figure 2 shows the evolution of (dET/dh)/(hNparti/2) with hNparti for several |h| regions. At
all |h| values (dET/dh)/(hNparti/2) increases with hNparti. This figure shows that the hNparti
dependence of transverse energy density changes as a function of pseudorapidity. This effect
can be quantified by comparing peripheral (60–70)% (hNparti = 30) to central (0–2.5)% colli-
sions (hNparti = 394) at various pseudorapidities. The ratio of peripheral to central (dET/dh)/(hNparti/2)
changes from 54 ± 2% at h = 0 to 68 ± 2% at |h| = 5.0. The PHENIX collaboration at RHIC has
studied transverse energy density in AuAu collisions for |h| < 0.35 over a wide range of cen-
tralities and for psNN from 19.6 GeV to 200 GeV [20]. At psNN = 19.6 GeV(dET/dh)/(hNparti/2)
at h = 0 increases by a factor of 1.25 ± 0.17 as hNparti increases from 63.8 to 336. At psNN =
2.76 TeV this factor is found to be 1.47 ± 0.13 for a similar range of hNparti. At psNN = 2.76 TeV,
the HYDJET 1.8 code gives a good description of the centrality dependence of dET/dh at h = 0.
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Figure 2: Transverse energy density normalized by (hNparti/2) versus hNparti for PbPb col-
lisions at psNN = 2.76 TeV at several values of |h|. The bands show the total systematic un-
certainties. The statistical uncertainties are negligible. Lower energy PHENIX data are also
shown. For the most central pseudorapidity the results from the HYDJET 1.8 model are also
shown.

Figure 3 shows the energy dependence of (dET/dh)/(hNparti/2) for central collisions at h = 0.
The ET rises more quickly with the center-of-mass energy than the logarithmic dependence
used to describe data up to psNN = 200 GeV [20]. For energies between 8.7 GeV and 2.76 TeV,
dET/dh at h = 0 can be reproduced by a power-law dependence of the type sn

NN
with n ⇡ 0.2. A

similar effect has been seen in the measurement of the psNN evolution of the charged particle
multiplicity [16, 26]. The (dET/dh)/(hNparti/2) increases by a factor of 3.3 ± 0.3 from psNN =
200 GeV to 2.76 TeV. This is to be compared to a factor of 2.35 ± 0.15 for the pseudorapidity
density, dNch/dh [16, 19, 20]. CMS has measured a charged multiplicity of 1612 ± 55 for the
top 5% of the most central collisions [16]. Dividing the measured transverse energy by the
observed charged particle multiplicity for the same centrality gives a transverse energy per
charged particle of 1.25 ± 0.08 GeV at psNN = 2.76 TeV. This compares to 0.88 ± 0.07 GeV atpsNN = 200 GeV [20].

The sum of the transverse energies of all particles produced in the event depends upon both
the entropy and temperature of the system. Using geometrical considerations, Bjorken [35]
suggested that the energy density per unit volume in nuclear collisions could be estimated
from the energy density per unit rapidity. A commonly used estimate of energy density is
given by [20]

e =
1

Act0
J(y, h)

dET

dh
. (2)

where A is the overlap area of the two nuclei and t0 is the formation time of the produced
system. The Jacobian J(y, h) depends on the momentum distributions of the produced par-
ticles. In the limit that the rest mass of the particles are much smaller than their momenta
J(y, h) = 1. The average Jacobian was calculated using HYDJET 1.8 for |h| < 0.35. For central
collisions at psNN = 2.76 TeV, J(y, h) = 1.09. This is somewhat smaller than the factor 1.25
found by the PHENIX collaboration at psNN = 200 GeV [20]. This is expected since the average
transverse momentum of particles increases with beam energy. For the top 2.5% most central

Energy density: RHIC to LHC

LHC > 2.5 x RHIC

Top RHIC

Mid-
rapidity 
LHC

... within a volume (per nucleon)
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Very hot, super dense? -> what are its “transport” 
properties... fundamental QCD questions



Systematic control: RHIC vs LHC

• !Iden&cal!varia&on!of!par&cle!
produc&on!with!centrality!
(volume)!at!RHIC!and!LHC!!
⇒ !Global!features!of!the!system!
independent!on!energy!
⇒ !Ini&al!condi&ons!!

The$same$experiment$under$
vastly$different$condi6ons!$

Centrality$of$the$collisions:$$$$$$$$$peripheral$$$$$$$$$$semi;central$$$$$$$$central$

More%on%RHIC:%%
Phobos%(Phys.&Rev.&Le+.&102,&142301&(2009))&

Centrality!dependence!of!par&cle!produc&on!
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How to measure the dimensions of 
a source... - interferometry

52

1A

B 2

Two particles emitted from two locations (A,B) 
within a single source.

These two are detected by detector elements (1,2).
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The intensity interference between the two point sources 
is an oscillator depending upon the relative 
momentum q=k2-k1, and the relative emission 
position!

Correlation function summed incoherently (integration over 
all pairs of source points) in a function of 4-momentum 
sums and differences (q,k) - extract source dimensions:

( )222222 )()()(exp)(1),( llooss qKRqKRqKRKKqC −−−±= λ

quantum phenomenon: enhancement of 
correlation function for identical bosons
from Heisenberg’s uncertainty principle



How to measure the dimensions of 
a source... - interferometry
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1A

B 2

Two particles emitted from two locations (A,B) 
within a single source.

These two are detected by detector elements (1,2).
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The intensity interference between the two point sources 
is an oscillator depending upon the relative 
momentum q=k2-k1, and the relative emission 
position!

Correlation function summed incoherently (integration over 
all pairs of source points) in a function of 4-momentum 
sums and differences (q,k) - extract source dimensions:

( )222222 )()()(exp)(1),( llooss qKRqKRqKRKKqC −−−±= λ

quantum phenomenon: enhancement of 
correlation function for identical bosons
from Heisenberg’s uncertainty principle

First used with photons in the 1950s by 
astronomers Hanbury Brown and Twiss - hence 

HBT measurements in heavy-ion collisions...
=> measured size of star Sirius by aiming at it 
two photomultipliers separated by a few metres



Particle production: source 
dimensions9
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Fig. 4: Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red filled dot) is compared
to those obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and
RHIC [39, 40, 41, 42, 30, 43].

The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/$ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at � sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at � sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

8System size vs. energy

● Interferometry of identical particles
● Obtain HBT radii of spherical source in 

3 orthogonal directions (Rlong, Rside and Rout)

● Compared to RHIC
● Freeze-out volume: VLHC ≈ 5000 fm3 ~ 2 x VRHIC 

● Decoupling time: τf(LHC) ≈ 10-11 fm/c ~ 1.4 x τf(RHIC)

PLB, 696 (2011), 328

Freeze-out volume Decoupling time

LCMS

1.#Energy#dependence:##
• #system#with#larger#(2x)#volume#and#(1.4x)#life?me#(w.r.t#RHIC);#follows#the#
trend#of#mul?plicity;#faster#expansion#<=>#larger#collec?ve#flow#

2.#Pair#momentum#dependence:##
• #larger#radii,#strong#dependence#on#kT;#Rout/Rside#smaller#than#at#RHIC;#
overall#agreement#with#extrapola?ons!

3.#Important#constrains#to#[hydrodynamical]#modelling#

Phys.Le).B!696:3281337,2011!
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Fig. 5: The decoupling time extracted from Rlong(kT ). The ALICE result (red filled dot) is compared to those
obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and RHIC [39,
40, 41, 42, 30, 43].

transverse radii. The homogeneity volume is found to be larger by a factor of two. The decoupling time
for midrapidity pions exceeds 10 fm/c which is 40% larger than at RHIC. These results, taken together
with those obtained from the study of multiplicity [23, 24] and the azimuthal anisotropy [11], indicate
that the fireball formed in nuclear collisions at the LHC is hotter, lives longer, and expands to a larger
size at freeze-out as compared to lower energies.
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The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/$ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at � sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at � sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

1.#Energy#dependence:##
• #system#with#larger#(2x)#volume#and#(1.4x)#life?me#(w.r.t#RHIC);#follows#the#
trend#of#mul?plicity;#faster#expansion#<=>#larger#collec?ve#flow#

2.#Pair#momentum#dependence:##
• #larger#radii,#strong#dependence#on#kT;#Rout/Rside#smaller#than#at#RHIC;#
overall#agreement#with#extrapola?ons!

3.#Important#constrains#to#[hydrodynamical]#modelling#
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Thermal equilibrium...
Chemical and kinetic freeze-out

56

Chemical equilibrium:
- correct relative particle abundances?
- large system -> Grand Canonical 
ensemble: many particles; conservation laws 
on average - chemical potentials
- small system -> conservation laws E-by-
E -> “canonical suppression” (strangeness)
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The ratios of produced 
particle yields between 
various species can be 
fitted to determine T, μ.

Kinetic equilibrium - radial flow:
- for any interacting system of particles expanding into vacuum, radial flow is a natural 
consequence.  

During the cascade process, an ordering of particles with the highest common underlying 
velocity at the outer edge develops naturally

Hadrons are released in the final stage and therefore measure “FREEZE-OUT” Temp. - 
instructive simple parametrization - radially boosted source with velocity β and at y=0: 
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Statistical hadronization of the 
system (thermalized system?)14Comparison with thermal model

SQM11

All yields (except protons) described by thermal model for 

grand-canonical ensemble with Tch=164 MeV (and μb=1 MeV) 
● Similar temperature as at RHIC, however proton/pion below fit

– Tension already present at RHIC
● Strange particles constrain fit
● Conclusions are model independent (confirmed with THERMUS) 

Model: A.Andronic et al., PLB 673, 142 (2009)
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● Conclusions are model independent (confirmed with THERMUS) 
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Data at RHIC - similar figure



Identified particles 
& expansion of the system

fusion, rises more strongly with centrality than observed. The remaining models, all 
different implementations of the saturation picture, show a characteristically weak 
dependence of multiplicity on centrality. For more details see Refs. [4] and [5]. 

Identified Particle Ratios 

The ratios of the multiplicities of particles of different species created in Pb-Pb 
collisions at the LHC can provide information on the degree of thermalization and the 
chemical equilibrium values in these collisions. A priori, differences are not expected 
if particle production is dominated by production at chemical freezeout. ALICE has 
measured the K-/π- and p-/ π- ratios as a function of dNch/dη for Pb-Pb at √sNN = 2.76 
TeV and found the same values and dependence for dNch/dη > 80 as in Au–Au 
collisions at 0.2 TeV.[6] Additional multiplicity ratios are expected soon. 

Identified Particle Spectra 

The transverse momentum spectra of identified pions, kaons and protons were 
measured for both charge states (positive and negative) in Pb-Pb collisions at √sNN = 
2.76 TeV in ALICE. Results are presented in Fig. 4 (left panel) for π-, K-, p- and K0

s in 
0-5% central collisions. Results from STAR and PHENIX are also shown for Au–Au 
collisions at 0.2 TeV. The ALICE data exhibit a stronger power law dependence, as 
expected, especially for anti-protons compared to RHIC. This suggests stronger radial 
flow at the LHC. Blast wave fits to spectra indicate an increase of the average radial 
boost velocity up to (2/3)c and a decrease in the kinetic freezeout temperature to just 
below 100 MeV relative to RHIC data as seen in Fig. 4 (right panel)."
"

          
FIGURE 4.  Left panel: Transverse momentum spectra of various identified particles in ALICE and at 
RHIC as described in the legend. Right panel: 1 σ-contours for best-fit values for the kinetic freezeout 
temperature and the average radial boost velocity from the Blast Wave model.[7]  

 
It"is"of"interest"to"investigate"whether"the"“baryon anomaly” observed at RHIC is 

present at the LHC. The observation at RHIC of enhanced baryon to meson ratios for 
transverse momenta up to about 7 GeV/c has been described in terms of quark 
recombination. The Λ/ K0

s ratios measured in ALICE as a function of pT are shown"in 

LHC:%Large%kinema.c%reach%to%explore%
ALICE:%excellent%par.cle%iden.fica.on%capabili.es%at%the%LHC%

fusion, rises more strongly with centrality than observed. The remaining models, all 
different implementations of the saturation picture, show a characteristically weak 
dependence of multiplicity on centrality. For more details see Refs. [4] and [5]. 

Identified Particle Ratios 

The ratios of the multiplicities of particles of different species created in Pb-Pb 
collisions at the LHC can provide information on the degree of thermalization and the 
chemical equilibrium values in these collisions. A priori, differences are not expected 
if particle production is dominated by production at chemical freezeout. ALICE has 
measured the K-/π- and p-/ π- ratios as a function of dNch/dη for Pb-Pb at √sNN = 2.76 
TeV and found the same values and dependence for dNch/dη > 80 as in Au–Au 
collisions at 0.2 TeV.[6] Additional multiplicity ratios are expected soon. 

Identified Particle Spectra 

The transverse momentum spectra of identified pions, kaons and protons were 
measured for both charge states (positive and negative) in Pb-Pb collisions at √sNN = 
2.76 TeV in ALICE. Results are presented in Fig. 4 (left panel) for π-, K-, p- and K0

s in 
0-5% central collisions. Results from STAR and PHENIX are also shown for Au–Au 
collisions at 0.2 TeV. The ALICE data exhibit a stronger power law dependence, as 
expected, especially for anti-protons compared to RHIC. This suggests stronger radial 
flow at the LHC. Blast wave fits to spectra indicate an increase of the average radial 
boost velocity up to (2/3)c and a decrease in the kinetic freezeout temperature to just 
below 100 MeV relative to RHIC data as seen in Fig. 4 (right panel)."
"

          
FIGURE 4.  Left panel: Transverse momentum spectra of various identified particles in ALICE and at 
RHIC as described in the legend. Right panel: 1 σ-contours for best-fit values for the kinetic freezeout 
temperature and the average radial boost velocity from the Blast Wave model.[7]  

 
It"is"of"interest"to"investigate"whether"the"“baryon anomaly” observed at RHIC is 

present at the LHC. The observation at RHIC of enhanced baryon to meson ratios for 
transverse momenta up to about 7 GeV/c has been described in terms of quark 
recombination. The Λ/ K0

s ratios measured in ALICE as a function of pT are shown"in 
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Hadron production in
heavy-ion collisions

Fig. 5 (left panel) for different centralities in Pb–Pb collisions at"√sNN = 2.76 TeV and 
for pp at √s = 0.9 and 7 TeV. The Λ/ K0

s ratio in peripheral Pb–Pb collisions is slightly 
larger than that for pp interactions at √s = 7 TeV where"Λ/ K0

s ~ 0.5. For more central 
collisions, the"Λ/ K0

s ratio increases and develops a maximum, reaching a ratio Λ/ K0
s 

~ 1.5 for pT ~ 3-3.5 GeV/c in 0-5% central collisions.  A comparison with resultsa from 
RHIC for 0-5% central and 60-80% peripheral Au-Au collisions in Fig. 5 (right panel) 
shows only slightly larger ratios at the LHC, but perhaps a persistence of ratios larger 
than those of pp out to higher pT. "

 
FIGURE 5.  Left panel: Λ/ K0

s ratios at midrapidity as a function of transverse momentum for various 
centralities in Pb-Pb collisions at √sNN = 2.76 TeV. Ratios are also presented for minimum bias pp 
events at 0.9 and 7 TeV. Right panel: Comparison of central and peripheral collision ratios from the left 
panel with ratios in similar Au-Au collisions at √sNN = 0.2 TeV. See text for details. 

COLLECTIVE FLOW 

Charged Particle Elliptic Flow 

Elliptic flow (v2) measurements at RHIC indicate that multiple interactions within a 
very short timescale create a strongly-interacting medium of low viscosity in these 
collisions, more precisely a low value of the ratio shear viscosity (η) / entropy (s). 
Furthermore, since the temperature dependence of η/s of this medium is unknown, a 
measurement of the elliptic flow at the LHC and determination of η/s are needed. In 
Fig. 6 (left panel) is the “world’s data” on the elliptic flow v2 integrated over pT as a 
function of √sNN.[8] The integrated elliptic flow of charged particles at the LHC 
increases by ~ 30% over that of the top energy at RHIC. Thus, the hot medium created 
in Pb-Pb collisions at the LHC behaves very much like that at RHIC and should 
provide constraints on the temperature dependence of η/s. 

Differential elliptic flow measurements are sensitive to the dynamical evolution and 
freezeout conditions of the system. Displayed in Fig. 6 (right panel) is the elliptic flow 
v2(4) determined from the 4-particle cumulant as a function of pT for ALICE data [8] 
at √sNN = 2.76 TeV and STAR data at √sNN = 200 GeV, 62.4 GeV and 39 GeV [9]. 
The pT dependence of v2(4) appears essentially identical for 20-30% centrality Pb-Pb 
collisions at the LHC and Au-Au collisions at RHIC from √sNN = 2.76 TeV down to

                                                
a STAR data are multiplied by 0.8 to account for the anti-baryon/baryon ratio and a 10 % feed-down correction is made. 

A slight digression... 
but a non-trivial feature!

RHIC vs LHC 
(LHC: higher mean pT - more 

flow)

Much more baryons than mesons in central 
collisions as compared to proton-proton 
(coalescence/recombination? bulk+jet?)

LHC similar to RHIC
Maximum at slightly higher-pT
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bulk, jets, medium and pT: 
arbitrary regions 

and INFORMAL Language
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~ 1.5 for pT ~ 3-3.5 GeV/c in 0-5% central collisions.  A comparison with resultsa from 
RHIC for 0-5% central and 60-80% peripheral Au-Au collisions in Fig. 5 (right panel) 
shows only slightly larger ratios at the LHC, but perhaps a persistence of ratios larger 
than those of pp out to higher pT. "
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collisions, more precisely a low value of the ratio shear viscosity (η) / entropy (s). 
Furthermore, since the temperature dependence of η/s of this medium is unknown, a 
measurement of the elliptic flow at the LHC and determination of η/s are needed. In 
Fig. 6 (left panel) is the “world’s data” on the elliptic flow v2 integrated over pT as a 
function of √sNN.[8] The integrated elliptic flow of charged particles at the LHC 
increases by ~ 30% over that of the top energy at RHIC. Thus, the hot medium created 
in Pb-Pb collisions at the LHC behaves very much like that at RHIC and should 
provide constraints on the temperature dependence of η/s. 

Differential elliptic flow measurements are sensitive to the dynamical evolution and 
freezeout conditions of the system. Displayed in Fig. 6 (right panel) is the elliptic flow 
v2(4) determined from the 4-particle cumulant as a function of pT for ALICE data [8] 
at √sNN = 2.76 TeV and STAR data at √sNN = 200 GeV, 62.4 GeV and 39 GeV [9]. 
The pT dependence of v2(4) appears essentially identical for 20-30% centrality Pb-Pb 
collisions at the LHC and Au-Au collisions at RHIC from √sNN = 2.76 TeV down to

                                                
a STAR data are multiplied by 0.8 to account for the anti-baryon/baryon ratio and a 10 % feed-down correction is made. 

“soft”
-bulk

thermal

“soft+hard”
jet-medium

“intermediate”

“hard”
jet dominated

60



Hadronization of bulk+hard 
- parton coalescence

25

Hadronisation through coalescence

fragmenting parton:
ph = z p, z<1

recombining partons:
p1+p2=ph

Fries, Muller et al
Hwa, Yang et al

Meson
pT=2pT,parton

Recombination of 
thermal  (‘bulk’)  partons

produces baryons at larger pT

Recombination enhances
baryon/meson ratio

Hot matter

Baryon 
pT=3pT,parton

R
. B

elm
ont, Q

M
09

Note also: v2 scaling
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A recipe: 
1. smash nuclei to drive the system to the 
new phase *medium* ...
2. Identify the *signatures* of the medium 
by *probing* its response / properties

 an “artist’‛s view”… 
 
 
 
 
 
 
 
 
 
 

QCD phase diagram 

Tc ~ 170 MeV 

 ~ 5 - 10 nuclear 

Quark-Gluon 
     Plasma 

Hadron gas 

Nuclear 
matter Neutron Star 

SPS 
AGS 

Early Universe LHC 
RHIC 

Baryon density 
Te

m
pe

ra
tu

re
 

c ~ 1 GeV/fm3 

~ 10 s after  
   Big Bang 

 experimental access to phase transitions in non-abelian QFT! 

FA - Summies 2012 11 

Our progress... - next #2



Until now...

• Heavy-ion collisions at high-energies:

• high-energy density

• hot, deconfined matter with quark and gluon 
degrees of freedom (plasma -> QGP) - 
strongly coupled system

• Statistical description of relative particle 
multiplicities

• Common velocity - expansion of the system

• Particle production: baryon-to-meson anomaly 
(recombination / coalescence processes)

• Medium properties to be measured...
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Properties of QGP 
with particle 
correlations
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Azimuthal angular asymmetry in 
particle production

65
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Azimuthal anisotropy
66

i t i e s [ 7 ] b u t i s i n a g r e e m e n t w i t h s o m e m o d e l s t h a t i n c l u d e
v i s c o u s c o r r e c t i o n s w h i c h a t t h e L H C b e c o m e l e s s i m p o r -
t a n t [ 1 2 , 1 5 – 1 8 ] .

I n s u m m a r y w e h a v e p r e s e n t e d t h e fi r s t e l l i p t i c fl o w
m e a s u r e m e n t a t t h e L H C . T h e o b s e r v e d s i m i l a r i t y a t
R H I C a n d t h e L H C o f p t - d i f f e r e n t i a l e l l i p t i c fl o w a t l o w
p t i s c o n s i s t e n t w i t h p r e d i c t i o n s o f h y d r o d y n a m i c m o d e l s
[ 7 , 1 4 ] . W e fi n d t h a t t h e i n t e g r a t e d e l l i p t i c fl o w i n c r e a s e s
a b o u t 3 0 % f r o m

ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼ 2 0 0 G e V a t R H I C t o
ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼

2 : 7 6 T e V . T h e l a r g e r i n t e g r a t e d e l l i p t i c fl o w a t t h e L H C i s
c a u s e d b y t h e i n c r e a s e i n t h e m e a n p t . F u t u r e e l l i p t i c fl o w
m e a s u r e m e n t s o f i d e n t i fi e d p a r t i c l e s w i l l c l a r i f y t h e r o l e o f
r a d i a l e x p a n s i o n i n t h e f o r m a t i o n o f e l l i p t i c fl o w .
T h e A L I C E C o l l a b o r a t i o n w o u l d l i k e t o t h a n k a l l i t s

e n g i n e e r s a n d t e c h n i c i a n s f o r t h e i r i n v a l u a b l e c o n t r i b u t i o n s
t o t h e c o n s t r u c t i o n o f t h e e x p e r i m e n t a n d t h e C E R N a c -
c e l e r a t o r t e a m s f o r t h e o u t s t a n d i n g p e r f o r m a n c e o f t h e
L H C c o m p l e x . T h e A L I C E C o l l a b o r a t i o n a c k n o w l e d g e s
t h e f o l l o w i n g f u n d i n g a g e n c i e s f o r t h e i r s u p p o r t i n b u i l d i n g
a n d r u n n i n g t h e A L I C E d e t e c t o r : C a l o u s t e G u l b e n k i a n
F o u n d a t i o n f r o m L i s b o n a n d S w i s s F o n d s K i d a g a n ,
A r m e n i a ; C o n s e l h o N a c i o n a l d e D e s e n v o l v i m e n t o
C i e n t ı´ fi c o e T e c n o l o ´ g i c o ( C N P q ) , F i n a n c i a d o r a d e
E s t u d o s e P r o j e t o s ( F I N E P ) , F u n d a c ¸ a ˜ o d e A m p a r o a `

P e s q u i s a d o E s t a d o d e S a ˜ o P a u l o ( F A P E S P ) ; N a t i o n a l
N a t u r a l S c i e n c e F o u n d a t i o n o f C h i n a ( N S F C ) , t h e
C h i n e s e M i n i s t r y o f E d u c a t i o n ( C M O E ) , a n d t h e
M i n i s t r y o f S c i e n c e a n d T e c h n o l o g y o f C h i n a ( M S T C ) ;
M i n i s t r y o f E d u c a t i o n a n d Y o u t h o f t h e C z e c h R e p u b l i c ;
D a n i s h N a t u r a l S c i e n c e R e s e a r c h C o u n c i l , t h e C a r l s b e r g
F o u n d a t i o n , a n d t h e D a n i s h N a t i o n a l R e s e a r c h
F o u n d a t i o n ; T h e E u r o p e a n R e s e a r c h C o u n c i l u n d e r t h e
E u r o p e a n C o m m u n i t y ’ s S e v e n t h F r a m e w o r k P r o g r a m m e ;
H e l s i n k i I n s t i t u t e o f P h y s i c s a n d t h e A c a d e m y o f F i n l a n d ;
F r e n c h C N R S - I N 2 P 3 , t h e ‘ ‘ R e g i o n P a y s d e L o i r e , ’ ’
‘ ‘ R e g i o n A l s a c e , ’ ’ ‘ ‘ R e g i o n A u v e r g n e , ’ ’ a n d C E A ,
F r a n c e ; G e r m a n B M B F a n d t h e H e l m h o l t z A s s o c i a t i o n ;
H u n g a r i a n O T K A a n d N a t i o n a l O f fi c e f o r R e s e a r c h a n d
T e c h n o l o g y ( N K T H ) ; D e p a r t m e n t o f A t o m i c E n e r g y a n d
D e p a r t m e n t o f S c i e n c e a n d T e c h n o l o g y o f t h e G o v e r n m e n t
o f I n d i a ; I s t i t u t o N a z i o n a l e d i F i s i c a N u c l e a r e ( I N F N ) o f
I t a l y ; M E X T G r a n t - i n - A i d f o r S p e c i a l l y P r o m o t e d
R e s e a r c h , J a p a n ; J o i n t I n s t i t u t e f o r N u c l e a r R e s e a r c h ,
D u b n a ; N a t i o n a l R e s e a r c h F o u n d a t i o n o f K o r e a ( N R F ) ;
C O N A C Y T , D G A P A , M e ´ x i c o , A L F A - E C , a n d t h e
H E L E N P r o g r a m ( H i g h - E n e r g y p h y s i c s L a t i n - A m e r i c a n -
E u r o p e a n N e t w o r k ) ; S t i c h t i n g v o o r F u n d a m e n t e e l
O n d e r z o e k d e r M a t e r i e ( F O M ) a n d t h e N e d e r l a n d s e
O r g a n i s a t i e v o o r W e t e n s c h a p p e l i j k O n d e r z o e k ( N W O ) ,
N e t h e r l a n d s ; R e s e a r c h C o u n c i l o f N o r w a y ( N F R ) ; P o l i s h
M i n i s t r y o f S c i e n c e a n d H i g h e r E d u c a t i o n ; N a t i o n a l
A u t h o r i t y f o r S c i e n t i fi c R e s e a r c h – N A S R ( A u t o r i t a t e a
N a t¸ i o n a l a ˘ p e n t r u C e r c e t a r e S ¸ t i i n t¸ i fi c a ˘ – A N C S ) ; F e d e r a l
A g e n c y o f S c i e n c e o f t h e M i n i s t r y o f E d u c a t i o n a n d
S c i e n c e o f R u s s i a n F e d e r a t i o n , I n t e r n a t i o n a l S c i e n c e a n d
T e c h n o l o g y C e n t e r , R u s s i a n A c a d e m y o f S c i e n c e s ,
R u s s i a n F e d e r a l A g e n c y o f A t o m i c E n e r g y , R u s s i a n
F e d e r a l A g e n c y f o r S c i e n c e a n d I n n o v a t i o n s , a n d C E R N -
I N T A S ; M i n i s t r y o f E d u c a t i o n o f S l o v a k i a ; C I E M A T ,
E E L A , M i n i s t e r i o d e E d u c a c i o ´ n y C i e n c i a o f S p a i n ,
X u n t a d e G a l i c i a ( C o n s e l l e r ı´ a d e E d u c a c i o ´ n ) , C E A D E N ,
C u b a e n e r g ı´ a , C u b a , a n d I A E A ( I n t e r n a t i o n a l A t o m i c
E n e r g y A g e n c y ) ; T h e M i n i s t r y o f S c i e n c e a n d
T e c h n o l o g y a n d t h e N a t i o n a l R e s e a r c h F o u n d a t i o n
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s N N

p ¼ 2 0 0 G e V , i n t e g r a t e d o v e r t h e p t r a n g e 0 : 1 5 < p t <
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APS$Viewpoint:$A$“Li0le$Bang”$arrives$at$the$LHC$(E.$Shuryak)$
1.   Collec?ve$behavior$observed$in$PbBPb$collisions$at$LHC$(integrated:$

+0.3$v2RHIC$–$consequence$of$larger$<pT>)$B>$v2(pT)$similar$to$RHIC$–$
almost$ideal$fluid$at$LHC$?$Similar$observa?on$down$to$39GeV!$

2.$New$input$to$the$energy$dependence$of$collec?ve$flow$
3.$Addi?onal$constraints$on$EqBOfBState$and$transport$proper?es$$

15Integrated elliptic flow

Integrated v2: ~30% larger than at RHIC 
                      (due to the increase of <pT>) v

2
=〈cos [2 (ϕ−Ψ RP )] 〉

Two-particle 
methods

PRL, 105, 252302 (2010)

Multi-particle 
methods

PRL$105,$252302$(2010)$Energy$dependence$of$v2$



Relativistic (ideal) hydrodunamics67
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Shear viscosity in fluids...68
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QGP liquid- how perfect is perfect?69
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Two particle correlations70

x

y
Δφ - azimuthal angle difference

angle in the transverse plane

z

z

Δη - longitudinal - pseudo-rapidity 
distance 



Sensitivity of particle correlations
to different underlying physics
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Ridge,

Hydrodynamics,,flow,

At,High$pT,:,

Quenching/suppression,,
broadening,

ICP:,Yields,in,central,v.s.,peripheral,
, , , , , , ,collisions,

IAA:,Yields,in,A$A,compared,to,p$p,
$

Discussed later...

Azimuthal sep
aration

Pseudo-rapidity distance



“Beyond” v2
higher moments -> fluctuations / hotspots
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Single'event!'

dN

d'
⇠ 1 + 2v2 cos(2�') + ...

Non-zero!



Two-particle correlations - 
Fourier decomposition
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22Fourier decomposition

● Extract 1D Δϕ correlations by integrating the 
C(Δη,Δϕ) in 0.8<|Δη|<1.8 (long) range 

● Then do Fourier decomposition

Δφ Δη

● With present statistics, few (5) components describe 
long range correlations at low pT

● Strong near-side ridge and 
double-peak on away-side

arXiv:1109.2501 (sub. to PLB)
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C ( Δϕ)=
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Δη
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−Δη
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∫Δη
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Δη
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C ( Δη , Δϕ )∼1+2∑
n=1
V nΔcos ( nΔϕ)

Integra(on*of*the*correla(on*func(on*in**
0.8*<*|Δη|*<*1.8*(long)*and*Fourier*decomposi(on*
Collec(ve*flow:*the*coefficients*factorize*VnΔ=vn(pTT)vn(pTA)*

Few*components*describe*the*lowJpT*correla(ons*
!  Strong'near'side'ridge'and'double0peak'on'the'away'
! Also'recoil'jet'up'to'pTtrig>8'&'pTassoc'608'in'central'



Correlations & hydrodynamics...74

23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Long%range%correla+ons%–%collec+ve%flow:%the%coefficients%must%factorize%such%that:%
%

23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Global%fits%show:%%
!  Collec+ve%flow%dominates%to%about%3@4%GeV/c%for%all%n>1%
!  Descrip+on%breaks%for%high%pT%or%peripheral%collisions%
!  For%low%pT:%double%peak%and%ridge%structures%seen%in%two%par+cle%correla+ons%are%

naturally%explained%by%measured%anisotropic%flow%coefficients%%

24Check of factorization at low pT

C (ΔΦ)∼1+∑ vn
2
cos (ΔΦ)

PRL, 107, 032301 (2011)

QM11

● Cross check of vn results
● Consistent results for global fit 

and scalar product (SP)method 

● Extracted (SP) flow 
coefficients describe 
measured long-range 
two particle correlation 
structures 

Mach Cone and ridge structures seen in two particle correlations 
are naturally explained by measured anisotropic flow coefficients



Higher harmonics w.r.t. to event plane
75

19Higher harmonic flow

ψ
3

ψ
RP

ψ
2

PRL, 107, 032301 (2011)

● Fluctuations in initial state lead to e-
by-e fluctuating symmetry planes

● Odd harmonics are not zero
● Triangular flow (v3 harmonic)

● Weak centrality dependence
● Vanishes as expected when 

measured wrt reaction plane
● Similar pT dependence for all vn

● Higher harmonics provide 
additional constraints on η/s

●  η/s small, similar as at RHIC

v2

v3

Alver, Roland, 2010

v3#$#triangular#flow#:##
$#weak#centrality#dependence#
$#vanishes#as#expected#when#
measured#w.r.t.#reac<on#plane#
#
Similar#pT#dependence#for#all#vn#
#
Higher#harmonics#$#addi<onal#
constraints#on#η/s#

η/s#small,#similar#as#at#RHIC#

19Higher harmonic flow
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PRL, 107, 032301 (2011)

● Fluctuations in initial state lead to e-
by-e fluctuating symmetry planes

● Odd harmonics are not zero
● Triangular flow (v3 harmonic)

● Weak centrality dependence
● Vanishes as expected when 

measured wrt reaction plane
● Similar pT dependence for all vn

● Higher harmonics provide 
additional constraints on η/s

●  η/s small, similar as at RHIC

v2

v3

Alver, Roland, 2010

!!!



Jet-medium-flow coupling
via two particle correlations?
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Motivation (II)

Δϕ rms

PRL 93,242301 (2004)

dNch/dη

Δη  rms

data points: 

STAR preliminary

• N. Armesto, C. Salgado, U. Wiedemann: 
Measuring the Collective Flow with Jets

 [PRL 93,242301 (2004)]

– Broadening in a static medium

– Longitudinal flow results in deformation of the 
conical jet shape
 Different Δϕ and Δη widths (eccentric jets)

● Interest to study modifications of the jet shape
● Increase of width (radiation) 
● Increase of eccentricity (longitudinal flow)

● In particular at low parton p
T
 

where quenching effects are strongest.
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Motivation (II)
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data points: 
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• N. Armesto, C. Salgado, U. Wiedemann: 
Measuring the Collective Flow with Jets

 [PRL 93,242301 (2004)]

– Broadening in a static medium

– Longitudinal flow results in deformation of the 
conical jet shape
 Different Δϕ and Δη widths (eccentric jets)

● Interest to study modifications of the jet shape
● Increase of width (radiation) 
● Increase of eccentricity (longitudinal flow)

● In particular at low parton p
T
 

where quenching effects are strongest.

=> LHC? - more jets 
+ somewhat more 

flow...



Jet-peak shape 
evolution - intermediate pT
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Shape Evolution       
(side-band subtracted, fully corrected yields)                  

pT

• Wider peak in central collisions
• Peripheral and pp similar

• Strong pT dependence

Aim: Characterize the peak

2 < p
T,trig    

< 3 GeV

1< p
T,assoc

< 2 GeV

4 < p
T,trig    

< 8 GeV

2 < p
T,assoc

< 3 GeV

0-10% 60-70% pp

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Wider peak in central collisions 
Peripheral and p-p similar shape
Strong pT dependence
=> Characterize the peak



Charged hadron correlations 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  19 

•  Greater longitudinal than azimuthal 
broadening 

•  Suggestive of “medium drag” of 
radiation 

•  Caution: physics evolves rapidly with 
pT in this region 

Talks: A. Morsch, J F Grosse-Oetringhaus 

2 < pT,t < 3    1 < pT,a < 2 GeV/c 
4 < pT,t < 8    2 < pT,a < 3 GeV/c 

Centrality | 100 = pp 

σ
Δ
ϕ
 , 
σ
Δ
η
 (f

it)
 

σΔη&
σΔϕ&

Measuring widths of the correlations in 
azimuth and pseudo-rapidity

78

 

Andreas Morsch, Hard Probes 2012, Cagliari, May 28, 2012Andreas Morsch, Hard Probes 2012, Cagliari, May 28, 2012                                        4

Motivation (II)

Δϕ rms

PRL 93,242301 (2004)

dNch/dη

Δη  rms

data points: 

STAR preliminary

• N. Armesto, C. Salgado, U. Wiedemann: 
Measuring the Collective Flow with Jets

 [PRL 93,242301 (2004)]

– Broadening in a static medium

– Longitudinal flow results in deformation of the 
conical jet shape
 Different Δϕ and Δη widths (eccentric jets)
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● Increase of width (radiation) 
● Increase of eccentricity (longitudinal flow)

● In particular at low parton p
T
 

where quenching effects are strongest.
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Comparison with AMPT MC

● AMPT (A MultiPhase Transport Code)

– Initial conditions simulated using HIJING

– Parton scattering

– Hadronization: Lund model + coalescence

– Hadron scattering

● AMPT describes the main features of the 
near-side shape evolution observed in data

PHYSICAL REVIEW C 72, 064901 (2005)

Measure of jets 
interactions with 
longitudinal flow 

(?)



p-Pb collisions - new feature!79

ALICE&p(Pb&

Correla'ons*for*pairs*of*trigger*and*associated*par'cles,*pT,trig>pT,assoc,*as*
f(Δϕ,Δη),*defined*as*associated*yield*per*trigger*par'cle*

Azimuthal*s
epara'

on*

PseudoArapidity*

distance*

Long&range&correla3on&
qualita3vely&similar&to&CMS&

arXiv:1212.2001 &&

ALICE and CMS 
observe an elongated 
structure in high-
multiplicity events!

Who ordered that??Similar as CMS in even in p-p events...



Extraction of the ridge properties80

Method:(from(the(high.mul1plicity(yield(subtract((
the(jet(yield(in(low.mul1plicity(events((no(ridge)(

High(mul1plicity(event(class( Low(mul1plicity(event(class(

Azimuthal*s
epara/

on*

Pseudo4rapidity*

distance*

Analysis*in*mul/plicity*classes*defined*by*the*total*charge*in*VZERO*detector**
(away*from*the*central*region)*

*

<dNch/dη>*~*7*<dNch/dη>*~*35*



Extraction of the ridge properties81

ALICE INTERNAL ONLY 8

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.

DRAFT v0.84 $Revision: 631 :$ $Date: 2012-12-01 16:02:43 +0100 (Sat, 01 Dec 2012) :$

High%mul)plicity%event%class% Low%mul)plicity%event%class%

Azimuthal*s
epara/

on*

Pseudo4rapidity*

distance*

Analysis*in*mul/plicity*classes*defined*by*the*total*charge*in*VZERO*detector**
(away*from*the*central*region)*

*

<dNch/dη>*~*7*<dNch/dη>*~*35* Remaining%correla)on:%%
two%twin%long%range%structures%

The%method:%from%the%high<mul)plicity%yield%subtract%%
the%jet%yield%in%low<mul)plicity%events%(no%ridge)%



Twin ridge structure uncovered 
- also in pA collisions

82

ALICE INTERNAL ONLY 8

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.

DRAFT v0.84 $Revision: 631 :$ $Date: 2012-12-01 16:02:43 +0100 (Sat, 01 Dec 2012) :$

Further'inves,ga,ons'reveal:''
•  the'full'modula,on'is'(1)'di8jets'and'(2)'the'

double8ridge'structure'–'nothing'more'
•  Same'yield'near'and'away'side'for'all'classes'of'

pT'and'mul,plicity'suggest'a'common'
underlying'process'
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multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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Azimuthal*separa/on*

Remaining'correla,on'described'by'finite'
amplitudes'of'Fourier'terms'

First&explana-ons&are&being&put&forward:&&
•  Hydrodynamics&–&arXiv:&1112.0915&
•  Colour&Glass&Condensate&–&arXiv:1211.3701&

Similar'observa,ons'in'Pb8Pb'are'
ascribed'to'collec,ve'effects!'

ALICE:'arXiv:1212.2001
''



Probing an unknown 
medium...
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Probing the 
unknown medium...

jet suppression 
(quenching)

charm/bottom 
dynamics

J/ψ & Υ

color-less particles

Human 

84

Note: these probes are auto-generated within heavy-ion 
collisions - need to know “input” intensity (p-p collisions)



Jets in collider experiments

LEP: Opal

Tevatron: CDF S
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 xy#plane#

RHIC: Star

CMS Hadronic Response

CMS is using a Particle Flow Technic to reconstruct Jets and Missing 
Transverse Energy

use the best measurement for each component

Tracker for charged hadron

ECAL for electrons & photons

HCAL for neutral hadrons
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Particle Flow Event Reconstruction
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Charged Hadrons

Photons

Neutral Hadrons

LHC: CMS
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S.D Drell, D.J.Levy and T.M. Yan, Phys. Rev. 187, 2159 (1969) 
N. Cabibbo, G. Parisi and M. Testa, Lett. Nuovo Cimento 4,35 (1970) 
J.D. Bjorken and S.D. Brodsky, Phys. Rev. D 1, 1416 (1970) 
Sterman and Weinberg, Phys. Rev. Lett. 39, 1436 (1977) ... 

What is a jet?
A spray of collimated showers/particles

- Hardly ever better defined...

Jet = Parton AND its 
radiation

Note: experiment measures 
spray of particles 
(~hadrons)

Jets (unlike single hadrons) 
are objects which are 
“better” understood/
calculable within pQCD

86



Jet finding

Par$cles){pi}) Jets){jk})

Jet)defini$on)
o )Recombina$on)scheme)
o )Algorithm)
o )Resolu$on)parameter)

Note:&jets&originate&from&hard&partons,&
however&defini7on&of&a&parton&in&terms&of&a&
jet&is&ambiguous&:>&mul7ple&jet&defini7ons.&
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Optimum jet finder algorithm

Tevatron)1990)
... and infrared safe and colinear safe 

(~2000)
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QCD divergencies and jet finders
89



Jet algorithms: 
Colinear & infra-red safety

Safety: Results = jets = reconstructed objects - insensitive to 
modifications at the soft scale of radiation (hadronization, soft colin. 

radiation) 
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Collinear safety91



Infrared safety

Infrared safety also implies robustness 
against soft background in heavy ion 

collisions

92



Modern jet algorithms
• Colinear and infrared safe
• Improved performance
• Rigorous definition of jet area
• Different algorithms -> different 

response to the underlying event
•Developed for uniform bg 

subtraction (pile-up) at LHC

Two main classes of algorithms: 
recombination (kt, Cambridge/Aachen, anti-kt) and cone (Mid point cone, CDF, 
SIScone)

anti-kT jet KT jet 

93



Sequential recombination (clustering) 
algorithms

94



Example: kT algorithm

!An#$kt:!kt2!is!replaced!by!kt11!
M.!Cacciari,!G.!P.!Salam,!G.!Soyez!JHEP!0804:063,2008.!e1Print:!arXiv:0802.1189![hep1ph]!
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Jet Cones
– Cones are always understood as circles in rapidity (y) and azimuth φ.
– A particle i is within the cone of radius R around the axis a if

• ΔR2ia = (yi − ya)2 + (φi − φa)2 < R2

• ... usual hadron collider variables
–  Typical: R = 0.4 - 0.7 

Basic Idea:
– Find directions of dominant energy flow " find ALL stable cones
– center of the cone ≡ direction of the total momentum of its particle contents

Cone algorithms

Two classes of algorithms

Class 2: cone

Find directions of dominant energy flow ≡ find ALL stable cones

for a cone of fixed radius R in the (y, φ) plane: stable cones such that:

centre of the cone ≡ direction of the total momentum of its particle contents

Seeded/Iterative approaches:

seed = initial particle

seed = midpoint between stable cones found at first step

One has to deal with overlapping stable cones: 2 subclasses

Grégory Soyez DIS 2008, UCL, London, UK, April 9th 2008 Saturation and heavy quarks – p. 4/14
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Speed matters!
G

. S
alam

, arX
iv:0906.1833

FJ: Significant gain for high-multiplicities
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Jet finding - jet finders
C

acciari, S
alam

, S
oyez, arX

iv:0802.1189 

MC: proton-proton - single (same) event

Complete suite of algorithms -  FastJet package: http://www.lpthe.jussieu.fr/~salam/fastjet/
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Jet shape - R-dependence 
99
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FIG. 4: The measured integrated jet shape, 1 − Ψ(r = 0.3), as a function of pT for jets with |y| < 2.8 and 30 GeV < pT <
600 GeV. Error bars indicate the statistical and systematic uncertainties added in quadrature. The data are compared to
the predictions of: (a) PYTHIA-Perugia2010 (solid lines), HERWIG++ (dashed lines), ALPGEN interfaced with HERWIG
and JIMMY (dotted lines), and PYTHIA-MC09 (dashed-dotted lines); (b) PYTHIA-Perugia2010 (solid lines), PYTHIA-
Perugia2010 without UE (dotted lines), and PYTHIA-DW (dashed lines).
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jets, and R = 0.6 and ∆r = 0.1 are used. The points from the differential jet shape at different r values are correlated
since, by definition,

∑R
0 ρ(r) ∆r = 1. Alternatively, the integrated jet shape Ψ(r) is defined as the average fraction

of the jet pT that lies inside a cone of radius r concentric with the jet cone:

Ψ(r) =
1

N jet

∑

jets

pT (0, r)

pT (0, R)
, 0 ≤ r ≤ R, (5)

where, by definition, Ψ(r = R) = 1, and the points at different r values are correlated. The same definitions apply to
simulated calorimeter clusters and final-state particles in the MC generated events to define differential and integrated
jet shapes at the calorimeter and particle levels, respectively. The jet shape measurements are performed in different
regions of jet pT and |y|, and a minimum of 100 jets in data are required in each region to limit the statistical
fluctuations on the measured values.

VII. CORRECTION FOR DETECTOR EFFECTS

The measured differential and integrated jet shapes, as determined by using calorimeter topological clusters, are
corrected for detector effects back to the particle level. This is done using MC simulated events and a bin-by-bin
correction procedure that also accounts for the efficiency of the selection criteria and of the jet reconstruction in
the calorimeter. PYTHIA-Perugia2010 provides a reasonable description of the measured jet shapes in all regions of
jet pT and |y|, and is therefore used to compute the correction factors. Here, the method is described in detail for
the differential case. A similar procedure is employed to correct independently the integrated measurements. The
correction factors U(r, pT , |y|) are computed separately in each jet pT and |y| region. They are defined as the ratio
between the jet shapes at the particle level ρ(r)parmc , obtained using particle-level jets in the kinematic range under
consideration, and the reconstructed jet shapes at the calorimeter level ρ(r)calmc, after the selection criteria are applied
and using calorimeter-level jets in the given pT and |y| range. The correction factors U(r, pT , |y|) = ρ(r)parmc /ρ(r)

cal
mc

present a moderate pT and |y| dependence and vary between 0.95 and 1.1 as r increases. For the integrated jet shapes,
the correction factors differ from unity by less than 5%. The corrected jet shape measurements in each pT and |y|
region are computed by multiplying bin-by-bin the measured uncorrected jet shapes in data by the corresponding
correction factors.

VIII. SYSTEMATIC UNCERTAINTIES

A detailed study of systematic uncertainties on the measured differential and integrated jet shapes has been per-
formed. The impact on the differential measurements is described here in detail.

• The absolute energy scale of the individual clusters belonging to the jet is varied in the data according to studies
using isolated tracks [5], which parametrize the uncertainty on the calorimeter cluster energy as a function of
pT and η of the cluster. This introduces a systematic uncertainty on the measured differential jet shapes that
varies between 3% to 15% as r increases and constitutes the dominant systematic uncertainty in this analysis.

• The systematic uncertainty on the measured jet shapes arising from the details of the model used to sim-
ulate calorimeter showers in the MC events is studied. A different simulated sample is considered, where
the FRITIOF [35] plus BERT showering model is employed instead of the QGSP plus BERT model.
FRITOF+BERT provides the second best description of the test-beam results [30] after QGSP+BERT. This
introduces an uncertainty on the measured differential jet shapes that varies between 1% to 4%, and is approx-
imately independent of pT and |y|.

• The measured jet pT is varied by 2% to 8%, depending on pT and |y|, to account for the remaining uncertainty
on the absolute jet energy scale [5], after removing contributions already accounted for and related to the energy
of the single clusters and the calorimeter shower modeling, as discussed above. This introduces an uncertainty
of about 3% to 5% in the measured differential jet shapes.

• The 14% uncertainty on the jet energy resolution [5] translates into a smaller than 2% effect on the measured
differential jet shapes.
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Jet reconstruction - the resolution parameter

6

Preliminary pT

 (GeV/c)
R

0.4
R

0.7

20-30 77% 94%

30-40 83% 96%

40-50 89% 98%

% Energy within 
resolution parameter 

R

• Consistent with CDF 
> 80% within R~0.3.

• Larger energy ! 
more focussed jet.

|"jet|<1-R

Tuesday, March 31, 2009

r

R

Jets get more collimated/narrower with increasing jet 
energy

Energy - integrated within a smaller R - depends on R!
=> importance of the jet definition

Experiment & Theory must use the same definitions

500 Gev100 Gev20 Gev



Jets in collider experiments
Jets are fairly 
well known by 
now... and well 
described by 

theory and MC
=> attractive tool 
for heavy-ionsPerturba(ve-QCD-and-jet-measurements-

QCD(laboratory(with(heavy9ions,(MPloskon( 21(

Theory:(calculates(jets(with(precision;(Well(understood(experimentally(

=>(ARracGve(candidate(for(heavy9ions(

RHIC:(0.2(TeV(
Tevatron:(1.96(TeV(

LHC:(7(TeV(

� / fPDF
a ⌦ fPDF

b ⌦ �hard
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Hadronic collisions: pQCD and jets

D(z,%mF)%is#the#
Fragmenta-on#
func-on#

E
d3�

dp3
⇥ fa/A(xa, Q2)� fb/B(xb, Q

2)� d�̂ab�cd

dt
�Dh/c(zc, Q

2)

pQCD#factoriza-on:#
#
#
#
#
#

parton#distribu-on#fn#fa/A%

partonic#cross#sec-on#

fragmenta-on#fn#Dh/c%

Jets%are%defined%via%rigorous%(collinear%
and%infrared%safe)%%

clustering%algorithms%
%

Same%clustering%defini8ons%in%
experiment%and%theory%–%integra8on%

over%hadronic/parton%showers%
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Inclusive jet production: pQCD & data
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Jets are fairly 
well known by 
now... and well 
described by 

theory and MC
=> attractive tool 
for heavy-ions
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JET composition

Francesco Pandolfi Jet Results from CMS, 24.03.11

Particle Flow Jet Reconstruction

23

14 5 Total Jet Energy Correction Factors and Uncertainties

C(praw
T , �) = CMCtruth (praw

T , �)� CResidual (praw
T · CMCtruth(praw

T , �), �) (7)

The overall jet energy correction factor and its uncertainty is shown in Fig. 12 as a function
of � for fixed jet pT values. As expected, CALO jets require a much larger correction factor
compared to the track-based algorithms. In the region beyond the tracker coverage, all jet types
are in agreement within the systematic uncertainties. Figure 13 shows the correction factors and
their uncertainty as a function of the jet pT for fixed � values. The systematic uncertainty of the
overall calibration factor is the sum in quadrature of the relative scale and the absolute scale
uncertainties. Figure 14 shows the combined uncertainty of the jet energy scale in CMS as a
function of jet pT while Fig. 15 shows the same quantity as a function of �.
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Figure 12: Total jet energy correction factor and its uncertainty (band) as a function of jet � for
two jet pT values.

11

calorimeter in the data (Section 2.2), which affects both neutral and charged hadrons in the re-
gion not covered by the tracker, and of the jet pT cut applied to a steeply falling spectrum. The
next-to-most-significant deviation is a half-a-unit shift in the distribution of the number of jet
constituents. As this variable is sensitive to the details of the fragmentation modelling, such a
small deviation can actually be seen as a remarkable achievement.

The jet constituent particles were classified into seven types: charged hadrons, photons, neutral
hadrons, electrons, muons, and electromagnetic and hadronic energy deposits in the HF. For
each reconstructed jet, the jet-component energy EX is the total energy carried by the particles of
type X contained in this jet, and the jet energy fraction RX is the fraction of the jet energy carried
by the particles of type X, RX = EX/Ejet. Figures 11a and 11b show the mean jet energy fractions
for the various particle types across detector boundaries. In the tracker-covered region, charged
hadrons were found to carry on average 65% of the jet energy, photons 25% and neutral hadrons
10%. The capability of the forward calorimeter to separate the electromagnetic and hadronic
energy deposits is not yet exploited in the particle-flow algorithm, and studies show that the
fraction of hadronic energy observed in reconstructed jets is currently overestimated, both in
the data and in the simulation.

(a) (b)

Figure 11: Reconstructed jet energy fractions as a function of pseudorapidity (a) in the data
(b) and in the simulation. From bottom to top in the central region: charged hadrons, photons,
electrons, and neutral hadrons. In the forward regions: hadronic deposits, electromagnetic
deposits.

The distributions of the jet-component energies for charged hadrons, photons, and neutral
hadrons are shown in Fig. 12, separately in the barrel and in the end-caps. The small, but
visible discrepancy in the neutral-hadron-fraction distributions, especially in the endcaps, is
yet another manifestation of the over-calibration of the hadron calorimeter in the data with
respect to the simulation.

Charged Hadrons Electrons

Photons HF Hadrons

Neutral Hadrons HF EM particles

65% charged hadrons

A Typical Jet

25% photons

15% neutral 
hadrons

1-2% electrons
(conversions)

Total JES 
Correction Factor

Measure a jet?
Need to have control over all components...

Measure or “know” 
the [unknown] rest from DATA + MC
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Jet: from parton to 
detector

the physics event generation
47

LHC

detector

generate hard process

add initial and final 
state radiations

add the parton 
showers

hadronize partons

let hadronic decay

add the underlying 
event

Jets

At Hadronic Colliders, quarks & gluons 
produced, evolves (parton shower, 
hadronisation) to become jets

In a cone around the initial parton: 
high density of hadrons

LHC calorimeters cannot separate all 
the incoming hadrons

Use dedicated calibration schemes 
(based on simulation in ATLAS)

Use tracking system to identify 
charged hadrons (Particle Flow in 
CMS)
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A Jet DetectorThe CMS Detector 

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  2 

CMS can distinguish stable particles as:  h+/-, γ, h0, µ, e 

Primary sub-detectors:  Silicon tracker, ECAL, HCAL, muon chambers 
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Improvements in jet reconstruction on 
detector level => Particle flowWhat is Particle Flow? 

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  4 

Hint:  It’s got nothing to do with hydrodynamics 

Particle flow reconstructs all stable particle in the event:  h+/-, γ, h0, e, µ$

•  On average jets are:  
       ~ 65% charged hadrons, ~ 25% photons, ~ 10 % neutral hadrons   
•  Using the silicon tracker (vs. HCAL) to measure charged hadrons 

o  Improves resolution, avoids non-linearity  
o  Decreases sensitivity to the fragmentation pattern of jets 

•  Used extensively in ALEPH, CMS and proposed for the ILC 

Purely calorimeter 
jet vs. Particle 

Flow jetPerformance of PF Jets in pp 

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  12 

Generator-level 

Mean of  
Gaussian fit to  
 

 PF reconstructs > 95% of the jet pT 

Barrel:  |η| < 1.5 

CMS-PAS-PFT-09-001 

     Better response w.r.t. calorimeter measurement 
     ! smaller jet-energy corrections 
 

Reco pT - Gen pT

Gen pT

PYTHIA Better response w.r.t. 
calorimeter 
measurement 
=> smaller jet-energy

 corrections
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Jet: energy scale & 
resolution

Bias == Scale
Width == Resolution

Control over 
the two 
crucial 

in p-p and 
AA 

collisions
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JET: From Measured 
to meaningful...

Francesco Pandolfi Jet Results from CMS, 24.03.11

Jet Calibration: Factorized Approach

9

Raw
Jet

Calibrated
Jet

×
Offset

Correction
(pile up)

Relative
Response

(vs. η)

Absolute
Response

(vs. pT)
× × =

Additional corrections (e.g. flavour) 
are analysis dependent

Physics Object

Response =
Reco Jet pT

Response =
True Jet pT

This is an experimental 
enterprise!

It is a substantial effort...

Underlying event!
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ATLAS Linearity with data

34

Control of the energy scale - ATLAS - linearity

ATLAS Linearity with data

34

40
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Jet energy resolution
An example: proton-proton collisions

Francesco Pandolfi Jet Results from CMS, 24.03.11

Jet Resolution Measurement

❖ Dijet asymmetry method:

13
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Until now...
• Jets in elementary collisions: must specify an 

operational definition (algorithm, R, recombination 
scheme); variety of infrared and collinear safe 
algorithms

• Jet measurements in e-e and p-p collisions under 
control - experimental and theoretical 
understanding - although proper jet 
reconstruction is an effort even in the “simple” 
case (vacuum)

• HI collisions: hot QCD matter; large particle 
(production) densities as compared to vacuum - 
evolving with centrality
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Probing the 
unknown medium...

jet suppression 
(quenching)

charm/bottom 
dynamics
J/ψ & Υ

color-less particles

Human body
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QED: Passage of electrically 
charged particle through 

�
<

d
E

/
d
x

>

QED:-Passage-of-electrically-charged-
par(cles-through-maGer-

18(QCD(laboratory(with(heavy9ions,(MPloskon(

ParGcle(Data(Group(

High energy limit: Radiative energy 
loss

What is the equivalent in QCD?
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Bremsstrahlung in QCD: 
Formation time -> coherence effects

114

May 31st, 2012 –  Hard Probes 2012, Cagliari Alessandro Buzzatti – Columbia University 4 

Energy loss – Radiative 

Incoherent limit: Gunion-Bertsch 

• ࡺࢊ
఼ࢊ࢞ࢊ

= 
࢞
࢙ࢻ
࣊

఼
఼ (఼఼ି)

 
 

– Incoming quark is on-shell and massless 
– The non-abelian nature of QCD alters the spectrum from 

the QED result 
– Multiple scattering amplitudes are summed incoherently 
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Formation time physics 

•   
 

 
– ࢌ࣎ < ࣅ <  Incoherent multiple collisions   ࡸ
– ࣅ < ࢌ࣎ <  LPM effect (radiation suppressed by multiple scatterings within   ࡸ

one coherence length) 
– ࣅ < ࡸ <  Factorization limit (acts as one single scatterer)   ࢌ࣎

~ࢌ࣎
࣓
ୄ

 

  

propagating  
parton 

radiated 
gluon 

Landau-Pomeranchuk-Migdal effect 
Formation time important 

Radiation sees  
length ~τf at once 



Bremsstrahlung in QCD 

Define(a(transport(coefficient:(

Bremsstrahlung-energy-loss-in-QCD-

Partonic(energy(loss(in(QCD(medium(is(proporGonal:(
• (to(squared(average(path(length((Note:(QED(~(linear)(
• (to(density(of(the(medium(
⇒ -energy-flow-(parton+radia(on)-modified-as-compared-to-jet-in-vacuum-
⇒ -jet-“quenched”-(“sofened”-fragmenta(on)-

t
formation

< L, � < �
c

�dE/dx ⇠ �sq̂L
2

22(QCD(laboratory(with(heavy9ions,(MPloskon(

q̂ ⇠ µ2/�

High(energy(color-charged-probe(
propagaGng(through(color(charged(medium(

(LPM(effect;(mulGple(sok(radiaGons)(
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λ<τ=> Multiple scatterings add coherently

ρ
λ
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Generic expectations from energy loss

λ"

kT~µ"Ejet 

Longitudinal modification:
out-of-cone:  energy lost, loss of yield, di-jet energy 
imbalance

in-cone: softening of fragmentation

Transverse modification
out-of-cone:  increase acoplanarity kT

in-cone:  broadening of jet-profile

Fragmentation followed by E-loss?
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Jets in heavy-ion collisions 
- an idealization

Jets-in-heavy-ion-collisions:-
idealiza(on-

QCD(laboratory(with(heavy9ions,(MPloskon( 42(

producGon(vertex:(high(Q
2
(

pQCD(

=>(Factorized(picture.((

PropagaGon(in(strongly(coupled(

Quark(Gluon(Plasma(

pQCD9based(jet(quenching(

hydrodynamics(

AdS/CFT(

…(

Vacuum(fragmentaGon(into(hadrons(

non9pert.(QCD(
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Factorization in heavy-ion collisions?117



Jets in heavy-ion collisions
RHIC & LHC

LHC + RHIC: QCD evolution of jet quenching ?

Vary energy of the jet:
 LHC: Vary the scale with which QGP is probed ( a la DIS)
 Compare and contrast RHIC and LHC

STAR: Au+Au at 0.2 TeV

CMS: Pb+Pb at 2.76 TeV
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Jets in HI collisions & Experimental difficulties: 
Vacuum jet vs jet on top of the HI background...

Vacuum
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Jets in HI collisions & Experimental difficulties: 
Vacuum jet vs jet on top of the HI background...

Heavy-ion collision @ LHC
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Jets in heavy-ion 
collisions RHIC & LHC

- large combinatorial backgrounds (especially at RHIC) 
- energy within an event varies from point to point (“fluctuations”)
- a plus for LHC is larger kinematic reach - abundance of high-
energy jets (higher-pT measurements less affected by backgrounds)

=> various approaches among experiments for background 
suppression AND/OR jet energy-resolution corrections

- is there an optimal jet definition for heavy-ion collisions (?)
=> use multiple jet algorithms (?); sub-jets (?); filtering (?)

- jets are reported on the particle (generator) level - hadronization 
corrections (to the “parton” jet) in HI collisions impossible

RHIC
LHC

Jets in heavy-ion environment - 
few experimental notes:
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Reminder...122

Npart (or Nwound) =  7  �participants� 
Nbin  (or Ncoll)    = 12 �binary collisions� 

e.g.: 

“Soft”, large cross-section processes expected to scale with Npart

“Hard”, low cross-section processes expected to scale with Nbin



“Easier” (than full jet reconstruction) exercise: 
Jet-quenching via leading hadrons

Azimuthal*
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Figure 2: The pT distributions of primary charged particles at mid-rapidity (|! | < 0.8) in central (0–5%) and
peripheral (70–80%) Pb–Pb collisions at � sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ⇥ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Loss of measured 
yield in central A-

Inclusive hadron production
Measured as a function of collision 

centrality

Di-hadron 
correlations

Rates of recoil (“away-side”) hadrons 
suppressed

Note on correlations: interesting 
tool to study the “intermediate”-

pT region - jets vs flow and 
recombination
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     Hadron suppression
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peripheral (70–80%) Pb–Pb collisions at � sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ⇥ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Loss of measured 
yield in central A-

A

Nuclear modification factor:
#(particles observed in AA collision per N-N (binary) collision)

#(particles observed per p-p collision) 
RAA = Suppression of High pT Particles 

John Harris (Yale)                                                 AIM Session, ALICE Physics Week, April 19, 2012 

/
AA

AA /
coll pp

NR
N N

π γ

π γ=

CMS, arXiv:1202.2554v1 

“No effect” case is for RAA = 1   at high pT where hard processes 

dominate
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No#“effect”:#
R#<#1#at#small#momenta#
R"="1"at"higher"momenta"where"

""hard"processes"dominate"

Photon#–#color#neutral#probe#=>#No#suppresion#

Hadrons#from#color#charged#jets#=>#Suppression#

RaCo#=#
#(parCcles#observed#in#AA#collision#per#binary#collision)#
#
#(parCcles#observed#per#pJp#collision)##

Jet quenching - RHIC
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Energy-loss - QGP state effect!126

First Results from Pb+Pb collisions at the LHC 13
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Fig. 7: Nuclear modification factor RAA as a function of pT for a variety of particle species together with theoret-
ical predictions. Experimental error bars correspond to the total error (statistical and systematic errors added in
quadrature). a) Low momentum region pT < 20 GeV; b) Entire momentum range measured at LHC. The curves
show the results of various QCD-based models of parton energy loss [124, 125, 126, 127, 128]. For details, see
text.

the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching

ALICE,'arXiv:1210.4520'
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RAA: extreme scenarios

pT 
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Scenario I 
P(ΔE) = δ(ΔE0) 

“Energy loss”

Scenario II 
P(ΔE) = a δ(0) + b δ(E) 

P(ΔE) encodes the full energy loss process
RAA not sensitive to energy loss distribution, 

details of mechanism...

“Absorption”

“Shift” to lower pT “Shift” in yield

P(ΔE) - probability for parton to loose ΔE

For both RAA < 1
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Brehmsstrahlung in QCD 

Define(a(transport(coefficient:(

Bremsstrahlung-energy-loss-in-QCD-
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λ<τ=> Multiple scatterings add coherently
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λ<τ=> Multiple scatterings add coherently
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An idea: vary the path length 
experimentally?

-> sensitivity to the collision profile
-> different collisions systems?

Bremsstrahlung in QCD 



Azimuthal angular asymmetry in 
particle production
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● Suppression out-of-plane stronger
● Longer in-medium path length
● Significant effect even at 20 GeV/c

● Provides additional constraints to 
energy loss models

● Path length dependence of energy loss
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RAA wrt reaction plane - path length 
dependence of jet quenching?
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Path length dependence: RAA vs L
PHENIX, PRC 76, 034904
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3<pT<5 GeV/c
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Heavy-flavor in medium132



RAA for different particle type

Is parton energy loss different 
for gluons, light-quarks and heavy-quarks?

 
Expectation: ΔEg > ΔElight-q > ΔEheavy-q

 

=> RAApions < RAAD-mesons < RAAB-mesons

Casimir (color factor)
- gluons “glue” better 
to the medium than 

quarks

“Dead-cone” effect:
mass of the parent quark 

=> radiation for angles 
θ<m/E is suppressed

133

∆E ∝ αS CR q L2
CR = 4/3 for 
quarks, 3 for 
gluons



Parton energy-loss: 
gluons vs. quarks

134

Heavy Ion Collisions at the LHC - Last Call for Predictions 106

Figure 84: RAA for observable products of heavy quark jets at RHIC (electrons - left) and two
possible densities at the LHC (D and B mesons - right). There is considerable uncertainty
in the perturbative production of c and b jets. This shows up in the results for electrons
at RHIC in the large uncertainty band, ±0.1 or greater - as the ratio of c to b jets is very
uncertain. However, the uncertainty in D and B meson RAAs is small (approximately ±0.02) -
the different slopes on the individual spectra have very little effect on the meson RAA results.

6.10. Jet evolution in the Quark Gluon Plasma

H. J. Pirner, K. Zapp, J. Stachel, G. Ingelman and J. Rathsman
Jet evolution is calculated in the leading log approximation. We solve the evolution equation

for the branching of gluons in vacuum, using a triple differential fragmentation function D(x,Q2, p2⊥).
Adding an extra scattering term for evolution in the quark gluon plasma we investigate the influence
of the temperature of the plasma on the differential cross section of partons dN/dln(1/x) in a jet of
virtuality Q2 = (90 GeV)2. Due to scattering on the gluons in the plasma the multiplicity increases, the
centroid of the distribution shifts to smaller x values and the width narrows.

The evolution equation for the transition of a parton i with virtuality Q2 and momentum
(1,k⊥) into a parton j with momentum (z, p⊥) can be constructed in leading logarithmic
approximation [245]. In a dense medium they are modified due to the possibility that the
parton is scattered. The scatterings change the transverse momentum of the leading fast parton
by giving it !q⊥ kicks, but they do not change the mass scale or virtuality of the fast parton.
The lifetime of a virtual parton can be estimated as dτ = E/Q20(dQ

2/Q2) using the uncertainty
principle (E is the parton energy and Q20 is the infrared scale). Evolving along a straight line
path in a homogeneous plasma with a density of gluons ng we obtain a modified evolution
equation

Q2
∂Dj
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2π
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•  Energy'loss'depends'on'parton:'
–  Casimir'factor''(CR=3'for'gluons'
and'4/3'for'quarks)'

– Mass'of'the'quark'(dead$cone'
effect):'radiaBon'suppressed'for'
angles'θ'<'m/E'

•  Does'it'persist'at'lowFpT'as:'
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> �E
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B$(mb$~$5$GeV)$
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Prediction!



Heavy-flavor reconstruction135

Lxy 

B 

J/ψ"
µ+ 

µ- 
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•  Lower&mass&heavy&flavour&hadrons&decay&weakly:&
–  Life7mes:&≈0.5<1&ps&for&D&and&≈1.5&ps&for&B&
–  cτ:&≈100<300&µm&for&D&and&≈&500 µm&for&B&&

•  Possibility&to&detect&decay&ver7ces/displaced&tracks&
–  Tracking&precision&plays&a&crucial&role&

" Track&impact&parameter:&
distance&of&closest&approach&
of&a&track&to&the&interac7on&
vertex&

&

! ALICE,'JHEP'09'(2012)'112'

Experimental How-to: 
Displaced tracks



Heavy-flavor - calibrated probes?137

CMS,%EPJC%71%(2011)%1575%

ALICE,%arXiv:1205.5423%

ALICE,%JHEP%1201%(2012)%

CMS,%PRL%106%(2011)%112001%

Produc'on)in)p,p)

pQCD%agree%with%
data%within%
uncertainKes%



Electrons from heavy-flavor:
 RAA at the LHC and RHIC

138

•  Consistent(with(HF-Muon(RAA((2.5<y<4)(@(2.76(TeV(PbPb(collisions(
•  Consistent(with(HFE(RAA(@(200(GeV(AuAu(collisions(�



D vs heavy flavor leptons 
and the light flavor

139

•  Proper&comparison&of&Ds&and&leptons&
only&with&decay&kinema6cs:&

–  pTe&≈0.5·pT
B at high pT

e&

•  Similar&trend&vs.&pT&for&D,&
charged&par6cles&and&π±&
–  hint&of&RAAD&>&RAAπ&&at&low&pT&?&



Charm-q energy loss via D-mesons RAA
140

D meson RAA 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  22 
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Heavy-flavor suppression 
- rapidity dependence

141
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Variants of radiative++ energy loss agree with data 
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Heavy-flavor - azimuthal anisotropy142

•  Due$to$their$large$mass,$c$and$b$quarks$should$take$longer$
6me$(=$more$re9sca:erings)$to$be$influenced$by$the$collec6ve$
expansion$of$the$medium$
–  v2(b)$<$v2(c)$

•  Uniqueness$of$heavy$quarks:$cannot$be$destroyed$and/or$
created$in$the$medium$$
–  Transported$through$the$full$system$evolu6on$
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Challenge for theory – consistent 
description of charm production and its v2

143

•  The$simultaneous$descrip2on$of$D$meson$RAA$and$v2$is$a$challenge$
to$theore2cal$models$
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Heavy-flavor electrons:
 RHIC vs. LHC

144

Vast difference in energy of the collisions; however the 
properties of the medium are not so different

LHC bonus for the kinematic reach (energy dependence)



Challenge for theory – consistent 
description of HFE and its v2
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•  The$simultaneous$descrip2on$of$heavy$flavor$decay$electrons$RAA$
and$v2$is$a$challenge$to$theore2cal$models$



D-meson v2
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•  First&direct&measurement&of&D&anisotropy&in&heavy5ion&collisions&
•  Yield&extracted&from&invariant&mass&spectra&of&Kπ&candidates&in&2&bins&of&

azimuthal&angle&rela:ve&to&the&event&plane&

5>&indica8on&of&non5zero&D&meson&v2&(3σ&effect)&in&2<pT<6&GeV/c&



Charm + strange: Ds+
147

•  Strong'Ds
+'suppression'(similar'

as'D0,'D+'and'D*+)'for'8<'pT'<12'
GeV/C'

•  RAA'seems'to'increase'(=less'
suppression)'at'low'pT'
–  Current'data'do'not'allow'a'

conclusive'comparison'to'other'
D'mesons'within'uncertainIes'

•  First'measurement'of'Ds
+'in'AA'collisions'

•  ExpectaIon:'enhancement'of'the'strange/nonN
strange'D'meson'yield'at'intermediate'pT''if'charm'
hadronizes'via'recombinaIon'in'the'medium'

Kuznetsova,,Rafelski,,EPJ,C,51,(2007),113,
He,,Fries,,Rapp,,arXiv:1204.4442,,



Until now...

• Heavy-ion collisions at high-energies: high-energy density; 
hot, deconfined matter with quark and gluon degrees of 
freedom (plasma -> QGP) - strongly coupled system

• Statistical description of relative particle multiplicities; 
common velocity - expansion of the system

• Medium properties:  nearly perfect liquid; opaque to high-
energy partons (including heavy-quarks - hints for flavor 
dependence of the parton energy loss - fundamental QCD); 
some signals of jet modifications;

• Jets and heavy-quarks are well calibrated probes! Let’s use 
these... 

• TODAY: quarkonia, particle correlations at high-pT, full jet 
reconstruction in HI collisions and jet quenchiq at the LHC 
- experimental summary...
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Quarkonia:
q-qbar in medium
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Charmonium suppression150

QGP signature proposed by Matsui and Satz, 1986

In the plasma phase the interaction potential is expected 
to be screened beyond the Debye length λD  (analogous to 
e.m. Debye screening):

Charmonium(cc) and bottonium(bb) states with r > λD will 
not bind; their production will be suppressed (qqbar 
states will “melt”)

Quarkonia and the Quark-Gluon Plasma
• Heavy quarks

‣ produced in the initial hard-scattering process

‣ Debye screening in QGP leads to melting of  quarkonia

• Different binding energy of  bound states lead to
sequential melting of  the states with increasing temperature

‣ also observable in the rates of  the ground state due to suppression of  feed down contribution

• The beginning: Matsui & Satz, PLB 178 (1986) 416

2

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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J/ψ in heavy-ion collisions151
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• Non-prompt J/ψ become significant 
towards higher pT (20–30%)!

• Reconstruct µ+µ− vertex

• Simultaneous fit of  µ+µ− mass and 
pseudo-proper decay length

B
Lxy

J/ψ µ+
µ−�J/� = Lxy

mJ/�

pT

Inclusive J/ψ "
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Direct J/ψ" Feed-down 
from ψ’ and χc  

Non-Prompt J/ψ 
from B decays 

2010 data: JHEP 1205 (2012) 063
2011 data: CMS PAS HIN-12-014
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J/ψ suppression - RHIC vs LHC152

J/ψ suppression at forward rapidity in Pb-Pb collisions at √sNN = 2.76 TeV 5
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Fig. 2: (Color online) Inclusive J/ψ RAA as a function of the mid-rapidity charged-particle density (top) and
the number of participating nucleons (bottom) measured in Pb-Pb collisions at √sNN = 2.76 TeV compared to
PHENIX results in Au-Au collisions at √sNN = 200 GeV at mid-rapidity and forward rapidity [4, 5, 20]. The
ALICE data points are placed at the dNwch/dη |η=0 and 〈N

w
part〉 values defined in Table 1.

J/ψ#suppression#

•  Inclusive*J/ψ yield*lost*in*central*
Pb5Pb*collisions*as*compared*to*

equivalent*number*of*p5p*collisions**

–  Quarkonia*“melts”*within*QGP*

•  LHC:*Less*suppression*than*at*RHIC*

and*flat*centrality*dependence*

•  =>*in5medium*ccbar* * * *

******recombinaIon?**

•  Important:*beKer*knowledge*of*

iniIal*state*effects*crucial*–*cold*

nuclear*maKer*/*shadowing*/*

saturaIon*

J/ψ*measured*with*forward*muon*arm*

* * *J/ψ—>µ+µ5
*

Event#centrality#

Phys.*Rev.*LeK.*109.072301**

Cold nuclear matter? => Measure p-Pb collisions!



Regeneration - J/ψ flow?153

What about elliptic flow?
• Expect J/ψ from regeneration to exhibit 

similar elliptic flow as D mesons

• STAR at RHIC:

‣ no significant elliptic flow

• ALICE at LHC:

‣ hint at 3 GeV/c

‣ local significance 2.2 σ

• Does one point really make the difference?

‣ More data will bring the answer

Vue intérieure d’un bâtiment de Digiteo,conçu par le cabinet d’architectes Behnischselon desprincipes bioclimatiques.© BRS - BEHNISCH ARCHITEKTEN

J/! v2 in centrality 20%-60% 

!  2 ' pT < 4 GeV/c: contrary to STAR measurement  
hint of non-zero v2 with significance ~ 2.2 sigma 
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Beauty vs. charm154

In#central#collisions,#the#expected#RAA#hierarchy#is#observed:#
RAAcharm#<#RAAbeauty#

Caveat:'different'y'
and'pT'range'
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Figure 7: (Left): Dimuon invariant mass distribution in the ⌥mass region for minimum bias PbPb collisions. The dashed
blue line shows the line shape obtained from a fit to the spectrum in pp collisions at the same collision energy, normalized
to the ⌥(1S) peak. (Right): Minimum bias RAA for all quarkonia states measured by CMS. For ⌥(3S) the upper limit
(95% CL) is given. Points are from [8], [9], and [10].

medium properties, e.g., in particular the initial temperature. The sequential suppression of the
three ⌥(nS) states in the order of their binding energies is plainly visible in the comparison of
the pp line shape and the PbPb data, following expectations for their dissolution in a hot QCD
medium. The suppression relative to pp for the individual states was found to be about 2, 8,
and larger than 10, for ⌥(1S), ⌥(2S) and ⌥(3S) respectively.The dependence is further quanti-
fied in Fig. 7(right), which shows the RAA factors for the charmonium and bottomonium states
in minimum bias PbPb collisions as a function of their binding energies. Although a detailed
comparison will need to take the di↵erent pT cuts for cc and bb states into account, the expected
decrease of the suppression (i.e. increase in RAA) is once again observed for states with increas-
ing binding energy. Further experimental studies using data from a future pPb run at LHC will
be necessary to understand the possible cold nuclear matter e↵ects in the observed quarkonium
suppression and to allow quantitative evaluation of the underlying medium properties.

7. Summary

Using the high statistics data set collected in 2011, CMS has greatly extended the pT reach,
precision and scope of measurements related to the key properties of the strongly interacting
medium formed in heavy collisions. Ultra-central collisions provide a new testing ground for
models of the initial state and the hydrodynamic expansion, while high-pT anisotropy measure-
ments characterize the path length dependence of parton energy loss. Earlier jet quenching
measurements have been complemented by various studies of nuclear modification factors for
unsuppressed probes such as Z0’s and W’s, which provide a reference for the suppression seen in
inclusive jets and, for the first time, in b-tagged jets. The suppression of inclusive jets confirms
the results seen in inclusive charged hadrons, and complements the information from high-pT
dijet imbalance measurements. Modifications to the jet fragmentation properties have been stud-
ied with jet shape and fragmentation function measurements, which demonstrate a moderate, but

7
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ϒ(nS) RAA

• In 2010 (7.28 µb−1):

‣ only ϒ(1S) RAA in 3 centrality bins

‣ JHEP 1205 (2012) 063

• In 2011 (150 µb−1):

‣ ϒ(1S) RAA in 7 centrality bins

‣ clear suppression of  ϒ(2S)

‣ ϒ(1S) suppression consistent with excited 
state suppression (~50% feed down)

‣ centrality integrated:

• Sequential suppression of  the three states 
in order of  their binding energy
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Quarkonia suppression at the LHC158
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Figure 7: (Left): Dimuon invariant mass distribution in the ⌥mass region for minimum bias PbPb collisions. The dashed
blue line shows the line shape obtained from a fit to the spectrum in pp collisions at the same collision energy, normalized
to the ⌥(1S) peak. (Right): Minimum bias RAA for all quarkonia states measured by CMS. For ⌥(3S) the upper limit
(95% CL) is given. Points are from [8], [9], and [10].

medium properties, e.g., in particular the initial temperature. The sequential suppression of the
three ⌥(nS) states in the order of their binding energies is plainly visible in the comparison of
the pp line shape and the PbPb data, following expectations for their dissolution in a hot QCD
medium. The suppression relative to pp for the individual states was found to be about 2, 8,
and larger than 10, for ⌥(1S), ⌥(2S) and ⌥(3S) respectively.The dependence is further quanti-
fied in Fig. 7(right), which shows the RAA factors for the charmonium and bottomonium states
in minimum bias PbPb collisions as a function of their binding energies. Although a detailed
comparison will need to take the di↵erent pT cuts for cc and bb states into account, the expected
decrease of the suppression (i.e. increase in RAA) is once again observed for states with increas-
ing binding energy. Further experimental studies using data from a future pPb run at LHC will
be necessary to understand the possible cold nuclear matter e↵ects in the observed quarkonium
suppression and to allow quantitative evaluation of the underlying medium properties.

7. Summary

Using the high statistics data set collected in 2011, CMS has greatly extended the pT reach,
precision and scope of measurements related to the key properties of the strongly interacting
medium formed in heavy collisions. Ultra-central collisions provide a new testing ground for
models of the initial state and the hydrodynamic expansion, while high-pT anisotropy measure-
ments characterize the path length dependence of parton energy loss. Earlier jet quenching
measurements have been complemented by various studies of nuclear modification factors for
unsuppressed probes such as Z0’s and W’s, which provide a reference for the suppression seen in
inclusive jets and, for the first time, in b-tagged jets. The suppression of inclusive jets confirms
the results seen in inclusive charged hadrons, and complements the information from high-pT
dijet imbalance measurements. Modifications to the jet fragmentation properties have been stud-
ied with jet shape and fragmentation function measurements, which demonstrate a moderate, but
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Fig. 7: Nuclear modification factor RAA as a function of pT for a variety of particle species together with theoret-
ical predictions. Experimental error bars correspond to the total error (statistical and systematic errors added in
quadrature). a) Low momentum region pT < 20 GeV; b) Entire momentum range measured at LHC. The curves
show the results of various QCD-based models of parton energy loss [124, 125, 126, 127, 128]. For details, see
text.

the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching

Similar suppression for heavier-q 
(strange, charm) and gluons (large 
elastic e-loss; less dep. on mass?; 
color factor? - small effect?) 
J/ψ from B-decays - dead cone 
effect?

Lambda vs K0 RAA below 7 GeV – 
manifestation of flow (?)

Rise towards higher pT’s: 
1) Harder partonic spectrum (as 
compared to RHIC)
2) Weak dependence of [pQCD] e-
loss on parton energy

Discussion based on LHC results
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the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching

Similar suppression for heavier-q 
(strange, charm) and gluons (large 
elastic e-loss; less dep. on mass?; 
color factor? - small effect?) 
J/ψ from B-decays - dead cone 
effect?

Lambda vs K0 RAA below 7 GeV – 
manifestation of flow (?)

Rise towards higher pT’s: 
1) Harder partonic spectrum (as 
compared to RHIC)
2) Weak dependence of [pQCD] e-
loss on parton energy

Photons and Z’s not suppressed -> 
quenching is a final state effect 

Discussion based on LHC results
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“Easier” (than full jet reconstruction) exercise: 
Jet-quenching via leading hadrons
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Figure 2: The pT distributions of primary charged particles at mid-rapidity (|! | < 0.8) in central (0–5%) and
peripheral (70–80%) Pb–Pb collisions at � sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ⇥ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Loss of measured 
yield in central A-

Inclusive hadron production
Measured as a function of collision 

centrality

Di-hadron 
correlations

Rates of recoil (“away-side”) hadrons 
suppressed

Note on correlations: interesting 
tool to study the “intermediate”-

pT region - jets vs flow and 
recombination
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Sensitivity of particle correlations
to different underlying physics
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... or jets fragment as in vacuum

RHIC @ 0.2 TeV



Conditional yields - LHC
Yield per trigger particle AA/pp-> IAA 

(unity==no effect)
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2"par:cles:"IAA"

28th"WWND"*"Puerto"Rico"*"13.04.2012" 9"

calculations spanning the parameter space and cannot be
done with current calculations (e.g., [30]). Such a study is
beyond the scope of this Letter.

Comparison to RHIC.—Similar measurements have
been performed at RHIC. Although the same range in
pt;trig does not necessarily probe the same parton pt region

at different
ffiffiffi
s

p
, we assess changes from RHIC to LHC in

the following. The STARmeasurement [8] (which includes
only statistical uncertainties) of the near-side IAA is con-
sistent with unity, albeit with a large uncertainty (18%–
40%). On the away side the result from STAR is about 50%
lower than the results shown in Fig. 2. We also calculated
IAA for the 20% most central events to compare to
PHENIX [7] (only v2-subtracted data on the away side
available). For pt;assoc < 4 GeV=c, the flow influence in
this centrality interval is about 75%, too large to provide
a reliable measurement. For 4<pt;assoc < 10 GeV=c, the
v2-subtracted IAA is 0:5! 0:6" 0:08. This result is
slightly larger than results from PHENIX in a similar
pt;trig region of 7< pt;trig < 9 GeV=c: 0:31" 0:07 and

0:38" 0:11 for pt;assoc # 3:5 GeV=c and 5:8 GeV=c, re-
spectively. Based on an analysis in a lower pt region, where
collective effects are significantly larger than in the

measurement presented here, the STAR collaboration men-
tions a slightly enhanced jetlike yield in Au-Au compared
to d-Au collisions, but does not assess the effect quantita-
tively [31]. In conclusion, the observed away-side suppres-
sion at the LHC is less than at RHIC (IAA is larger), while
the single-hadron suppression RAA is found to be slightly
larger (RAA is smaller) than at RHIC [9].
Near-side enhancement.—These measurements repre-

sent the first observation of a significant near-side enhance-
ment of IAA and ICP in the pt region studied. This
enhancement suggests that the near-side parton is also
subject to medium effects.
IAA is sensitive to (i) a change of the fragmentation

function, (ii) a possible change of the quark/gluon jet ratio
in the final state due to the different coupling to the
medium, and (iii) a bias on the parton pt spectrum after
energy loss due to the trigger particle selection. If the
fragmentation function (FF) is softened in the medium,
hadrons carry a smaller fraction of the initial parton mo-
mentum in Pb-Pb collisions as compared to pp collisions.
Therefore, hadrons with a given pt originate from a larger
average parton momentum which may lead to more
associated particles and IAA > 1. An increased fraction of
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FIG. 2 (color online). (a) IAA for central (0%–5% Pb-Pb/pp, open black symbols) and peripheral (60%–90% Pb–Pb/pp, filled red
symbols) collisions and (b) ICP. Results using different background subtraction schemes are presented: using a flat pedestal (squares),
using v2 subtraction (diamonds) and subtracting the large j!!j region (circles, only on the near side). For details see text. For clarity,
the data points are slightly displaced on the pt;assoc axis. The shaded bands denote systematic uncertainties.

PRL 108, 092301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 MARCH 2012

092301-4

Compare"pp"and"Pb*Pb"!"IAA="YAA/Ypp"
•  Central"events:""

–  Near*side"enhanced"(~1.2)"!"Change"in"fragmenta:on"func:on,"Change"in"quark/gluon"jet"ra:o,"
Bias"on"parton"pt"spectrum?"

–  Away*side"suppressed"(~0.6)"!"In*Medium"energy"loss?"

•  Peripheral"events:"
–  Consistent"with"unity"

•  Collec:ve"contribu:on"small!"

PRL(108,(092301((2012)(

IAA"is"sensi:ve"to"(i)"a"change"of"the"fragmenta:on"
func:on,"(ii)"a"possible"change"of"the"quark/gluon"jet"ra:o"
in"the"final"state"due"to"the"different"coupling"to"the"
medium,"and"(iii)"a"bias"on"the"parton"pt"spectrum"ayer"
energy"loss"due"to"the"trigger"par:cle"selec:on."If"the"
fragmenta:on"func:on"(FF)"is"soyened"in"the"medium,"
hadrons"carry"a"smaller"frac:on"of"the"ini:al"parton"mo*"
mentum"in"Pb*Pb"collisions"as"compared"to"pp"collisions."
Therefore,"hadrons"with"a"given"pt"originate"from"a"larger"
average"parton"momentum"which"may"lead"to"more"
associated"par:cles"and"IAA">"1."

PRL	  108,	  092301	  (2012)

•Central events: 
• near-side enhancement (>1: change in FF? bias on parton spectrum?; 
q/g-mix different in PbPb as compared to p-p?) - consistent with jet 
quenching...
• recoil: suppressed - consistent with quenching



IAA: data & theory description166
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Comparison"to"different"energy*loss"models:"
•  Near*side"enhancement:""

–  Reproduced"by"AdS/CFT"*"inspired"(L3"path"length"dependence)"and"ASW"*"inspired"(L2)"models"
–  YaJEM"too"high"(L"dependence)"

•  Away*side"suppression:"
–  Reproduced"by"all"except"YaJEM""

"

AdS/CFT,ASW,"
Yajem(*D):"
• LO"pQCD"
• WS"maPer"dist."
• Ideal"2+1d"hydro"
• Different"e*loss"
scenarios"

X"N"Wang:"
• Hard"sphere"maPer"
dist.""
• NLO"pQCD"
• Avg."e*loss"
• 1D"expansion"

AdS/CFT,ASW,YaJEM(*D)"simula:ons"from"T"Renk"[arXiv:1106.1740]"
X"N"Wang"[private"communica:on,"following"calcula:on"in"PRL98:212301"(2007)]"
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ok, so... compatible with jet quenching...



RHIC Example: High-pT hadrons - quantitative analysis

Δφ#

Model&calcula*on:&ASW&quenching&weights,&detailed&geometry&
Simultaneous&fit&to&data.&&

Armesto(et(al.(
0907.0667([hep3ph](

Reasonably self-consistent fit of independent observables
 Main limitation was/is the accuracy of the theory... 
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Density ~ qhat



So, why bother with full jet 
reconstruction in heavy-ion collisions?

RAA and correlations of leading hadrons provide constraints on density 
of the medium (qhat), however do not tell us about the *parton* 
energy loss and its dynamics; leading hadrons are biased towards jets 
that interact little or not at all with the medium 

=> full jet reconstruction premise: integrate over the hadronic 
degrees of freedom; better access to the parton energy scale; 
dynamics of the jet quenching (?); other promising observables: 
gamma-jet correlations

So called surface bias:
requesting a high-pT 
particle selects a 

population of jets close 
to surface of the medium 
- these jets interact only 
little (or not at all) with 

the medium 

30#GeV/c#pi0#Trigger#

qPythia MODEL!
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Jets in heavy-ion collisions

LHC + RHIC: QCD evolution of jet quenching ?

Vary energy of the jet:
 LHC: Vary the scale with which QGP is probed ( a la DIS)
 Compare and contrast RHIC and LHC

STAR: Au+Au at 0.2 
TeV

CMS: Pb+Pb at 2.76 
TeV
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Vacuum

170
Jets in HI collisions & Experimental difficulties: 
Vacuum jet vs jet on top of the HI background...



Jets in HI collisions & Experimental difficulties: 
Vacuum jet vs jet on top of the HI background...

Heavy-ion collision @ LHC
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Jet finding with background

By definition: all particles end up in a jet
With background: all - space filled with jets

Many  of  these  jets  are  ‘background  jets’

HI jet finding: 
dealing with the background energy

A single event: all particles clustered (“assigned”) to a jet
Many of these objects are simply background

Energy of the signal jets overestimated due to background energy
=> several possibilities to subtract the average background and/
or suppress the background particles [and background jets]
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Background subtraction

•  ρ:"median"pT"per"unit"area"of"the"
diffuse"background"in"an"event"–"
measured"using"background"“jets”"
as"found"by"kT"algorithm"

•  A:"area"of"the"jet"–"measured"using"
number"of"ar=ficially"injected"
infinitely"so?"par=cles"of"finite"
“size”"into"an"event"that"are"
clustered"into"the"jet""

•  δρ:"uncertainty"due"to"noise"
fluctua=ons"–"nonAuniformity"of"the"
event"background"

M. Cacciari, G. Salam, G. Soyez  JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]  
M. Cacciari, G.Salam Phys.Lett.B659:119-126,2008. e-Print: arXiv:0707.1378 [hep-ph]  

pjet
T = pcluster

T � �⇥Area

pjet
T = ptrue

T � �⇥
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Developed for pile-up rejection in p-p....
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M. Cacciari, G. Salam, G. Soyez  JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]  
M. Cacciari, G.Salam Phys.Lett.B659:119-126,2008. e-Print: arXiv:0707.1378 [hep-ph]  
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Developed for pile-up rejection in p-p....



Jets in heavy-ion collisions
- main difficulties
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Bias:
underlying event

background

Width:
background fluctuations

Qualitative picture
False yield

=> Procedure in HI:
1) subtract background

2) correct for fluctuations
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Jet finding with background

By definition: all particles end up in a jet
With background: all - space filled with jets

Many  of  these  jets  are  ‘background  jets’

HI jet finding: treatment of 
the background

Must correct for remaining residual energy 
resolution 

- magnitude of the correction is related to the background fluctuations
- jet Area : small R (area) - smaller correction

average background 
energy density

pT = pTraw - ρ x Areajet

Method 1

Hard Probes 2012M. Verweij 4

Jets in HI events: background
●  2 step procedure to correct for UE contaminating the jet:

1) Event-by-event background 
    subtraction:

2) Background fluctuations:
Inhomogeneous structure of events. 
Quantified by embedding high  pt probes in 
measured Pb-Pb events. 

Background fluctuations are asymmetric (high pt tail)

JHEP, vol 1203, p 053 2012
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NOT all of the 
objects returned by 
jet finder are TRUE 
jets! (aka - fake/

false jets!)



Jet reconstruction in HI collisions: 
Background fluctuations: characterized 
by δpT; spectrum before corrections6 JacekOtwinowski˙HighPt˙SQM2011 printed on May 9, 2012
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Fig. 5. Reconstructed raw charged jet spectra in four centrality intervals using the
anti−kT algorithm (R = 0.4) after background subtraction (details in the text).
Shown are spectra for two different track pT cut-off values: pT > 150 MeV/c (left)
and pT > 2 GeV/c (right), respectively.

sions (IAA) which are extracted from the near–side (∆φ ≈ 0) and away–side
(∆φ ≈ π) peaks.

Fig. 4 shows the IAA for central (0 − 5%) and peripheral (60 − 90%)
collisions after background subtraction which is based on three different
schemes: flat pedestal, v2 and η–gap (more details in [21]). The signifi-
cant difference between IAA values is visible in the lowest pT,assoc bin what
confirms a small bias due to the flow anisotropies in this pT region. In
central collisions, a strong yield suppression is observed on the away–side
(IAA ≈ 0.6) which is consistent with in–medium parton energy loss. On
the other hand, there is an unexpected yield enhancement (IAA ≈ 1.2) on
the near–side which has not been observed at lower collision energies [7]. In
peripheral collisions, the yields are not modified and IAA is consistent with
unity on both the near– and away–side.

2.4. Full jet reconstruction in ALICE

The ALICE electromagnetic calorimeter (EMCal) [1] was fully installed
in January 2011. Thus jets from the first Pb–Pb collisions in ALICE (2010
run) are reconstructed based on charged particles only. The tracks are
reconstructed using the Time Projection Chamber (TPC) and vertexing in-
formation from the Inner Tracking System (ITS). This ensures maximum
azimuthal angle (φ) uniformity of reconstructed tracks with transverse mo-
menta down to pT = 150 MeV/c.

The full jets are reconstructed using the anti−kT algorithm [22] and
are corrected for the background in each event using the jet area A with

Not corrected for fluctuations

Hard Probes 2012M. Verweij 4

Jets in HI events: background
●  2 step procedure to correct for UE contaminating the jet:

1) Event-by-event background 
    subtraction:

2) Background fluctuations:
Inhomogeneous structure of events. 
Quantified by embedding high  pt probes in 
measured Pb-Pb events. 

Background fluctuations are asymmetric (high pt tail)

JHEP, vol 1203, p 053 2012

Energy resolution function: δpT
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NOT all of the objects returned by jet finder are TRUE jets! (aka 
- fake/false jets!) - even after background subtraction! <-> 

fluctuations



Measuring background (fluctuations)178

Measured(resolu+on(
func+on(–(directly(

applicable(for(unfolding(
procedure((

3.*Background*fluctuationsE

•  Region-by-region 
background fluctuations 
are estimated through 
random cones (solid 
symbols) and single particle 
embedding (open symbols) 

•  Fluctuations limit jet energy 
resolution 
o  Smearing of the pT raw jet 

spectrum 
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24Background fluctuations

● Region-to-region 
background fluctuations 
limit the jet energy 
resolution

● Size of fluctuations 
are estimated using

● Random cones

● Single particle 
embedding

R=0.2

R=0.3

σ ≈ 5.5 GeV/c for R=0.2
σ ≈ 9.0 GeV/c for R=0.3

3.*Background*fluctuationsE

•  Region-by-region 
background fluctuations 
are estimated through 
random cones (solid 
symbols) and single particle 
embedding (open symbols) 

•  Fluctuations limit jet energy 
resolution 
o  Smearing of the pT raw jet 

spectrum 
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Suppression of the background
- false jet yield
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•  Combinatorial(
jets:*jet*finder*
clusters*together*
also*soft*particles*
from*the*UEE

•  Efficiently*remove*
the*fake*jets*by*
requiring(a(high(
pT(constituent,

•  Bigger*effect*when*
changing*the*pT*
threshold*from******
0*!*5*GeV/c*than*
5!10*GeV/c$

•  Bias*still*effective*
up*to*100*GeV/c$

R=0.2E R=0.3E

5(GeV/c(is(our(default(choice(for(R=0.2(jet(spectra,

Leading track bias to 
suppress the false jets

panti�kT
T � ⇢⇥ areaanti�kT =

•  False&jets&in&heavy.ion&collisions&can&be&suppressed&
via&a&leading&track&(par9cle)&requirement&

•  Warning:&trade.off/bias&against&possible&
fragmenta9on&modifica9ons&(quenching)&in&HI&
collisions&

•  Effect&of&the&bias&persists&up&to&high.pT&jets&.
illustrated&on&vacuum&jets&

33Jet RAA in central collisions

Bias/Inclusive PYTHIA
(~0.85 at 30-40 GeV/c)

Consistent with CMS prel. results in overlap region



Energy resolution deteriorated due 
to background energy fluctuations

unfolding)

Pythia'

Pythia'smeared'

Pythia'unfolded'

dNMeas

dpT
=

dNTrue

dpT
� fResol(�⇥)

Simulation 

δPT distribution:  
‘smearing’ of jet spectrum 
due to background fluctuations 

Large effect on yields 
Need to unfold 

Model demonstration
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Background corrections
 in Atlas

Jet Reconstruction at ATLAS

Reconstruction algorithm anti-k
t 
(0.2, 0.4).

Input: calorimeter towers 0.1 x 0.1 (Δ  x ƞ Δφ). 

Event-by-event background subtraction:

Anti-k
t 
reconstruction prior to a background subtraction.

Underlying event estimated for each longitudinal layer and  slice separately.ƞ

We exclude jets with                                            to avoid biasing subtraction 
from jets but no jet rejection based on D.

Iteration step to exclude jets with E
T
> 50 GeV from background estimation.

Jets corrected for flow contribution.  

D=E
T tower

max / 〈E
T tower

〉4

6
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19

UE fluctuations from soft particles can be reconstructed 
as jets (fakes)

Worse for larger R, contribute up to ~80 GeV
Require additional signal of hard particle production

Reject fakes by requiring jet to match:
Track jets or EM clusters with pT > 7 GeV

Residual fake rate estimated to be ~3% at 50 GeV



Background subtraction / jet 
energy corrections (CMS)Background Subtraction 

•  Reconstructed particles towered into an 
(η,φ) grid according to HCAL cell dimensions 

•  Mean tower energy and dispersion are                            
calculated for each η strip 

•  Same iterative background subtraction 
applied in [0], described in [1] 

•  Random cone studies show good agreement 
between background fluctuations in data and 

HYDJET simulations 

•  The effect of quenching on the energy scale 

is constrained using the jet associated 
charged particle spectra  

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  14 

PF pseudo-tower 

γ$ �0$ �+/�$

η strip 

0.087 (barrel) 

[0]  CMS, arXiv:1102.1957"
[1]  Kodolova et al., EPJC 50 (2007) 117"
 

0.087 (barrel) 

Background Subtraction 

•  Reconstructed particles towered into an 
(η,φ) grid according to HCAL cell dimensions 

•  Mean tower energy and dispersion are                            
calculated for each η strip 

•  Same iterative background subtraction 
applied in [0], described in [1] 

•  Random cone studies show good agreement 
between background fluctuations in data and 

HYDJET simulations 

•  The effect of quenching on the energy scale 

is constrained using the jet associated 
charged particle spectra  

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  14 

PF pseudo-tower 

γ$ �0$ �+/�$

η strip 

0.087 (barrel) 

[0]  CMS, arXiv:1102.1957"
[1]  Kodolova et al., EPJC 50 (2007) 117"
 

0.087 (barrel) 

a) Event-by-event subtraction of the heavy-ion 
background 

- Reconstructed particles towered into an (η,φ) grid according to 
HCAL cell dimensions

•  Mean tower energy and dispersion are calculated for each η strip
•  Same iterative background subtraction applied in [0], described in [1]
•  Random cone studies: good agreement between background 
fluctuations in data and HYDJET simulations
•  The effect of quenching on the energy scale is constrained using the 
jet associated charged particle spectra

b) Jet energy corrections (JEC) based on GEANT 
simulation of PYTHIA jets 

c) Validation of the BG subtraction + JEC for PYTHIA 
jets embedded in HYDJET 

[0] CMS, arXiv:1102.1957
[1] Kodolova et al., EPJC 50 (2007) 117
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Jet quenching measurements 
with fully reconstructed jets
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Jet RAA
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Figure 3: Bayesian unfolded jet RAA for jets found with the anti-kT algorithm (R=0.3). Vertical lines represent the
uncorrelated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty, and the wide grey bands
represent the systematic uncertainty. The common uncertainties from TAA and luminosities are shown as a green box
above 300 GeV/c.
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Figure 4: The b-jet to inclusive jet ratio in 0-100% PbPb collisions (left) and pp collisions (right) as a function of jet pT
compared to Pythia embedded in hydjet (PbPb) and Pythia (pp). Data and MC have not been corrected for bin migration
e↵ects from finite jet resolution.

direct measurement of b-quark energy loss can be performed using fully reconstructed jets in
combination with b-tagging techniques developed for pp collisions.

Heavy flavor jets can be tagged by the presence of displaced vertices, allowing the definition
of discriminators based on, e.g. the significance of the flight distance of the reconstructed sec-
ondary vertex with respect to the primary collision vertex. For the tagged jets, the fraction of

4

#(jets observed in AA collision per N-N (binary) collision)

                              #(jets observed per p-p collision) 
RAA = 



Jet RCentral-Peripheral(60-80%)
RCP : similar as RAA, but denominator are not yields from 
proton-proton but from peripheral heavy-ion collisions

RCP ~ 0.5  => suppression - jets loose energy in most central events
- the radiation is not captured within the jet cone (R)

Note: Flat! - in 
contrast to RAA of 

hadrons
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Results: RCP vs pT in Centrality Bins
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‣ Systematic errors

• Black band: fully correlated systematics
✦ all points move up/down together
✦ JES, JER, efficiency, xini, Rcoll

• Red boxes: partially correlated systematics
✦ regularization

‣ Error bars: sqrt of diagonal elements of cov 
matrix

‣ No significance to horizontal width of error bars

RCP =
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Beyond Asymmetry

6

‣ Asymmetry sensitive to differential energy loss

‣ Can gain additional insight by considering inclusive energy loss

• Single inclusive jet spectra and central to peripheral ratio RCP

‣ Medium-induced radiation can distribute jet’s energy outside cone
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Figure 4: Top panel: the ET dependence of the nuclear modification factor for
different jet cone sizes R = 0, 2, 0.6 is calculated in central Pb+Pb collisions
at the LHC √sNN = 2.76 TeV. Bands represent the variation in the coupling
strength between the jet and the medium. Bottom panel: the relative contribu-
tion of cold nuclear matter effects to RAA is illustrated for R = 0.2, 0.4, 0.6, 0.8.
ALICE experimental data on charged hadron suppression in central Pb+Pb col-
lision is shown for reference.

cold nuclear matter effects. For fixed centrality, CNM effects,
here represented by initial-state energy loss, do not depend on
the jet size or jet finding algorithm and become more relevant,
relatively speaking, for large radii R. Even though on an ab-
solute scale this additional suppression is not large, it is more
significant in comparison to the Z0 or Dell-Yan production pro-
cesses [17, 32, 35]. These latter channels are dominated by
q+  q initial states and jet production discussed in this manuscript
arises primarily from g+g (and g+q(  q) at larger ET ) processes.

Initial-state CNM effects in heavy ion collisions can be min-
imized by taking the ratio of jet cross section at two different
radii [dσ(R1)/dET ]/[dσ(R2)/dET ] [13]. Since the size R de-
termines what fraction of the parton shower is reconstructed
as a jet, it affects the jet cross section. In heavy ion reactions
the cone size dependence is amplified by the fact that medium-
induced parton showers have a broad angular distribution in
comparison to the ones in the vacuum [34]. This is shown in
Fig. 5 for R1 = 0.2, R2 = 0.4 and the dashed, solid, and dot-
dashed lines correspond to three different gmed = 1.8, 2, 2.2.
As the radius varies, specific non-perturbative effects, unfortu-
nately, become more important. Typically, they are expressed
as an average momentum shift [2, 36] and related to “splash-
out”hadronization effects and “splash-in” initial-state radia-
tion/background contribution: 〈δpT 〉 = A/R + BR2. The phys-
ical effect of a momentum shift is to alter the measured cross
section and this change can be isolated in a multiplicative fac-
tor [8]. Since background effects are the dominant uncertainty
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Figure 5: Ratio of the inclusive jet cross sections in central Pb+Pb collisions at
LHC at √sNN = 2.76 TeV for two different radii R1 = 0.2 and R2 = 0.4. The
bands show results with different extrapolation of non-perturbative corrections
to small radii. The lines show effect of different coupling strength between the
jet and the medium.

in jet heavy ion, we will discuss them separately. With this in
mind, we consider a hadronization-motivated extrapolation of
the ATLAS parametrization of non-perturbative effects to small
radii: fNP = a + b/R. The application of this non-perturbative
correction to the calculation of [dσ(R1 = 0.2)/dET ]/[dσ(R2 =

0.4)/dET ] in central Pb+Pb collisions at the LHC is shown by
the cyan band in Fig. 5. Note that the non-perturbative effect
can change significantly the cross section ratio relative to the
NLO parton level result for small R. It is, therefore, critical to
constrain its magnitude as accurately as possible in the simpler
p+p reactions.

Preliminary RHIC results suggest that the jet size depen-
dence of jet attenuation has already been observed in Au+Au
and Cu+Cu reactions at RHIC [14, 15, 16]. However, before
we discuss di-jet production in heavy ion reactions, we com-
ment on the difficulties related to the measurement of jet ob-
servables. In central Pb+Pb collisions at the LHC for a typi-
cal jet size R = 0.5 on the order of 100 GeV of its energy is
interpreted as QGP background and subtracted from the total
reconstructed energy [19]. While a simple jet+uniform back-
ground model appears reasonable in heavy ion reactions, it is
not based on first-principles theory. In what follows we demon-
strate the consequences of misinterpreting 20 GeV of the jet
energy redistributed by the QGP medium inside the jet as un-
correlated soft background. This is only 20% of the typical
subtracted ET and in our approach [12] can be simulated by
choosing pmin

T = 20 GeV in Eq. (9). We note that a recent cal-
culation of the energy transmitted by a parton shower to the
medium [26] ∆E(shower→ QGP) found that for LHC condi-
tions ∆E(shower→ QGP) = 20 GeV is well within reach, es-
pecially for a gluon-initiated shower.

The result of our simulations is shown in Fig. 6 for gmed = 2,
where the default choice pmin

T = 0 GeV is illustrated by a yellow
band and the choice pmin

T = 20 GeV - by a cyan band. In the top
panel, the strong dependence of R1−jet

AA on the jet size, exempli-
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Figure 4: Top panel: the ET dependence of the nuclear modification factor for
different jet cone sizes R = 0, 2, 0.6 is calculated in central Pb+Pb collisions
at the LHC √sNN = 2.76 TeV. Bands represent the variation in the coupling
strength between the jet and the medium. Bottom panel: the relative contribu-
tion of cold nuclear matter effects to RAA is illustrated for R = 0.2, 0.4, 0.6, 0.8.
ALICE experimental data on charged hadron suppression in central Pb+Pb col-
lision is shown for reference.

cold nuclear matter effects. For fixed centrality, CNM effects,
here represented by initial-state energy loss, do not depend on
the jet size or jet finding algorithm and become more relevant,
relatively speaking, for large radii R. Even though on an ab-
solute scale this additional suppression is not large, it is more
significant in comparison to the Z0 or Dell-Yan production pro-
cesses [17, 32, 35]. These latter channels are dominated by
q+  q initial states and jet production discussed in this manuscript
arises primarily from g+g (and g+q(  q) at larger ET ) processes.

Initial-state CNM effects in heavy ion collisions can be min-
imized by taking the ratio of jet cross section at two different
radii [dσ(R1)/dET ]/[dσ(R2)/dET ] [13]. Since the size R de-
termines what fraction of the parton shower is reconstructed
as a jet, it affects the jet cross section. In heavy ion reactions
the cone size dependence is amplified by the fact that medium-
induced parton showers have a broad angular distribution in
comparison to the ones in the vacuum [34]. This is shown in
Fig. 5 for R1 = 0.2, R2 = 0.4 and the dashed, solid, and dot-
dashed lines correspond to three different gmed = 1.8, 2, 2.2.
As the radius varies, specific non-perturbative effects, unfortu-
nately, become more important. Typically, they are expressed
as an average momentum shift [2, 36] and related to “splash-
out”hadronization effects and “splash-in” initial-state radia-
tion/background contribution: 〈δpT 〉 = A/R + BR2. The phys-
ical effect of a momentum shift is to alter the measured cross
section and this change can be isolated in a multiplicative fac-
tor [8]. Since background effects are the dominant uncertainty
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in jet heavy ion, we will discuss them separately. With this in
mind, we consider a hadronization-motivated extrapolation of
the ATLAS parametrization of non-perturbative effects to small
radii: fNP = a + b/R. The application of this non-perturbative
correction to the calculation of [dσ(R1 = 0.2)/dET ]/[dσ(R2 =

0.4)/dET ] in central Pb+Pb collisions at the LHC is shown by
the cyan band in Fig. 5. Note that the non-perturbative effect
can change significantly the cross section ratio relative to the
NLO parton level result for small R. It is, therefore, critical to
constrain its magnitude as accurately as possible in the simpler
p+p reactions.

Preliminary RHIC results suggest that the jet size depen-
dence of jet attenuation has already been observed in Au+Au
and Cu+Cu reactions at RHIC [14, 15, 16]. However, before
we discuss di-jet production in heavy ion reactions, we com-
ment on the difficulties related to the measurement of jet ob-
servables. In central Pb+Pb collisions at the LHC for a typi-
cal jet size R = 0.5 on the order of 100 GeV of its energy is
interpreted as QGP background and subtracted from the total
reconstructed energy [19]. While a simple jet+uniform back-
ground model appears reasonable in heavy ion reactions, it is
not based on first-principles theory. In what follows we demon-
strate the consequences of misinterpreting 20 GeV of the jet
energy redistributed by the QGP medium inside the jet as un-
correlated soft background. This is only 20% of the typical
subtracted ET and in our approach [12] can be simulated by
choosing pmin

T = 20 GeV in Eq. (9). We note that a recent cal-
culation of the energy transmitted by a parton shower to the
medium [26] ∆E(shower→ QGP) found that for LHC condi-
tions ∆E(shower→ QGP) = 20 GeV is well within reach, es-
pecially for a gluon-initiated shower.

The result of our simulations is shown in Fig. 6 for gmed = 2,
where the default choice pmin
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Figure 4: Top panel: the ET dependence of the nuclear modification factor for
different jet cone sizes R = 0, 2, 0.6 is calculated in central Pb+Pb collisions
at the LHC √sNN = 2.76 TeV. Bands represent the variation in the coupling
strength between the jet and the medium. Bottom panel: the relative contribu-
tion of cold nuclear matter effects to RAA is illustrated for R = 0.2, 0.4, 0.6, 0.8.
ALICE experimental data on charged hadron suppression in central Pb+Pb col-
lision is shown for reference.

cold nuclear matter effects. For fixed centrality, CNM effects,
here represented by initial-state energy loss, do not depend on
the jet size or jet finding algorithm and become more relevant,
relatively speaking, for large radii R. Even though on an ab-
solute scale this additional suppression is not large, it is more
significant in comparison to the Z0 or Dell-Yan production pro-
cesses [17, 32, 35]. These latter channels are dominated by
q+  q initial states and jet production discussed in this manuscript
arises primarily from g+g (and g+q(  q) at larger ET ) processes.

Initial-state CNM effects in heavy ion collisions can be min-
imized by taking the ratio of jet cross section at two different
radii [dσ(R1)/dET ]/[dσ(R2)/dET ] [13]. Since the size R de-
termines what fraction of the parton shower is reconstructed
as a jet, it affects the jet cross section. In heavy ion reactions
the cone size dependence is amplified by the fact that medium-
induced parton showers have a broad angular distribution in
comparison to the ones in the vacuum [34]. This is shown in
Fig. 5 for R1 = 0.2, R2 = 0.4 and the dashed, solid, and dot-
dashed lines correspond to three different gmed = 1.8, 2, 2.2.
As the radius varies, specific non-perturbative effects, unfortu-
nately, become more important. Typically, they are expressed
as an average momentum shift [2, 36] and related to “splash-
out”hadronization effects and “splash-in” initial-state radia-
tion/background contribution: 〈δpT 〉 = A/R + BR2. The phys-
ical effect of a momentum shift is to alter the measured cross
section and this change can be isolated in a multiplicative fac-
tor [8]. Since background effects are the dominant uncertainty
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in jet heavy ion, we will discuss them separately. With this in
mind, we consider a hadronization-motivated extrapolation of
the ATLAS parametrization of non-perturbative effects to small
radii: fNP = a + b/R. The application of this non-perturbative
correction to the calculation of [dσ(R1 = 0.2)/dET ]/[dσ(R2 =

0.4)/dET ] in central Pb+Pb collisions at the LHC is shown by
the cyan band in Fig. 5. Note that the non-perturbative effect
can change significantly the cross section ratio relative to the
NLO parton level result for small R. It is, therefore, critical to
constrain its magnitude as accurately as possible in the simpler
p+p reactions.

Preliminary RHIC results suggest that the jet size depen-
dence of jet attenuation has already been observed in Au+Au
and Cu+Cu reactions at RHIC [14, 15, 16]. However, before
we discuss di-jet production in heavy ion reactions, we com-
ment on the difficulties related to the measurement of jet ob-
servables. In central Pb+Pb collisions at the LHC for a typi-
cal jet size R = 0.5 on the order of 100 GeV of its energy is
interpreted as QGP background and subtracted from the total
reconstructed energy [19]. While a simple jet+uniform back-
ground model appears reasonable in heavy ion reactions, it is
not based on first-principles theory. In what follows we demon-
strate the consequences of misinterpreting 20 GeV of the jet
energy redistributed by the QGP medium inside the jet as un-
correlated soft background. This is only 20% of the typical
subtracted ET and in our approach [12] can be simulated by
choosing pmin

T = 20 GeV in Eq. (9). We note that a recent cal-
culation of the energy transmitted by a parton shower to the
medium [26] ∆E(shower→ QGP) found that for LHC condi-
tions ∆E(shower→ QGP) = 20 GeV is well within reach, es-
pecially for a gluon-initiated shower.

The result of our simulations is shown in Fig. 6 for gmed = 2,
where the default choice pmin

T = 0 GeV is illustrated by a yellow
band and the choice pmin

T = 20 GeV - by a cyan band. In the top
panel, the strong dependence of R1−jet
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 Charged jet RAA: compare to Jewel MC 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  37 
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Charged jet RAA (vs PYTHIA) 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  36 
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Jet quenching with charged 
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pp at  √s = 2.76 TeV:  
ratio of jet cross-sections R=0.2/R=0.4 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  34 

Probe of jet structure 

Soyez ‘12: direct calculation of ratio is effectively NNLO 
Reasonable agreement with NLO+hadronization  
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Di-jet Analysis

Dijet imbalance quantified by asymmetry variable A
J
. 

Data compared with Pythia di-jet (parton p
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Strong imbalance but NO de-correlation beyond what expected for p-p case(!)

Note (backup): No de-correlation also seen at RHIC: PHENIX in Cu+Cu; also remember the 2-hadron correlations...



3.2 Track-jet correlations 17
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Figure 12: Mean value of the fractional imbalance (pT,1 � pT,2)/pT,1 as a function of leading jet
pT for three centrality bins. The PbPb data are shown as circles with vertical bars and brack-
ets indicating the statistical and systematic uncertainties, respectively. Results for PYTHIA are
shown with blue stars, and PYTHIA+DATA with red squares. The dot-dashed line to guide the
eye is drawn at the value for pure PYTHIA for the lowest pT bin.

The fractional imbalance exhibits several important features: the imbalance seen in PbPb data
grows with collision centrality and reaches a much larger value than in PYTHIA or PYTHIA+DATA.
In addition, the effect is clearly visible even for the highest-pT jets observed in the data set,
demonstrating that the observed dijet imbalance is not restricted to the threshold region in our
leading jet selection. Within the present uncertainties, the pT,1 dependence of the excess imbal-
ance above the PYTHIA prediction is compatible with either a constant difference or a constant
fraction of pT,1.

The main contributions to the systematic uncertainty in (pT,1 � pT,2)/pT,1 are the uncertainties
in the pT-dependent residual energy scale (based on results shown in the top row of Fig. 4),
and the centrality-dependent difference observed between PYTHIA and PYTHIA+DATA seen in
Fig. 12. As before, the uncertainty on the residual jet energy scale was estimated using the full
difference between the observed residual correction and unity, and also assuming that within
these limits the low-pT and high-pT response could vary independently.

3.2 Track-jet correlations

The studies of calorimeter jets show a strong change of the jet momentum balance as a func-
tion of collision centrality. This implies a corresponding modification in the distribution of
jet fragmentation products, with energy being either transported out of the cone area used to
define the jets, or to low-momentum particles which are not measured in the calorimeter jets.
The CMS calorimeter is less sensitive to these low momentum particles, or they do not reach
the calorimeter surface. Information about changes to the effective fragmentation pattern as a
function of AJ can be obtained from track-jet correlations. For this analysis, PYTHIA+HYDJET
simulations are used as MC reference, to allow full access to MC truth (i.e., the output of the
generator) information for tracks in the dijet signal and in the PbPb underlying event. The
event selection for PYTHIA+HYDJET was based on reconstructed calorimeter jet information, as
for the previous studies.

CMS - quantifying the di-jet 
asymmetry

The fractional imbalance:
- grows with collision centrality and reaches a much larger value than in PYTHIA or PYTHIA+DATA
- clearly visible even for the highest-pT jets observed in the data set
- the pT,1 dependence of the excess imbalance is compatible with either a constant difference or a constant fraction 
of pT,1.
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di-jet asymmetry: where does 
the energy go?

Christof Roland 20 Quark Matter 2011, Annecy

  
    

  

 

Missing-pT
||

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

in-cone

out-of-cone

balanced jets unbalanced jets

   

In-Cone
!R<0.8

Out-of-Cone
!R<0.8

The low-pT particles “balancing” the 
lost energy appear at large angles wrt 

recoil jet

193



Recoil jet (2) energy-loss as a 
function of trigger jet (1) pT

11

added in quadrature to assign the total uncertainty on the jet energy scale. Using this value as a
boundary, the uncertainty in the pT,2/pT,1 results is then estimated by varying the jet response
at low pT and at high pT independently. The uncertainty on the underlying event effects is esti-
mated from the full difference between pp and PYTHIA+HYDJET. These effects add up to 6% in
the most central events. For the low leading-jet pT bins, jet reconstruction efficiency also intro-
duces a minor uncertainty on the order of 1%. Uncertainties due to additional misreconstructed
jets, calorimeter noise, and the track requirement are negligible compared to the dominating
sources of uncertainty. For the centrality bins of 50–100%, 20–50% and 0–20%, the sources of
systematic uncertainty are summarized in Table 2.
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Figure 6: Average dijet momentum ratio pT,2/pT,1 as a function of leading jet pT for three bins
of collision centrality, from peripheral to central collisions, corresponding to selections of 50–
100%, 30–50% and 0–20% of the total inelastic cross section. Results for PbPb data are shown
as points with vertical bars and brackets indicating the statistical and systematic uncertainties,
respectively. Results for PYTHIA+HYDJET are shown as squares. In the 50–100% centrality bin,
results are also compared with pp data, which is shown as the open circles. The difference
between the PbPb measurement and the PYTHIA+HYDJET expectations is shown in the bottom
panels.

As shown in Fig. 6, both the PbPb data and the PYTHIA+HYDJET samples reveal an increasing
trend for the mean value of the jet transverse momentum ratio, as a function of the leading jet
pT,1. This can be understood by the reduction in the effects of jet splitting and energy resolution
as one goes to higher jet momenta. However, the central PbPb data points lie consistently below
the PYTHIA+HYDJET trend. This difference is related to the parton energy loss and for central
PbPb collisions it is of significant magnitude across the whole pT range explored in this study.

4 Summary

Dijet production in PbPb collisions at psNN = 2.76 TeV was studied with the CMS detector in
a data sample corresponding to an integrated luminosity of 150 µb�1. The anti-kT algorithm
was used to reconstruct jets based on combined tracker and calorimeter information. Events
containing a leading jet with pT,1 > 120 GeV/c and a subleading jet with pT,2 > 30 GeV/c in
the pseudorapidity range |h| < 2 were analyzed. Data were compared to PYTHIA+HYDJET
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Modified jet fragmentation
- an expectation from jet quenching
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Measurements: Modification of the 
jet fragmentation
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Heavy-ion collisions
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• No modification at high z 
• Similar results found for R=0.2 and 0.3 jets 
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Figure 5: Di↵erential jet shapes in PbPb and pp collisions are presented for di↵erent centrality bins for p jet
T > 100 GeV/c

with track pT > 1 GeV/c (top panels) . The background is subtracted by ⌘ reflection. Results from data are shown as
black points while the open circles show the reference pp. In the bottom row, the ratio of the PbPb and pp jet shapes is
shown. The blue band shows the total systematic while the error bars indicate the statistical errors.

b-jets can be obtained using fits of MC-based templates for, e.g., the secondary vertex mass.
The left panel of Fig. 4 shows the b-jet fraction as function of jet pT for minimum bias

2.76 TeV PbPb collisions. The b-jet fraction is around 3% with no significant pT dependence,
consistent with PYTHIA predictions and the values observed in pp collisions at the same collision
energy (right panel).

The b-jet fraction in PbPb collisions was also found to be independent of collision centrality.
As a consequence, the data indicate that the b-jets in the pT range have a nuclear suppression
factor similar to that of inclusive jets, i.e. about 0.5 in central PbPb collisions.

5. Jet shapes and fragmentation functions

The study of the modification of jet shapes and fragmentation functions provides comple-
mentary information to measurements of jet energy loss using, e.g., jet RAA or dijet imbalance.
In CMS, the fragmentation properties of inclusive jets with pT,jet > 100 GeV/c in PbPb colli-
sions are studied using di↵erential jet shapes and fragmentation functions based on reconstructed
charged particles. The PbPb results are compared to reference distributions based on pp data col-
lected at the same collision energy, which take into account the additional resolution smearing
seen in PbPb due to the underlying event fluctuations, as well as any di↵erences in the jet-pT
spectral shape between PbPb and pp. The jet shapes and fragmentation functions are measured
for reconstructed charged particles with pT > 1 GeV/c within the jet cone.

In the Fig. 5, the di↵erential jet shape results in PbPb are compared with the shapes obtained
for the pp-based reference. The bottom panel presents the ratio of the jet shape between PbPb
and pp for di↵erent centralities. The ratios are close to unity for mid-peripheral and peripheral
collisions (30-50% and 50-100%), and show a rising trend towards large radius r for mid-central
and central collisions (10–30% and 0–10%). Overall, the results indicate a moderate, but signif-
icant broadening of the jet structure in the central PbPb collisions, where a small fraction of the

5

Jet fragmentation in 
Heavy-ion collisions

CMS jet shape: rho - differential energy density within the jet - here shown 
as a function of r - distance to the jet axis
Non trivial (monotonous) energy redistribution due to quenching; rigid core
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Near-side di-hadron correlations:  
p/π ratio 

17 Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  

p/π in jet peak consistent with PYTHIA 
•  No evidence of medium-induced modification of fragmentation 
•  Caution: physics evolves rapidly with pT in this region 

Peak 
region 

Bulk I 

Bulk II 

Δη&

Δφ&

Talks: M. Veldhoen, 
 J F Grosse-Oetringhaus 

Internal composition of HI jets:
proton/pion ratio within a jet

199

p/π in jet peak (fragmentation) consistent with PYTHIA
•  No evidence of medium-induced modification
•  Caution: physics evolves rapidly with pT in this region 

pTtrig :=> fragmentation bias

Note: consistent with 
RAA at high-pT - 

similar to all species 
(RHIC&LHC)
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3.2 Photon+jet momentum imbalance 7

+ HYDJET fit results. The resulting s(DfJg) values in PbPb do not show a significant centrality
dependence within the present statistical and systematic uncertainties. For central PbPb colli-
sions, s(DfJg) is similar to the PYTHIA reference based on the Z2 tune, and comparison with
other PYTHIA tunes shows a theoretical uncertainty that is larger than the difference between
the data and MC. Comparing the PYTHIA tune Z2 with tune D6T [31, 32] shows an 8% difference
in s(DfJg), which is expected because these two tunes differ in their parton shower ordering
resulting in a different Df correlation. The large statistical uncertainty in the s(DfJg) extracted
from the pp data at 2.76 TeV does not allow a discrimination between these two PYTHIA tunes.
Both the Z2 and D6T tunes matched the shape of the azimuthal dijet correlation measured in
pp collisions at 7 TeV [33] at about the 10% level in the region Df > 2p/3. The result that
s(DfJg) is not found to be significantly modified by the medium is consistent with the earlier
observation of an unmodified Df correlation in dijet events [10].
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Figure 1: Azimuthal correlation DfJg between the photon and associated jet after background
subtraction. The area of each distribution is normalised to unity. All panels show PbPb data
(filled circles) compared to pp data at 2.76 TeV (filled squares), and to the PYTHIA + HYDJET MC
simulation (shaded histogram) in bins of increasing centrality left to right. The error bars on
the points represent the statistical uncertainty.

3.2 Photon+jet momentum imbalance

The asymmetry ratio xJg = pJet
T /pg

T is used to quantify the photon+jet momentum imbalance.
In addition to the jet and photon selections used in the DfJg study, we further impose a strict
DfJg > 7

8 p cut to suppress contributions from background jets. Note that photon+jet pairs for
which the associated jet falls below the 30 GeV/c threshold are not included in the xJg calcu-
lation. This limits the bulk of the xJg distribution to xJg & 0.5. Figure 3 shows the centrality
dependence of xJg for PbPb collisions as well as that for PYTHIA + HYDJET simulation where
PYTHIA contains inclusive isolated photon processes. The hxJgi obtained from PYTHIA tunes
Z2 and D6T agree to better than 1%. Overlaid in the peripheral bin is the hxJgi for 2.76 TeV
pp data, showing consistency to the MC reference. However the poor statistics of the pp data
does not allow a significant comparison. Further studies using the 7 TeV high statistics pp data
showed a good agreement in hxJgi between data and PYTHIA, justifying the use of PYTHIA +
HYDJET as an un-modified reference. The dominant source of systematic uncertainty in hxJgi
is the relative photon+jet energy scale. Its impact on the probability density of xJg is approxi-
mately 10% for the intermediate region of 0.6 < xJg < 1.2. The normalisation to unity causes a
point-to-point anticorrelation in the systematic uncertainties, where the upward movement of
the probability density at small xJg has to be offset by the corresponding downward movement
at large xJg. This is represented by the separate open and shaded red systematic uncertainty
boxes in Fig. 3. For a given change in the energy scale, all points would move together in the
direction of either the open or shaded red box. The Npart dependence of the mean value hxJgi

6 3 Results

combinatoric background where the leading photon is paired with a jet not originating from
the same hard scattering. The combinatoric background includes misidentified jets which arise
from fluctuations of the underlying event as well as real jets from multiple hard interactions in
the collision.

The background contributions from decay photon and fake jets are estimated separately with
methods that are data-driven and are subtracted from the photon+jet pair sample.

The estimation of the yield and the kinematic characteristics of decay photons contained in
the isolated-photon sample is based on the shower shape distributions for the analysed ECAL
clusters. The ECAL clusters originating from high-pT meson decays correspond to two photons
that are reconstructed as a single wide cluster. Events with a large shower width (0.011 < shh <
0.017, see Eq. (1) are used to determine the contributions of the decay photon background to
the DfJg and xJg observables. The background shape obtained from this procedure is scaled
according to the background-photon fraction, which is estimated from a fit of the shower shape
distribution. The estimated background contribution fraction (which is equal to 1 � purity) is
then subtracted from the yield for the signal events, which have a small shower width (shh <
0.01).

The background contribution due to photon+jet pairs arising from fake jets or multiple hard
scatterings is also subtracted. It is estimated by correlating each isolated highest-pT photon
from the triggered photon+jet sample to jets found in a different event selected randomly from
a set of minimum bias PbPb data. The random event used in the pairing is chosen to have the
same centrality as the photon+jet candidate event. The fake jet background estimated in this
way has a flat distribution in DfJg. The effect of this background is biggest in the most central
events where, on average, approximately 20% of the jets paired with each photon candidate
are estimated to be fake jets. The estimated distributions of DfJg and xJg for photons paired
with fake jets, found using this random pairing of events, are subtracted from the distributions
coming from the same-event photon+jet sample to obtain the final results.

3 Results

3.1 Photon+jet azimuthal correlations

Possible medium effects on the back-to-back alignment of the photon and recoiling jet can be
studied using the distribution of the number of photon+jet pairs, NJg, as a function of the
relative azimuthal angle, DfJg, normalised the total number of pairs, (NJg)�1dNJg/dDfJg.
Figure 1 shows distributions of DfJg for PbPb data in four centrality bins, ranging from pe-
ripheral events (50–100%, Fig. 1a) to the most central events (0–10%, Fig. 1d). The PbPb data
are compared to PYTHIA + HYDJET simulation and pp data. For both PbPb data and MC dis-
tributions, the jet is found to be well aligned opposite to the photon direction, with a clear
peak at DfJg = p. The shape of the DfJg correlation peak is similar in PbPb data and MC.
The apparent excess in the tail of the 0–10% data was investigated and deemed statistically not
significant compared to the subtracted background. To study the centrality evolution of the
shape, the distributions are fitted to a normalised exponential function:

1
NJg

dNJg

dDfJg
=

e(Df�p)/s

(1 � e�p/s) s
. (3)

The fit is restricted to the exponentially falling region Df > 2p/3. The results of this fit for
PbPb data are shown in Fig. 2, where the width of the azimuthal correlation (s in Eq. (3), de-
noted s(DfJg) in Fig. 2) is plotted as a function of centrality and compared to pp and PYTHIA
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is shown in Fig. 4(a).
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Figure 2: Fitted DfJg width (s in Eq. (3)) between the photon and associated jet after back-
ground subtraction as a function of Npart. The fit range was restricted to DfJg > 2

3 p. The
yellow boxes indicate point-to-point systematic uncertainties and the error bars denote the sta-
tistical uncertainty.

While the photon+jet momentum ratio in the PYTHIA + HYDJET simulation shows almost no
change in the peak location and only a modest broadening, even in the most central PbPb
events, the PbPb collision data exhibit a change in shape, shifting the distribution towards
lower xJg as a function of centrality. It is important to note that, as discussed above, the limita-
tion of xJg & 0.5 limits the degree to which this distribution can shift.

3.3 Jet energy loss

To study the quantitative centrality evolution of the energy loss, the average ratio of the jet and
photon transverse momenta, hxJgi, is shown in Fig. 4(a). While the photon+jet mean momen-
tum ratio in the PYTHIA + HYDJET simulation exhibits a roughly centrality-independent value
of hxJgi = 0.847 ± 0.004(stat.) – 0.859 ± 0.005(stat.), the ratio is hxJgi = 0.73 ± 0.02(stat.) ±
0.04(syst.) in the most central PbPb data, indicating that the presence of the medium results in
more unbalanced photon+jet pairs.

It is important to keep in mind that the average energy loss of the selected photon+jet pairs does
not constitute the full picture. There are genuine photon+jet events which do not contribute to
the hxJgi distribution because the associated jet falls below the pJet

T > 30 GeV/c threshold. To
quantify this effect, Fig. 4(b) shows RJg, the fraction of isolated photons that have an associated
jet passing the analysis selection. The value of RJg is found to decrease, from RJg = 0.685 ±
0.008(stat.)–0.698± 0.006(stat.) for the PYTHIA + HYDJET reference, as well as pp and peripheral
PbPb data, to the significantly lower RJg = 0.49 ± 0.03(stat.) ± 0.02(syst.)–0.54 ± 0.05(stat.) ±
0.02(syst.) for the three PbPb bins above 50% centrality.

3.4 Systematic uncertainties

Photon purity, reconstruction efficiency, and isolation, as well as the contamination from e± and
fake jets contribute to the systematic uncertainties of the photon+jet azimuthal correlation and
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Figure 3: Ratio of pT between the photon (pg
T > 60 GeV/c) and jet (pJet

T > 30 GeV/c, DfJg >
7
8 p) after subtracting background. The area of each distribution is normalised to unity. All
panels show PbPb data (filled circles) compared to pp data at 2.76 TeV (filled squares), and
to the PYTHIA + HYDJET MC simulation (shaded histogram) in bins of increasing centrality
left to right. The error bars on the points represent the statistical uncertainty. See text for an
explanation of the open and shaded red systematic uncertainty boxes.

the observables related to momentum asymmetry, hxJgi and RJg. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of s(Df), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum as a
function of Npart. The empty box at the far right indicates the correlated systematic uncertainty.
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of
Npart. In both panels, the yellow boxes indicate point-to-point systematic uncertainties and the
error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |hJet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence of

Photon(ΔE=0)-jet(ΔE>0)

3.2 Photon+jet momentum imbalance 7

+ HYDJET fit results. The resulting s(DfJg) values in PbPb do not show a significant centrality
dependence within the present statistical and systematic uncertainties. For central PbPb colli-
sions, s(DfJg) is similar to the PYTHIA reference based on the Z2 tune, and comparison with
other PYTHIA tunes shows a theoretical uncertainty that is larger than the difference between
the data and MC. Comparing the PYTHIA tune Z2 with tune D6T [31, 32] shows an 8% difference
in s(DfJg), which is expected because these two tunes differ in their parton shower ordering
resulting in a different Df correlation. The large statistical uncertainty in the s(DfJg) extracted
from the pp data at 2.76 TeV does not allow a discrimination between these two PYTHIA tunes.
Both the Z2 and D6T tunes matched the shape of the azimuthal dijet correlation measured in
pp collisions at 7 TeV [33] at about the 10% level in the region Df > 2p/3. The result that
s(DfJg) is not found to be significantly modified by the medium is consistent with the earlier
observation of an unmodified Df correlation in dijet events [10].
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Figure 1: Azimuthal correlation DfJg between the photon and associated jet after background
subtraction. The area of each distribution is normalised to unity. All panels show PbPb data
(filled circles) compared to pp data at 2.76 TeV (filled squares), and to the PYTHIA + HYDJET MC
simulation (shaded histogram) in bins of increasing centrality left to right. The error bars on
the points represent the statistical uncertainty.

3.2 Photon+jet momentum imbalance

The asymmetry ratio xJg = pJet
T /pg

T is used to quantify the photon+jet momentum imbalance.
In addition to the jet and photon selections used in the DfJg study, we further impose a strict
DfJg > 7

8 p cut to suppress contributions from background jets. Note that photon+jet pairs for
which the associated jet falls below the 30 GeV/c threshold are not included in the xJg calcu-
lation. This limits the bulk of the xJg distribution to xJg & 0.5. Figure 3 shows the centrality
dependence of xJg for PbPb collisions as well as that for PYTHIA + HYDJET simulation where
PYTHIA contains inclusive isolated photon processes. The hxJgi obtained from PYTHIA tunes
Z2 and D6T agree to better than 1%. Overlaid in the peripheral bin is the hxJgi for 2.76 TeV
pp data, showing consistency to the MC reference. However the poor statistics of the pp data
does not allow a significant comparison. Further studies using the 7 TeV high statistics pp data
showed a good agreement in hxJgi between data and PYTHIA, justifying the use of PYTHIA +
HYDJET as an un-modified reference. The dominant source of systematic uncertainty in hxJgi
is the relative photon+jet energy scale. Its impact on the probability density of xJg is approxi-
mately 10% for the intermediate region of 0.6 < xJg < 1.2. The normalisation to unity causes a
point-to-point anticorrelation in the systematic uncertainties, where the upward movement of
the probability density at small xJg has to be offset by the corresponding downward movement
at large xJg. This is represented by the separate open and shaded red systematic uncertainty
boxes in Fig. 3. For a given change in the energy scale, all points would move together in the
direction of either the open or shaded red box. The Npart dependence of the mean value hxJgi
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Figure 3: Ratio of pT between the photon (pg
T > 60 GeV/c) and jet (pJet

T > 30 GeV/c, DfJg >
7
8 p) after subtracting background. The area of each distribution is normalised to unity. All
panels show PbPb data (filled circles) compared to pp data at 2.76 TeV (filled squares), and
to the PYTHIA + HYDJET MC simulation (shaded histogram) in bins of increasing centrality
left to right. The error bars on the points represent the statistical uncertainty. See text for an
explanation of the open and shaded red systematic uncertainty boxes.

the observables related to momentum asymmetry, hxJgi and RJg. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of s(Df), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum as a
function of Npart. The empty box at the far right indicates the correlated systematic uncertainty.
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of
Npart. In both panels, the yellow boxes indicate point-to-point systematic uncertainties and the
error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |hJet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence of

R
Jγ  - the fraction of isolated 

photons that have an associated 
jet passing the analysis 

selection.
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Even better? z-jet!205

Z - jet correlations 
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LHC... yet again: an amazing machine...



Even better? z-jet!206

LHC... yet again: an amazing machine...Z - jet correlations 
• Zoe�e�,P�P�    pT > 60 GeV                   
• Jet: anti-kT, R=0.2, 0.3, 0.4, pT>25 GeV, |K|<2.1 
• Z-jet separation > S/2  o  37 events for Lint=0.15 nb-1 

 
 
 
 
 
 
 
 
 
 

 
• Suppression of the                 relative to MC simulations with no 

energy loss (PYTHIA: Z+jet events) 
• Stronger suppression for more central collisions 
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Summa summarum
• High energy heavy-ion collisions: Hot and dense (opaque to high-energy partons) quark-

gluon plasma

• Hadron spectra suppressed (both at RHIC and LHC); Correlations of hadrons (proxies 
for 2->2 jet process) consistent with jet quenching

• Fully reconstructed jets suppressed (pT dependence of the suppression pattern 
different than for hadrons) -> constant fractional energy loss (?) -> up to highest jet 
energies measured (RHIC & LHC)

• The observed jets consistent modified fragmentation (subtle effect!); The radiated 
energy “recovered” at large angles wrt jet axis

• At high-pT: No indication for particle type composition (p/pion etc) modifications 
of high-pT jets

• Similar to jet-jet, the photon-jet correlations do NOT show de-correlation beyond 
p-p case (recoil jet also with unmodified fragmentation)

• Models explaining the phenomena being put forward.

207

Do we understand everything about jet quenching and what fully reconstructed jet observables 
tell us?

NO! But we learned already a lot... and this is just a good beginning!

Check the extra slides for more... 
RHIC jet results and examples of 
other observables (correlations) 

from LHC...



Instead of of a summary...

•HI collisions at high-energies 
allow to study hot and dense, 
[nearly] perfect liquid plasma of 
quarks and gluons - opaque, 
attenuating high-energy partons - 
inducing jet modifications

•Unique studies of fundamental 
properties of QCD!
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Always good to ask: What is next?
• Improved control of the jet reconstruction in HIC - still improvements 

possible (less biases, other observables) - conceptually different 
approaches in making...

• New observables? Hadron-jet etc; Rates for 2+1+1 events? Structure 
of the jet with improved low-pT resolution? (sub-jets ?)

• Correlation of jets with the “soft” background and other observables? 
(low/intermediate-pT hadron correlations - take a look at the extra 
slides...)

• Heavy-flavor jets? and their correlations?

• Experiment:Energy-evolution of jet quenching - more to learn? Higher 
energy (LHC)... RHIC still working on jets! Various collision systems...

• Theory: Progress in theoretical description crucial and ongoing...; improved 
modeling and Monte Carlo strongly desired (looking forward to qPythia++; 
Next-gen. JEWEL model and others...)
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...worth to look forward to...
Your ideas can make a difference!

Extra slides!



Thank you for your attention!
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Azimuthal dependence of jet yields 
• Path length dependence of jet suppression 
• Ratios of yields in different slices of 'I =Ijet – <2 

 

  
 
 
 
 
 
 
 
 

 
– Yields are reduced by about 15% for 3S/8<'I<S/2  

relative to 0<'I<S/8  
 

 
 

QM'2012, Washington D.C. 13/08/2012 B. Wosiek 26 

80

2

2

/T

jet

T

jet

ddp
Nd

ddp
Nd

R i

S� I'

I' I'
I'

I'

I'
 

ATLAS-CONF-2012-116 

 (GeV/c)
T

p
20 40

2v
0.0

0.1

0.2

CMS 2011
ATLAS

-1bµ = 150 intCMS L
 = 2.76 TeVNNsPbPb 

|<2η1<|

0-10%

 (GeV/c)
T

p
20 40

2v

0.0

0.1

0.2

30-40%  (GeV/c)
T

p
20 40

2v

0.0

0.1

0.2

10-20%

 (GeV/c)
T

p
20 40

2v
0.0

0.1

0.2

40-50%  (GeV/c)
T

p
20 40

2v

0.0

0.1

0.2

20-30%

 (GeV/c)
T

p
20 40

2v

0.0

0.1

0.2

50-60%

Figure 2: The single-particle azimuthal anisotropy, v2, as a function of the charged particle transverse momentum from
1 to 60 GeV/c with |⌘| < 1 for six centrality ranges in PbPb collisions at psNN = 2.76 TeV, measured by the CMS
experiment (solid markers). Error bars denote the statistical uncertainties, while the grey bands correspond to the small
systematic uncertainties. Comparison to results from the ATLAS (open squares) and CMS (open circles) experiments
using data collected in 2010 are also shown.

dominated by parton fragmentation and where the anisotropy is attributable to path-length di↵er-
ential energy-loss model. This is supported by measurements of v3 vs. pT, showing that v3 drops
to zero much faster than v2, as expected in a path-length dependence picture.

4. Jet quenching and nuclear modification factors

The nuclear modification factor RAA defined as the ratio of particle yields (normalized by the
nuclear overlap TAA) in nucleus-nucleus compared to nucleon-nucleon collisions, remains one
of the key observables in studies of jet quenching more than a decade after the first observation
of this e↵ect at RHIC.

CMS has obtained RAA for a large variety of single particles as well as jets. New RAA mea-
surements presented at this meeting included updated measurements for photons, Z0 bosons, and
B-mesons (via B ! J/ decays), the first CMS measurement of W-boson RAA and inclusive jet
RAA and the first measurement of b-tagged jets in heavy-ion collisions. The jet RAA measure-
ments will be discussed below.

Figure 3 shows the unfolded jet RAA, using Bayesian unfolding. The uncertainties shown are
uncorrelated (thin vertical line) and total statistical uncertainty (thicker magenta vertical box), as
well as the systematic uncertainty (grey band). In addition, an overall scale uncertainty is shown
with a green box. For the most peripheral PbPb collisions, the nuclear modification factor is
near unity. RAA decreases to about 0.5 for central collisions. For all centrality selections, the jet
RAA is approximately flat as a function of pT over the range studied. The jet suppression seen
in central collisions shows good consistency with the results for single charged hadrons, where a
suppression factor of 0.5 for 35 < pT < 40 GeV/c is seen.

Recent CMS data have shown that non-prompt J/ originating from decays of B mesons
are suppressed in PbPb collisions with respect to the pp expectation [7]. At high pT, a more

3

Single particle v2 - CMS

16

Path length dependence: RAA vs L
PHENIX, PRC 76, 034904

In Plane

Out of Plane

3<pT<5 GeV/c

RAA as function of angle with reaction plane

Suppression depends on angle, path length

Relation between RAA() and v2:
   )(2cos21 2   vRR AAAA
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RAA vs. reaction plane

● Suppression out-of-plane stronger
● Longer in-medium path length
● Significant effect even at 20 GeV/c

● Provides additional constraints to 
energy loss models

● Path length dependence of energy loss

10-20% central 30-40% central

ΨRP

y

x

out-of-plane

in-plane

QM11



jet collimation [circa 2010]
� sufficiently soft modes decorrelated [lost] from jet
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More in development - this is a representative...
but working extremely well!

...much to learn about jet quenching...

Milano: Hard Probes 2012



References (and refs therein!)

• Jet reconstruction (p-p and HIC), algorithms etc - FastJet : http://fastjet.fr/about.html

• PHENIX results: http://www.phenix.bnl.gov/results.html

• STAR results: http://drupal.star.bnl.gov/STAR/publications

• ALICE results: http://aliceinfo.cern.ch/ArtSubmission/publications

• ATLAS HI results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults

• CMS HI results: http://cms.web.cern.ch/org/cms-papers-and-results

• Overview of first LHC results: Mueller, Wysloluch, Schuckraft: http://arxiv.org/abs/1202.3233

• Hard Probes 2012 conference: 

• http://agenda.infn.it/conferenceOtherViews.py?view=standard&confId=4157
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Extra slides

•Did not fit for time reasons 
but also relevant(!)... make 
sure you go through these as 
well.
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Particle detection216Detecting Particles
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Particle multiplicity & centrality218

dN/dη  scales faster than pp 
•  Trend predicted by some saturation 

model 
•  Excellent agreement with LHC 

experiments  
•  Energy density × τ0 ≈ 3 × RHIC 

Scaling similar to RHIC:  
•  Contribution of hard processes 

(Ncoll scaling)? 
Classes of models 
•  Saturation 
•  2 components (hard/soft) 
!models incorporating moderation 
of multiplicity (shadowing/saturation) 
favoured 
 



•More on two-particle 
correlations
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•Jets at RHIC...

220



Jets at RHIC in HIC221

PHENIX
Jet Results
(9/ 19)

D.V. Perepelitsa

Introduction

Jets in PHENIX
Gaussian Filter
Analysis Techniques

p+p

Cu+Cu

d+Au
nPDF e↵ects

Outlook

Jets in Cu+Cu at
p
s = 200 GeV

I
pT-feeding from underlying event:

I subtraction of centrality- and z-vertex parameterized average
background

I
pT-smearing from UE fluctuations:

I evaluated through embedding p+p jets into Cu+Cu

minimum bias events

I results shown here unfolded to p+p reconstructed scale

PHENIX
Jet Results
(10/ 19)

D.V. Perepelitsa

Introduction

Jets in PHENIX
Gaussian Filter
Analysis Techniques

p+p

Cu+Cu

d+Au
nPDF e↵ects

Outlook

Suppression without de-correlation in Cu+Cu

I Suppression of reconstructed jet RAA:

) over a wide pT range

) increasing suppression in more central collisions

I Reconstructed di-jet �� distributions unmodified:

) no angular de-correlation in central collisions!

PHENIX
Jet Results
(10/ 19)

D.V. Perepelitsa

Introduction

Jets in PHENIX
Gaussian Filter
Analysis Techniques

p+p

Cu+Cu

d+Au
nPDF e↵ects

Outlook

Suppression without de-correlation in Cu+Cu

I Suppression of reconstructed jet RAA:

) over a wide pT range

) increasing suppression in more central collisions

I Reconstructed di-jet �� distributions unmodified:

) no angular de-correlation in central collisions!

Custom jet finder (Gaussian 
Filtering) tunned to reject 

combinatorial jets
- tune based on vacuum 

fragmentation



Jets at RHIC in HIC222

1

 Jet RAA in central Au+Au and Cu+Cu

STAR sees a substantial fraction of jets in Au+Au 
- in contrast to x5 suppression for light hadron RAA 

Strong suppression (similar to single particle) 
in Cu+Cu measured by PHENIX
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2
PHENIX Preliminary

0$20%
 = 0.7 (PRL 101, 162301)〉z〈 0$10%, 0π

 = 200 GeVNNsRun$5 Cu + Cu 
 = 0.3σGaussian filter, 

(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 20 / 30

Y. Lai QM2009

0.6

STAR Au+Au: RAAJETS > RAA single particle 
=> part of the parton energy recovered
PHENIX Cu+Cu: RAAJETS ~ RAA hadrons
=> measure of vacuum fragmentation

Work on final results in progress...
Large systematic uncertainties!



Recoil jet spectrum at RHIC223

• Selecting biased trigger jet maximizes path length for 
the 
recoil (b-2-b) jets: extreme selection of jet 
population

• Significant suppression in di-jet coincidence 
measurements!

Recoil	  jet

Trigger	  jet

Strong suppression

Trigger-jet: biased towards 
surface

- strong fragmentation bias ~ 
vacuum jet



RHIC: Jet-hadron 
coincidences

Jet-hadron correlations in STAR 4
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Figure 1. The Gaussian widths of the awayside
jet peaks in Au–Au (triangles) and p–p (circles)
indicate broadening of the awayside jet in Au–Au.
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Figure 2. The awayside IAA (left) andDAA (right) indicate a softening of the awayside
jet for three reconstructed jet energy ranges. The awaysideDAA shows that high-passocT

suppression is compensated for by low-passocT enhancement.

compared to p–p. Furthermore, most of the high-pT suppression is balanced by low-pT
enhancement. The observed modifications in the jet shapes between Au–Au and p–p
are in qualitative agreement with the radiative energy loss picture.
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Broadening & softening of 
the recoil jet at RHIC? -> 

but v3 component NOT 
negligible

Azimuthal*
Correla/on*
~*180*deg*

Leading*par/cle*Jet

Recoil 
hadrons

STAR @ RHIC
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Reminder on fragmentation bias...

•Fragmentation bias! - nature 
is kind and (in most cases) 
will give you what you ask for 
- perhaps NOT what you 
WANT
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Thank you!

•For graphics/slides from: F. Antinori, B. 
Cole, T. Dahms, P. Govoni, M. Nguyen, T. 
Hemmick, P. Jacobs, M. Floris, M. van 
Leeuwen, C. Loizides, A. Morsch, J. 
Putschke,  C. Roland, M. Rybár , G. Salam, 
Y. Shi Lai, G. Soyez, I. Wingerter

•For the material by collaborations: ALICE, 
ATLAS, CMS, PHENIX, STAR

226

Thanks to all the authors/experiments for the graphics/slides shamelessly stolen for the 
purpose of this talk



Energy density estimation...227

Stony Brook University Thomas K Hemmick 
17  

What have we done?  Energy Density 

  Let’s calculate the Mass overlap 
Energy: 

3
2

0 31502
fm
GeV

== γρε

  Bjorken Energy Density Formula: 

  RHIC:  ετ = 5.4 +/- 0.6 GeV/fm2c 
LHC:    ετ = 16 GeV/fm2c 

106;14.0 30 == RHICfm
GeV

γρ

Overly Simplified:  
Particles don’t even 

have to interact! 

dy
tdE

At
t formT

form
formBJ

)(1)(
⋅

=ε

Measured Assumed 



Measuring widths of the correlations in 
azimuth and pseudo-rapidity
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Quarkonia and QGP229

Quarkonia and the Quark-Gluon Plasma
• Heavy quarks

‣ produced in the initial hard-scattering process

‣ Debye screening in QGP leads to melting of  quarkonia

• Different binding energy of  bound states lead to
sequential melting of  the states with increasing temperature

‣ also observable in the rates of  the ground state due to suppression of  feed down contribution

• The beginning: Matsui & Satz, PLB 178 (1986) 416

2

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.

Acknowledgment
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J/ψ from B-decays230

•  J/ψ from'B'decays'to'access'beauty'in4
medium'energy'loss'
–  Long'B4meson'life8me'4>'secondary'J/ψ’s'from'B'

feed4down'feature'decay'ver8ces'displaced'from'
the'primary'collision'vertex'

–  Frac8on'of'non4prompt'J/ψ'from'simultaneous'
fit'to'µ+µ4'invariant'mass'spectrum'and'
pseudo4proper'decay'length'distribu8ons"
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RAA of non-prompt J/ψ231

•  Slow%decrease%of%RAA%with%increasing%centrality%
•  Hint%for%increasing%suppression%(9>%smaller%RAA)%with%

increasing%pT%
!!CMS,!PAS!HIN+12+014!



Until now...
• Jets in elementary collisions: must specify an 

operational definition (algorithm, R, recombination 
scheme); variety of infrared and collinear safe 
algorithms; under control theory/experiment; 

• HI collisions: hot QCD matter; large particle 
(production) densities as compared to vacuum - 
evolving with centrality; Jet measurements difficult 
(Today you will see that possible nevertheless)

• Leading hadrons suppressed <-> parton energy loss 
(jet quenching); Hadrons select particular ensemble 
of jets(!) - fragmentation bias (more Today) - 
relation of parton vs hadron energy (?)

232

... back to jet quenching measurements



Jet fragmentation in 
Heavy-ion collisions

First Results from Pb+Pb collisions at the LHC 15
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Fig. 8: Calorimetric jet imbalance in dijet events (top) and azimuthal angle between the leading and subleading
jets (bottom) as a function of collision centrality for pp and Pb+Pb collisions.

were very different, the two jets were observed to be very close to back-to-back in the azimuthal plane,
implying little or no angular scattering of the partons during their traversal of the medium [130] as shown
in Fig. 8 [131].

The distribution of particle momenta inside jets normalized to the jet energy is the same, within experi-
mental uncertainties, to that of jets produced in pp collisions as shown in Fig. 9 [132]. This suggests that
most of the additional energy radiated by the leading parton inside the medium gets absorbed by the mat-
ter, and the fragments observed within the jet cone are produced outside of the medium. Several model
calculations [133, 134, 135, 136], which combine elastic and inelastic parton energy loss with deflection
of radiated gluons by the medium, have been able to reproduce the increased energy asymmetry of dijets
in Pb+Pb.
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Jet quenching via large dijetenergy imbalance

•Dijets, calorimeters only

–Leading pT>120 GeV/c

–Sub-leading pT>50 GeV/c

17

Bolek Wyslouch (LLR/MIT)                Overview of CMS experimental results 
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Transverse jet structure: 
jT measurements from Atlas

234

Jet Fragmentation (Transverse)

• Measure distribution of  fragment pT normal to 

jet axis: 

– Compare central (0-10%) to peripheral (60-80%)

⇒No substantial broadening observed. 23
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