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Jets in heavy-ion collisions 
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Parton hard scattering  
Q2 >> 1 GeV2 

Radiation of soft gluons 
and quarks 

π±, π0, K±, K0, p, n, … 

Hadronization into a 
colorless spray of 

particles 

In heavy-ion collisions 
scattered partons 

interact with the hot 
dense medium J. Phys. G: Nucl. Part. Phys. 38 (2011) 035006 J Casalderrey-Solana et al
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Figure 2. Schematic illustration of the spatial embedding of a dijet event in a heavy ion collision.
In a central Pb+Pb collision, the overlap of the lead ions in the plane transverse to the beam
direction fills a region of more than 10 fm diameter with dense QCD matter. The leading jet and its
recoil propagate through this matter on the way to the detectors. Compared to typical time scales
in QCD, O(10 fm/c) is a very long time scale for interactions between a set of partonic projectiles
and the surrounding QCD matter. This allows for strong medium-modifications of jets in heavy
ion collisions.

matter. In contrast, the primary partonic process of a dijet event in this region occurs at a large
momentum transfer ofO(ET ) and is therefore localized on a point-like scale ∼1/ET within the
QCD matter. This sharp localization, illustrated by the red dot in figure 2, implies that typical
soft momentum components of the surrounding QCD matter cannot resolve the primary hard
partonic interaction and therefore will not modify it. However, the partons produced in the
primary hard process may traverse a significant path length within the QCD matter, and it is
during this final-state propagation that the medium can modify the jet structure.

We note that already in proton–proton collisions there are characteristic differences
between the leading jet and its recoil. In particular, requiring a maximal jet energy ET1

within a cone of R = 0.4, one selects jet fragmentation patterns that deposit more than the
average jet energy fraction inside the subcone of size R = 0.4. In the presence of medium
effects, further trigger biases can occur. In particular, if there is a medium-induced mechanism
that degrades the jet energy fraction in a subcone as a function of in-medium path length, then
the leading jet will be oriented preferably in a direction in which its path length is minimal.
This results in a surface bias of the location of dijet events entering the experimental data
sample. On average, the recoiling jet will see a larger in-medium path length and will hence
suffer a more significant medium modification than the leading jet. On the other hand, there
may also exist a significant contribution of dijet events produced tangentially to the nuclear
overlap region, for which the in-medium path length of the recoiling jet is comparable to that
of the leading jet (corona effect). A quantitative understanding of the medium modification of
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Jet quenching 
ü  suppression of jet yield 
ü  broadening of jet shape 
ü  di-jet energy imbalance 
ü  etc. 

Challenge: large, fluctuating background! 



Analysis overview 
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Average background 
subtraction 

Charged 
tracks 

Corrected 
EMCal 
clusters 

Jet finder 
anti-kT 

Charged tracks 

EMCal clusters 

Charged 
particle 

correction 

Detector level 
jet spectrum 

Unfolding 

fdet (pT
det) = RMcomb (pT

det, pT
part)× ε (pT

part) × fpart(pT
part) 

Particle level 
jet spectrum 
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Tracking: |η| < 0.9, 0° < φ < 360°  
TPC: gas detector 
ITS: silicon detector 

EMCal 
Pb‑scintillator  
sampling calorimeter 
|η| < 0.7, 80° < φ < 180° 

Centrality in Pb-Pb 
collisions determined 
using the V0 detector: 
scintillator counters at 
forward rapidity 

RMcomb = RMbkg × RMdet 
RMbkg = Background fluctuations response matrix 
RMdet  = Detector effects response matrix 

Start 



•  Input to the jet finder 
•  pT recombination scheme: constituents assumed to be massless 
•  Charged tracks with pT > 150 MeV/c  
•  EMCal clusters with ET > 300 MeV after charged particle correction: 

f = fraction of subtracted momentum = 100% 
 

•  Fiducial cut requires jet fully contained in the EMCal acceptance 

Jet reconstruction 
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Jet finding algorithm è working 
definition of jet which must be used 
consistently in phenomenological models 
and experiments 

Sequential recombination algorithms 
•  anti-kT (stable area, signal jets) 
•  kT (background) 
•  Infrared- and Collinear-Safe 
•  FastJet[1] implementation 

Ecluster
corr = Ecluster

orig − f pmatched,∑    Ecluster
corr ≥ 0

[1]M. Cacciari, G.P. Salam and G. Soyez 
Eur.Phys.J. C72 (2012) 1896 [arXiv:1111.6097] 

[2]M. Cacciari, G. P. Salam and G. Soyez,  
JHEP 0804 (2008) 063 [arXiv:0802.1189] 

[2] 
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Average background density 
•  Event-by-event charged 

background density: 

 
 
•  Median approach reduces bias 

from signal jets 
•  Scaled to account for neutral 

energy: 

 
•  Background density in most 

central events: 
~ 200 GeV/c per unit area  
~ 25 GeV/c for an R = 0.2 jet! 
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Detector level jet spectra 
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Average background subtracted 

Charged leading hadron pT > 5 GeV/c (full symbols) 
•  Suppress combinatorial background  
•  Bias towards harder fragmentation 

Comparison with inclusive 
jet sample (open symbols) 

0-10% 10-30% 
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Background fluctuations 

• Background density 
fluctuates within event 
•  Smears jet momentum 

•  Fluctuation size 
characterized by δpT 

 
• Asymmetric distribution 

•  LHS: Gaussian-like 
dominated by soft particle 
production 

•  RHS: tail due to hard 
particles (jets overlap!) 

S. Aiola – Jet measurements in Pb-Pb - Quark Matter 2014  7 

δpT = pT, part∑ − ρscaledπR
2
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Jet momentum resolution 
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0-10% 10-30% 

Detector effects 
•  ~ independent of centrality and pT 
•  dominate for pT > 30 GeV/c 

Background fluctuations 
•  smaller for 10-30% centrality 
•  dominate for pT < 30 GeV/c 
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Jet pT spectra in Pb-Pb collisions 
•  Two centrality classes 

•  0-10% and 10-30% 
•  pp measurement[1] 

• Background subtracted 
• Corrections applied for 

both detector effects and 
background fluctuations 
through unfolding 

• Unfolding methods 
•  Pb-Pb: SVD, Bayesian, χ2 

•  pp: bin-by-bin correction, 
Bayesian 
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[1] The ALICE Collaboration, Physics Letters B, 722 (2013) 262 (link) 

NEW 



Nuclear modification factor in Pb-Pb collisions 

•  Strong jet suppression 
observed 

•  Dependence on centrality 
class 

•  Systematic uncertainties are 
mainly driven by unfolding 
and tracking efficiency 
•  Partially correlated between 

centralities 

•  Consistent with ALICE 
published results on 
charged jet RCP 
•  The ALICE Collaboration, 

JHEP 1403 (2014) 013 
    [arXiv:1311.0633] 
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Jet pT spectra in p-Pb collisions 

•  Jets measured by ALICE in p-Pb collisions at 5.02 
TeV using similar techniques 

•  Crucial test of Cold Nuclear Matter (CNM) effects 
•  Compared with different MC pp references 
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•  Results consistent with 
no CNM effects on jets 

•  Posters: M. Connors 
(E-06), C. Yaldo (E-39) 

•  Similar conclusions from 
charged jet analysis: R. 
Haake (E-09) 

•  jT spectra of charged jet 
constituents: J. Kral 
(E-16) 

R = 0.2 R = 0.4 

NEW 



Comparison with theoretical models 

•  Well-established models: realistic geometry, initial state conditions, 
hadronization 
•  JEWEL: arXiv:1212.1599, arXiv:1311.0048 

•  YaJEM: T. Renk, Phys. Rev. C 78 (2008) 034908, Phys. Rev. C 84 (2011) 067902  
•  Both models fitted to single particle RAA 
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Comparison with CMS 
• Agreement with CMS 

in the narrow region of 
overlap (only 0-10%) 

•  It would be interesting 
to extend the pT 
ranges of both 
analyses to have a 
more significant 
comparison 
•  Calorimeter triggered 

data being used by 
ALICE to extend to 
higher pT 
Ø Poster: R. Reed (E-27) 
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Event plane dependence of jets 
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•  Path length dependence of jet energy loss can be investigated by 
measuring jet v2: 

 
•  In central events (0-5%) zero v2

ch,jet hypothesis can’t be excluded 
•  Indication of v2

ch,jet ≠ 0 in the 30-50% centrality class (2 sigma significance) 
•  Poster: R. Bertens (E-02) 

Charged-only jets 

v2
jet =

1
REP

π
4
N in−Nout

N in+Nout

0-5% 30-50% 

NEW 



Conclusions and outlook 
• ALICE has measured jets in various 

collision systems 
•  pp: test of pQCD at LHC energies, 

baseline measurement for heavy-ion 
collisions 

•  p-Pb: crucial test of CNM effects, also 
baseline for future Pb-Pb measurements 
at 5 TeV 

•  Pb-Pb: strong centrality dependent jet 
suppression observed relative to pp 
(binary scaling assumed) 

S. Aiola – Jet measurements in Pb-Pb - Quark Matter 2014  15 

)c (GeV/
T,jet

p
0 20 40 60 80 100 120

-1 )
c

 (
G

e
V

/
je

t
η

d
T,

je
t

p
d

N
2

d
 

e
vt

N
1

 
co

ll
N

1

-910

-810

-710

-610

|<0.5
jet

η = 0.2 |R TkALICE Preliminary     anti-

  0 - 10% 

 10 - 30% 

 = 2.76 TeVs  pp 

=5.02 TeVNNs  p-Pb 

c > 5 GeV/
leading

T,charged
p

 = 2.76 TeVNNsPb-Pb 

ALI−PREL−78135

•  CNM effects cannot account for the observed jet quenching  
Ø Strong indication of hot nuclear matter effects 



Backup slides 
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Jet cross section in pp collisions 

• Anti-kT, R = 0.2 and R = 0.4 
• Excellent agreement with pQCD NLO 

with hadronization effects 
• Ratio R = 0.2 / R = 0.4 gives 

information on the jet structure 
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[1] The ALICE Collaboration, Physics Letters B, 722 (2013) 262 (link) 

Jet cross 
sections in 
pp collisions 
have been 
measured by 
ALICE[1] 
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Effect of the leading hadron bias 

•  PYTHIA pp 
•  5 GeV/c over inclusive 

•  Pb-Pb collisions 
•  10 GeV/c over 5 GeV/c 
•  Compatible with PYTHIA pp 
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Background fluctuations - Embedding 
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Detector effects 

•  Detector effects extracted from a PYTHIA+GEANT simulation 
•  Response assumed to be the same as for pp collisions, except 

tracking efficiency 
•  HIJING simulation used to determine multiplicity effects in Pb-Pb collisions 
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pT
part = particle level jet pT 

pT
det = detector level jet pT 

Jet efficiency dominated by single track 
efficiency of the leading hadron 
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fdet (pT
det) = RMcomb (pT

det, pT
part)× ε (pT

part) × fpart(pT
part) 

Mathematically ill-posed problem: regularization needed to suppress  
unphysical oscillations (see k = 8) 

SVD regularization[1] acts like a “high 
frequency filter” of a Fourier decomposition 
Driven by an integer parameter k 

[1] A. Hocker and V. Kartvelishvili, Nucl. Instrum. 
Meth. A 372 (1996) 469 [arXiv:hep-ph/9509307] 

Unfolding 



List of systematic uncertainties 
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0-10% 10-30% 

Unfolding: method, prior 
choice, regularization strength 10% 7% 

Measured pT range 5% 3% 

Unfolded pT range 1% 2% 

Total unfolding 11.2% 7.9% 
EMCal energy scale 3% 3% 

Clusterizer 10% 6% 

Resolution 1% 1% 

Nonlinearity 3% 3% 

Total EMCal 10.9% 7.4% 
Scale factor 2% 2% 

Tracking efficiency 10% 10% 

Hadronic correction 7% 5% 

Bkg. fluctuations (δpT) 5% 2% 

Flow 1% 2% 

Total others 13.4% 11.7 

Total ~21% ~16% 

•  Most of the 
uncertainties are 
pT dependent 

•  The values shown 
in the table for 
each category 
correspond to the 
maximum 
uncertainty 
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Average background 

•  Event-by-event charged background density: 

 
•  Scaled to account for neutral energy: 
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ρscaled = sEMC ⋅ρcharged

ρcharged =median(
pT
kT jet

AkT jet
)

sEMC =
ET
cluster + pT

track∑∑( )
pT
track∑

Median approach reduces bias from signal jets 
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Transverse momentum dependence of inclusive primary charged-particle production . . . 5

pQCD at
√
s= 5.02 and 7 TeV [10].

In the lower panel of Fig. 1 the ratios of the spectra for backward (−0.8 < ηcms < −0.3 and −1.3 <
ηcms<−0.8) pseudorapidity ranges to that at |ηcms|< 0.3 are shown. The indication of a slight softening
of the pT spectrum when going from central to backward (Pb-side) pseudorapidity, observed already
in the pilot-run data of 2012 [4] (note opposite ηcms sign convention in [4]) is confirmed with better
significance and extended in pT down to 0.15 GeV/c.

A good description of our earlier measurement of spectra in p–Pb collisions [4] was achieved in the
EPOS3 model [14] including a hydrodynamical description of the collision, while the PHSD model [15]
significantly underestimated the spectra for pT values of several GeV/c.
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Fig. 2: The nuclear modification factor of charged particles as a function of transverse momentum, measured
in minimum-bias (NSD) p–Pb collisions at √sNN = 5.02 TeV in two pseudorapidity ranges, |ηcms|< 0.3 and
−1.3< ηcms < 0.3. The statistical errors are represented by vertical bars, the systematic errors by boxes around
data points. The relative systematic uncertainties on the normalization are shown as boxes around unity near
pT = 0.

In order to quantify nuclear effects in p–Pb collisions, the pT-differential yield relative to the pp reference,
the nuclear modification factor, is calculated as:

RpPb(pT) =
d2NpPb/dηdpT

⟨TpPb⟩d2σ pp/dηdpT
, (1)

where NpPb is the charged particle yield in p–Pb collisions.

The measurement of the nuclear modification factor RpPb for charged particle production in |ηcms|< 0.3
and −1.3< ηcms < 0.3 is shown in Fig. 2. The uncertainties of the p–Pb and pp spectra are added
in quadrature, separately for the statistical and systematic uncertainties. The systematic uncertainties
are largely correlated between adjacent pT bins. The total systematic uncertainty on the normaliza-
tion, the quadratic sum of the uncertainty on ⟨TpPb⟩, the normalization of the pp reference spectrum and

Charged particle RpPb 
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