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Triggered by the L1-Jet trigger

Jets – powerful probes of QGP properties
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Jet

Ø Collimated high-momentum particle 
spray which originate from initial hard 
scattered partons at the early stage of a 
collision (Q2 > 1 (GeV/c)2)

→ The most direct experimental 
access to partons
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Jets – powerful probes of QGP properties

Ø Self produced probes like jets are 
suitable to probe QGP properties

Ø The QGP life time is very short (~10-23 s)

Ø The elementary process is well 
described theoretically, and 
experimental measurement techniques   
are also well established
Ø Well calibrated probes

What are the advantages?
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Jet

Jets – powerful probes of QGP properties

Ø Partons interact with the medium 
while traversing it and jet properties 
(Yield, shape...) will be modified
Ø Collisional energy loss
Ø Radiative energy loss 

Jet quenching

What are the goals?

Ø Self produced probes like jets are 
suitable to probe QGP properties

Ø The QGP life time is very short (~10-23 s)
What are the advantages?

Ø Collimated high-momentum particle 
spray which originate from initial hard 
scattered partons at the early stage of a 
collision (Q2 > 1 (GeV/c)2)

→ The most direct experimental 
access to partons
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Di-Jet event candidate 
in Pb-Pb collisions  
√sNN = 5.02 TeV (2015)
Triggered by the L1-Jet trigger

Ø The elementary process is well 
described theoretically, and 
experimental measurement techniques   
are also well established
Ø Well calibrated probes



ØNuclear modification factor (RAA)
ØQuantifies the jet suppression due 

to parton interactions with medium

Probing jet suppression rate 
and jet radial profile

Quark Matter 2018

Measurement of Inclusive Charged Jet Production in pp and Pb-Pb collisions
at
√

sNN = 5.02 TeV with ALICE

H.Yokoyama ( for the ALICE collaboration )
LPSC CNRS/IN2P3, Université Grenoble-Alpes, Grenoble, France

University of Tsukuba, Tsukuba, Japan

Abstract

In these proceedings, we report the ALICE measurements of inclusive charged jet production in pp and Pb-Pb
collisions at the currently highest available centre-of-mass energy at the LHC of 5.02 TeV. Charged jet spectra are
extracted after jet-area based soft background subtraction and unfolding. Charged jet production cross sections as
well as nuclear modification factors (RAA) are presented. Furthermore, the inclusive charged jet production cross
section in pp collisions is compared to QCD calculations. Our RAA results show a significant jet suppression in the
most central Pb-Pb collisions at 5.02 TeV. A comparison to RAA measurements obtained at lower centre-of-mass
energy is also presented.

Keywords: jet, heavy-ion, energy loss

1. Introduction

Head-on collisions of heavy nuclei at LHC are ex-
pected to form a hot and dense deconfined state of mat-
ter, the so-called Quark Gluon Plasma (QGP). One of
the experimental signatures of the QGP formation is the
attenuation or disappearance of the spray of hadrons re-
sulting from the fragmentation of a hard scattered par-
ton having suffered energy loss, i.e. “jet quenching” [1].
Measuring the energy lost by a parton in a medium pro-
vides fundamental information about the medium ther-
modynamical and transport properties.

In Pb-Pb collisions at the LHC, charged particle ob-
servations have indirectly confirmed jet quenching at
2.76 TeV [2]. However, the leading hadron measure-
ments are preferentially from the population of jets that
has the least interaction with the medium. These mea-
surements are also not sufficient to discriminate quan-
titatively between partonic energy loss models and to

Email address: hiroki.yokoyama@cern.ch (H.Yokoyama (
for the ALICE collaboration ))

extract key parameters such as the transport coefficient
of the hot medium to measure the stopping-power of the
QGP precisely [3]. Inclusive jet measurements help to
resolve these questions. Indeed, to increase sensitivity
to the properties of the QGP and to quantify the under-
lying mechanism of the quenching effects, the ratio of
inclusive jet yields per event in Pb-Pb collisions (dNAA

jets )
over those in pp (dNpp

jets) is studied via the jet nuclear
modification factor (RAA), formulated as:

RAA =
dNAA

jets /dpT

⟨Ncoll⟩ dNpp
jets/dpT

=
dNAA

jets /dpT

⟨TAA⟩ dσpp
jets/dpT

, (1)

where ⟨TAA⟩ is the nuclear overlap function, and
⟨Ncoll⟩ is the average number of nucleon-nucleon col-
lisions per heavy-ion (AA) collision, calculated with
the Glauber model which incorporates a detailed de-
scription of the nuclear collision geometry (for a review
see [4, 5]).

If the full jet energy is recovered inside the jet cone,
regardless of the fragmentation details of strong parton
energy loss, this ratio should be equal to one. If the ra-
tio is less than one, it could suggest a change of the jet
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ØCross section ratio
ØSensitive to the jet radial profile

Ø Jet collimation/broadening 
Ø Collimation

→ The ratio will be increased
Ø Broadening

→ The ratio will be decreased

Phys. Lett. B 746 (2015) 1

JHEP 30 (2014) 013
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Ø Charged particle tracking
Ø ITS (Inner tracking system)

Ø TPC (Time projection chamber)

Ø Consists of three silicon detectors
(SPD,SSD,SDD)

Ø Acceptance: 0 < φ < 2 π, |η|<0.9

Ø Gas detector
Ø 3D tracking
Ø Acceptance: 0 < φ <2 π, |η|<0.9

Ø Sampling calorimeter with Pb-scintillator 
Ø Acceptance: 

80∘ < φ < 188∘, |η|<0.7

Jet measurement at ALICE

Quark Matter 2018

Charged 
constituents

Charged Jets

Neutral 
constituents

Remove charged 
particle contributions

Full Jets

Track matching 
with calorimeter
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pT,track > 0.15 GeV/c

Ecluster > 0.3 GeV

Ø EM calorimeter



ØRaw jet spectra
Ø Event samples: 68 M(Charged jets, 0-80%), 4.5 M(Full jets, 0-10%)

Minimum bias events of Pb-Pb at sNN = 5.02 TeV
ØReconstructed by anti-kT algorithm, R=0.2 and 0.3, pT-scheme
ØCombinatorial backgrounds are suppressed 

by leading charged track requirement (pT > 5 GeV/c)

ØBackground subtraction
Ø Event-by-event background density estimation and subtraction

Ø Charged jets :  JHEP 30 (2014) 013
Ø Full jets :  Phys. Lett. B 746 (2015) 1

ØMeasured spectra are corrected by SVD unfolding method
ØCharged jets

Ø Detector response : Pythia8+Geant3 full MC detector simulation
Ø Background fluctuation : Random cone method

Ø Full jets 
Ø Embedding pythia events into Pb-Pb data

Quark Matter 2018

Overview of the analysis
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ØMeasured charged jet cross sections are well described by 
POWHEG+Pythia8 prediction 
(NLO pQCD + parton shower, hadronization) 

Charged jet cross section in pp vs POWHEG

Quark Matter 201813-19 May 2018 8

POWHEG-BOX: JHEP 1006 (2010) 043, JHEP 1104 (2011) 081
Pythia8: Comput. Phys.Commun. 191 (2015) 159
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Inclusive charged jet spectra
in Pb-Pb 5.02 TeV

Quark Matter 2018

R = 0.2 R = 0.3

Ø 4 centrality classes (0-10%, 10-30%, 30-50%, 50-80%)
Ø 2 jet cone radii (R=0.2, 0.3)
Ø pp reference: POWHEG+Pythia8

13-19 May 2018 9



Inclusive charged jet RAA
in Pb-Pb 5.02 TeV

Quark Matter 201813-19 May 2018 10

Ø Strong jet suppression 
is observed in central 
Pb-Pb collisions

Ø RAA increases for more 
peripheral events

Ø RAA of different cone 
radius jet are 
consistent within 
systematic errors

Ø pp data at the same 
beam energy in ALICE 
been analyzed



Inclusive charged jet cross section ratios
in Pb-Pb 5.02 TeV
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Ø Ratios of charged jet cross section between R=0.2 and R=0.3 are measured 
for each centrality classes

Ø No significant difference with jets in vacuum (POWHEG+PYTHIA8 reference)
Ø Small difference at low pT in central collisions → Hints for stronger broadening at low pT



ØMeasured for the most central collisions (0-10%)
Ø2 jet cone radii (R=0.2, 0.3)
Øpp reference: POWHEG+Pythia8

Inclusive full jet spectra
in Pb-Pb 5.02 TeV

Quark Matter 2018

R = 0.2 R = 0.3

Poster: JET-21, James Mulligan

13-19 May 2018 12



Inclusive full jet RAA
in Pb-Pb 5.02 TeV

Quark Matter 2018

Poster: JET-21, James Mulligan

R = 0.2 R = 0.3

Ø Full jet nuclear modification factors in the most central collision (0-10%) are 
measured for R=0.2, 0.3 

Ø Strong jet suppression is observed in central Pb-Pb
collisions

Ø Consistent with charged jet results
13-19 May 2018 13



Inclusive full jet cross section ratio
in Pb-Pb 5.02 TeV

Quark Matter 2018

Poster: JET-21, James Mulligan

Ø Ratios of full jet cross section 
between R=0.2 and R=0.3 are 
measured for the most central 
collisions (0-10%)

Ø Consistent with the 
POWHEG+PYTHIA8 reference at 
the measured kinematic range

13-19 May 2018 14



ØMeasured RAA are similar in the two collision 
energies
Ø It suggests effect of flattening of the 

spectrum in higher collision energy is 
compensated by stronger jet suppression

ØAll measurements are consistent within errors

Quark Matter 2018

Comparison between charged and full jets
at 5.02 TeV and 2.76 TeV

Hiroki Yokoyama :  QM Approval   ( 27/04/2018 )

Motivation

Exploring Jet Quenching effect 
We are interested in quantifying the jet suppression (parton energy loss) 

How the jet quenching effect is changed as a function of Jet pT , collision energy, system size, path length … 
How out-of-cone radiation is performing -> Measurement with various jet radii. 

Strong jet suppression was observed in Run1 √sNN = 2.76 TeV Pb-Pb collisions 
Does the collision energy dependence exist? 

Update points since preliminary result in 2016 
R=0.2, LIR -> R=0.2, 0.3, 0.4, w/ Full Stat. (about x20 statistics)   
pT reach extension  

Comparison to ATLAS result, ALICE ch.jet, full jet measurement 
Jet RAA is measured for pT > 100 GeV/c by ATLAS at √sNN = 5.02 TeV 

Complemental study of this measurement

38
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Ø Full and charged jet RAA 
is consistent



Comparison with model prediction 
- Cross section ratio

Quark Matter 2018

ØNo significant difference with 
vacuum is predicted by JEWEL
for the measured kinematic 
range

ØJEWEL predictions agree
with data

JEWEL : arXiv:1212.1599, arXiv:1311.0048, parameters for
the medium model are taken from arXiv:1707.01539

13-19 May 2018 16



Comparison with D0-tagged jets

Quark Matter 201813-19 May 2018 17

Talk: “Measurements of heavy-flavour correlations and jets with ALICE at the LHC” 
Barbara Antonina Trzeciak, 15/May

Ø D0-tagged jets are measured down to 3 GeV/c
Ø The measurement is robust against combinatorial 

background
Ø D mesons must come from a hard scattering

Ø Jets from charm quarks are measured selectively 

Ø Strong D-tagged charged jet suppression is observed in 
central Pb-Pb collisions at low pT

Ø RAA of charged jets and D0-tagged charged jets are similar 
to the D meson RAA in central Pb-Pb collisions



ØALICE successfully measured charged and full jet spectra in Pb-Pb collisions 
at √sNN = 5.02 TeV for jet cone radii R=0.2 and 0.3

Ø Large background in heavy-ion collisions is under control

ØNuclear modification factor (RAA)
Ø Strong jet suppression is observed in central Pb-Pb collisions
Ø Centrality dependence is observed for charged jets

Ø Jet cross section ratio (R=0.2/R=0.3)
Ø Full jets: No significant difference with jets in vacuum at measured pT range
Ø Charged jets: Consistent with no energy redistribution relative to vacuum

Ø Hints for stronger broadening at low pT

ØProspects
Ø Nuclear modification factor with measured pp reference

Ø Systematics in experimental data points will be reduced
Ø Improvement of statistical precision with calorimeter triggered data
Ø Extending the range to higher R and lower jet pT
Ø ALICE jet substructure program to be extended to 5.02 TeV

(e.g. Jet mass, radial moment, momentum dispersion)   

Summary and outlook

Quark Matter 201813-19 May 2018 18



Thank you for your attention!

Quark Matter 2018

We are ALICE who are standing on 
the shoulders of giants… 
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Quark Matter 2018

Backup
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Overview of analysis flow

Quark Matter 2018

Ø Charged tracks measured by ITS + TPC
Ø |ηtrack| < 0.9, pT,track > 0.15 GeV/c

Ø Neutral components measured by EMCal
Ø |ηcluster| < 0.7, ET,cluster > 0.3 GeV/c

Event selection

Track and 
cluster selection

Jet reconstruction

Detector & UE fluctuation 
effects correction

Corrected jet spectrum

UE subtraction

Ø Minimum bias events (V0 AND trigger)
Ø |ZyPrimar vertex| < 10 cm

Ø Signal: Anti-kT algorithm, Background :kT algorithm (JHEP 0804:063,2008)

Ø Utilizing FastJet package (Eur.Phys.J. C72 (2012) 1896)

Ø Jet cone radii R = 0.2, 0.3
Ø |ηjet,Ch| < 0.9 -R, |ηjet,Full| < 0.7-R, pT,leading > 5 GeV/c

Ø !",$%&'()) = !",$%&)*+ - , - .$%&, 
, = 012345 67,89:;<

=>?<
, .$%&: Jet area

Ø Raw spectra are corrected by SVD unfolding method 
(Nucl.Instrum.Meth.A372:469-481,1996)

Ø Utilizing RooUnfold package (arXiv:1105.1160)

Ø Detector responses are evaluated by Pythia8+Geant3 
full MC detector simulation

Ø Background fluctuations are evaluated by random cone 
method for charged jets and are evaluated by 
embedding Pythia8 events into Pb-Pb data

13-19 May 2018 21



Background pT density vs centrality
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Background fluctuation in Pb-Pb collisions

Quark Matter 201813-19 May 2018 23



ØDetector response 
Response matrices

Quark Matter 2018

Fully reconstructed jets in Pb–Pb collisions at
p

sNN = 2.76 TeV 41

Fig. 39: The fine-binned detector response matrix for R = 0.2 5 GeV/c track biased jets. The y-axis is the particle

level jet momentum and the x-axis is the detector level jet momentum.

13-19 May 2018 24

ØBackground 
fluctuation

ØCombined matrix �



Systematics for charged jet spectrum

13-19 May 2018 Quark Matter 2018 25

38 ALICE Analysis Note, April 2018

Fig. 42: The variation of jet spectrum by measured pT range (±5 GeV/c for lower and upper edges), for central 0-10 % and
R = 0.2 with leading tirgger particle cut in pT > 5.0 GeV/c.

30-40
[GeV/c]

40-50
[GeV/c]

50-60
[GeV/c]

60-70
[GeV/c]

70-90
[GeV/c]

Method 4.2 4.2 4.2 4.2 4.2
delta-pT -1.9 -1.2 -0.9 -0.9 -0.9

5.1 4.1 3.8 2.9 2.2
FlowBias 6.4 5.2 4.6 3.7 3.3
MeasuredPtRange -3.2 -0.2 -1.2 -2.4 -3.0

0.1 0.3 2.1 1.6 3.6
UnfoldedPtRange -0.7 0.0 -0.1 -0.2 -0.4

0.1 0.3 0.5 0.0 0.3
RegParameter 0.4 1.1 3.3 3.6 5.4
Prior 4.2 5.2 5.2 4.0 1.7
Efficiency 1.5 2.7 5.9 8.1 9.7

Table 3: Systematic uncertainties for 0-10%

0 - 10 %



Systematics for full jet spectrum
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Inclusive full jet measurements in Pb-Pb collisions at
p

sNN = 5.02 TeV with ALICE 37

Relative uncertainty (%) for pT 2 [A,B] GeV
[40, 50] [50, 60] [60, 70] [70, 80] [80, 100] [100, 120] [120, 140]

R = 0.2
Tracking efficiency 5.4 5.8 6.5 7.0 7.6 8.2 8.7
Input pT range 2.4 0.2 0.8 0.7 0.1 0.4 0.8
Jet reco efficiency 4 3 2 2 1 1 1
Track pT resolution 1 1 1 1 1 1 1
EMCal energy response 4.4 4.4 4.4 4.4 4.4 4.4 4.4
EMCal hadronic response 4 4 4 4 4 4 4
Total corr. uncertainty 9.3 8.9 9.1 9.5 9.8 10.2 10.7

R = 0.3
Tracking efficiency 9.7 10.6 9.8 8.6 7.3
Input pT range 1.5 2.3 1.6 0.7 0.5
Jet reco efficiency 2 2 1 1 1
Track pT resolution 1 1 1 1 1
EMCal energy response 4.4 4.4 4.4 4.4 4.4
EMCal hadronic response 4 4 4 4 4
Total corr. uncertainty 11.7 12.6 11.7 10.6 9.5

R = 0.4
Tracking efficiency 6.7 8.5 9.1
Input pT range 5.6 8.8 5.2
Jet reco efficiency 1 1 1
Track pT resolution 1 1 1
EMCal energy response 4.4 4.4 4.4
EMCal hadronic response 4 4 4
Total corr. uncertainty 10.7 13.7 12.1

Table 3: Correlated uncertainties on the jet spectrum.

• Correlated uncertainties

38 ALICE Analysis Note 2018

7.2 Shape uncertainties

We perform several systematic variations on the unfolding procedure to assign a shape uncertainty arising
from the unfolding regularization procedure:

– Variation of the unfolding algorithm

– Variation of the regularization parameter

– Variation of the prior

We unfold with an iterative unfolding algorithm [24] in order to assign a systematic associated with the
choice of unfolding algorithm (Fig 46).

In the SVD unfolding, we vary the regularization parameter k one unit above and below the nominal
solution (Fig 46), and take the maximum difference between either variation and the main result as the
systematic attributed to the regularization parameter.

The SVD algorithm requires a prior distribution as input, which for the main result we use as the projec-
tion of the response matrix onto the truth axis. As a systematic, we vary this input prior by scaling the
main prior by p

±0.5
T , and take the maximum difference between either variation and the main result as

the systematic for this effect.

The total shape uncertainty is chosen as the standard deviation of the systematics due to each of the
variations, since they each comprise independent measurements of the same underlying systematic un-

certainty in the regularization. That is, the total shape uncertainty for each bin is
q

Â3
i=1 s2

i

3 , where s
i

is
the systematic due to a single one of the three variations described above.6 Table 4 shows the systematic
uncertainties in each bin for each R.

6Note that we divide by 3, not 4, since the main measurement is assumed to be the mean.

Relative uncertainty (%) for pT 2 [A,B] GeV
[40, 50] [50, 60] [60, 70] [70, 80] [80, 100] [100, 120] [120, 140]

R = 0.2
Unfolding method 9.1 4.0 1.4 2.6 4.4 5.3 8.5
Reg. parameter 3.9 2.8 1.4 1.2 3.5 5.5 7.1
Prior 0.6 1.0 1.0 2.2 1.0 2.1 4.7
Total shape uncertainty 5.7 2.9 1.3 2.1 3.3 4.6 6.9

R = 0.3
Unfolding method 17.5 11.1 1.9 9.1 15.1
Reg. parameter 5.1 1.8 3.5 4.5 4.2
Prior 2.3 2.4 1.7 0.9 2.7
Total shape uncertainty 10.6 6.6 2.5 5.9 9.2

R = 0.4
Unfolding method 18.2 4.4 6.5
Reg. parameter 5.1 8.0 8.6
Prior 1.4 2.2 3.2
Total shape uncertainty 10.9 5.4 6.5

Table 4: Shape uncertainties on the jet spectrum.

• Shape uncertainties



Systematics for D0-tagged jets
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