EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

S}

N\’
ALICE
CERN-PH-EP-2013-205
02 November 2013

Measurement of charged jet suppression in Pb-Pb collisions at
VSNN = 2.76 TeV

The ALICE Collaboratioh

Abstract

The ALICE collaboration at the LHC reports a measurementefitansverse momentum spectra of
jets in Pb—Pb collisions aySyn = 2.76 TeV. Jets are reconstructed from charged particles tiséng
antikr jet algorithm with jet resolution parametéR®f 0.2 and 03 in pseudo-rapidityn | < 0.5. The
transverse momentummy of charged particles is measured down tH3GeVE which gives access
to the low pr fragments of the jet. Jets found in heavy-ion collisions @eected event-by-event
for average background density and on an inclusive basisunfolding) for residual background
fluctuations and detector effects. A strong suppressioet@rpduction in central events with respect
to peripheral events is observed. The suppression is faube similar to the suppression of charged
hadrons, which suggests that substantial energy is radétangles larger than the jet resolution
parametelR = 0.3 considered in the analysis. The fragmentation bias ioted by selecting jets
with a high pr leading particle, which rejects jets with a soft fragmeotapattern, has a similar
effect on the jet yield for central and peripheral eventse Tétio of jet spectra witlR = 0.2 and

R = 0.3 is found to be similar in Pb—Pb and simulated PYTHIA pp eseimdicating no strong
broadening of the radial jet structure in the reconstrugtesiwithR < 0.3.

*See AppendikB for the list of collaboration members
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1 Introduction

Discrete formulations of Quantum Chromodynamics (lattice QCD) predict septnansition to a new
state of matter, the Quark-Gluon Plasma (QGP), at an energy density alwitecal value of about

1 GeV/f? and temperatures beyoiid ~ 160 MeV [1]2]. In this state, the elementary constituents of
hadronic matter, quarks and gluons, are deconfined and it is expeatethttal symmetry is restored.
The conditions to create a QGP are expected to be reached for a shorfewmien(c) in the overlap
region of heavy nuclei colliding at high energy.

One of the tools to study the properties of the QGP is provided by hard (aogeentum transfe®?)
scattering processes of the partonic constituents of the colliding nucl&bese hard scatterings occur
early in the collision &« 1fm/c) and the outgoing partons propagate through the expanding hot and
dense medium and fragment into jets of hadrons. Jet fragmentation in-leeeegllisions is expected to

be modified (relative to the parton fragmentation in the vacuum) due to partdiniménteractions, e.qg.
radiative and collisional parton energy loss (jet quenching) [3,4& ihial hard parton production cross
sections are calculable using perturbative QCD (pQCD) and the nourpative vacuum fragmentation
process can be well calibrated via jet measurements in elementary collisions.

Jet quenching has been observed at RHIC [5-10] and at the[LH{F] Yia the measurement of high-
inclusive hadron and jet production, di-hadron angular correlatiodgtze energy imbalance of recon-
structed dijets, which are observed to be strongly suppressed and modiipectively, in central AA
collisions compared to a pp (vacuum) reference. Single particle measuseprenide limited infor-
mation on the initial parton energy and its radiation. Jet reconstruction allows di@ct access to
the parton energies, which can be calculated using pQCD, by integratémghes hadronic degrees of
freedom in a collinear and infrared safe way. Jets are reconstrugtgobbping the detected particles
within a given angular region, e.g. a cone with radfu§ he interaction with the medium can resultin a
broadening of the jet profile with respect to vacuum fragmentation. In &sis,dor a given jet resolution
parameteR and a fixed initial parton energy, the energy of the jet reconstructedawykien collisions
will be smaller than in vacuum. In the case where the gluons are radiated thsid®ne, the jet is
expected to have a softer fragmentation and a modified density profile cedrjpgets in vacuum.

Jet measurements in heavy-ion collisions employ various approacheséaotdor background energy
not associated with jet production and to suppress the combinatorial, falgelgeinduced by fluctu-
ations of this background, e.g. via energy or momentum thresholds fiiclparthat are used in the jet
finding process. Each of these approaches represents a compratisem potential fragmentation
biases in the jet reconstruction and a better separation of the jet sigmaftfecbackground.

In this paper a measurement of the inclusiveggspectrum in Pb—Pb collisions gfsyny = 2.76 TeV is
reported in four centrality intervals in the most central 80% of the total maclayoss-section. Jets are
clustered from charged tracks measured with the central barrel dstec#®sLICE down to momenta of
0.15 GeVt, which provides unique access to lgw jet fragments at mid-rapidity at the LHC. Jets are
measured with resolution parametBrs: 0.2 andR = 0.3 in the pseudo-rapidity interval0.5 < n < 0.5.
The underlying event is subtracted event-by-event for each mebmirerhe jet spectrum is corrected
for background fluctuations and detector effects affecting the jeggmesolution and scale through an
unfolding procedure.

The jet reconstruction strategy and the correction procedure fogbawkd from the underlying event is
discussed in detalil in Secti@h 2 after which the results are presented inrigatiol discussed in Section

4.
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2 Data analysis and techniques

2.1 Data Sample and Event Selection

The data used for this analysis were recorded by the ALICE detéctpim 1i8e fall of 2010 during the
first Pb—Pb run at a collision energy gfsyn = 2.76 TeV. The analysis presented here uses minimum-
bias events, which are selected online by requiring a signal in at leastutvaf the following three
detectors: the forward VZERO counters (VOA and VOC) and the SilicoalBirtector (SPD) [19]. The
VZERO counters are forward scintillator detectors covering a pseapidity range of < n < 5.1
(VOA) and—3.7 < n < —1.7 (VOC); the SPD is part of the Inner Tracking System (ITS) descilebav.
The minimum-bias trigger is fully efficient in selecting hadronic events in Pb-eRisions. In addition,
an offline selection is applied in which the online trigger is validated and remaloziokground events
from beam-gas and electromagnetic interactions are rejected. To erfsgheteacking efficiency for all
considered events, the primary vertex was required to be within 10 cmthreroenter of the detector
along the beam axis and within 1 cm in the transverse plane.

The number of Pb—Pb events used in this analysis after event selectio@ mailldn in a centrality range
between 0 and 80% most central of the total hadronic cross sectiorspording to a total integrated
luminosity of 2 ub~1. The event sample is divided in four centrality intervals (0—10%, 10—3304,
50%, and 50-80%) based on the sum of VZERO amplitudes. A Glauber risodséd to calculate
the number of participating nucleoiNqr in the collisions, the number of binary collisiohge, and

the nuclear overlap functiomaa [19]. The resulting values and their uncertainties for the considered
centrality intervals are given in Tallé 1.

Centrality  (Npar) (Ncoll) (Taa)

0-10%  3560+3.6 15005+1650 235+0.8
10-30% 2230+35 7388+753 116+£04
30-50% 1072+28 2456+233 3.8+0.2
50-80% 35+12 459+4.6 0.70+0.04

Table 1: Average values of the number of participating nucleNps, number of binary collisionslso, and the
nuclear overlap functiofipa for the centrality intervals used in the jet analysis. Ekpental uncertainties on the
parameters of the nuclear density profile used in the Glasibarlations and on the interpolated nucleon-nucleon

cross sectiondN\ = 645 mb) are included in the uncertainties. For details 'seke [19]

2.2 Jet reconstruction

Jets were reconstructed using charged tracks detected in the Time Profelstimber (TPC) [20] and
the Inner Tracking System (ITS) [21] which cover the full azimuth aneupe-rapidity|n| < 0.9. For
each track traversing the TPC, up to 159 independent space pointsasarettat radial distances from
85 cmto 247 cm.

The ITS consists of six cylindrical silicon layers with high granularity foegsion tracking, with the
inner layer at 3.9 cm from the center of the detector and the outer lay8rah4 The measured space
points in the ITS and the TPC are combined to reconstruct the tracks giechparticles. The transverse
momentum is calculated from the measured track curvature in the magnetic field 65 T.

The main track selection criteria are a minimum number of points in the Tﬁeécal on the fit, and a cut
on the difference between the parameters of the track fit using all the ppaus in ITS and TPC, and
using only the TPC space points with the primary vertex position as an additionsiraint. Tracks for
which the total change in the track parameters is more tlma(xé > 36) are rejected from the sample.
For a large fraction (79%) of the tracks used in the analysis, at leagt@mnewas found in one of the
two inner pixel tracking layers (SPD) of the ITS. To improve the azimuthaloumity of the selected
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tracks, tracks without SPD points were also used in the analysis. For tifacks the momentum was
determined from a track fit constrained to the primary vertex, to guarantaergomentum resolution.

The pr resolution for tracks is estimated from the track residuals of the momentumdfiti@es not

vary significantly with centrality. All track types have a relative transverggnentum resolution of
o(pr)/pr ~ 1% at 1 Ge\V¢. The resolution apr = 50 GeVktis o(pr)/pr ~ 10% for tracks that have
at least three out of six reconstructed space points in the ITS. Forrttemag tracks (6% of the track
sample) the resolution is(pr)/pr ~ 20% at 50 Ge .

The track finding efficiency apt = 0.15 GeVEk is 60% increasing te- 90% for pr ~ 1.5 GeVk and
then decreases to 86% for pr > 2.5 GeVEk. In peripheral events the track finding efficiency~i2%
larger than in central collisions due to the lower track multiplicity.

Jets are reconstructed with the agtialgorithm using the FastJet package! [22, 23] with resolution pa-
rameterR = 0.2 andR = 0.3. Charged tracks witm| < 0.9 andpr > 0.15 GeVE are used as input for
the jet algorithm. The transverse momentum of the jpf@&jet, is calculated with the boost-invariant
pr recombination scheme. The ardg,for each jet is determined using the active area method as im-
plemented in FastJet [24]. So-called ‘ghost particles’ with very small momeittu10-1%° GeVrc)

are added to the event and the number of ghost particles in a jet measuegedh Ghost particles are
uniformly generated over the tracking acceptance @ < 2rirand|n| < 0.9), with 200 ghost particles
per unit area. Jets used in the analysis are required to have an asrahary0.07 foR = 0.2 jets and

0.2 forR= 0.3 jets. This selection mostly removes low momentum jets wi#t}, ., < 20 GeVt. Jets

are selected to havg| < 0.5, so that they are fully contained in the tracking acceptance. In addition,
jets containing a track witpr > 100 GeVE, for which the momentum resolution is worse than 20%, are
tagged and rejected after performing the jet clustering. This selectiorefligible effect in the reported
range of jet momenta.

2.3 Background subtraction

In Pb—Pb events, the large background consisting of particles fronscattering processes as well as
fragments from other jets, is subtracted using the procedure propo$28,[@6]. The background is
measured on an event-by-event basis by clustering all particles usikg-tigorithm and determining
the median of the transverse momentum density= p‘T_’Ch je/A‘ of all clustersi in the event, excluding
the two leading clusters to limit the impact of the hard jet signal on the backdmestimate. The signal
antikr jets are then corrected for the average background contribution usimgetlianoc:

PT.chjet= P jet— Pch A, 1)

with pr chjet the background subtracted jet, pr'dh ¢ the uncorrected measured j@t andA the area
of the antiky signal jet. The inclusive jet distribution is then corrected via unfolding t@awt for
background fluctuations and detector effects.

As demonstrated i [27] the measured background depsitis directly related to the multiplicity and
average transverse momentum of the reconstructed charged partinlesit$ based on the same col-
lection of input particles used for the signal jets, the quaptityused in the analysis intrinsically includes
all detector effects, such as tracking efficiency and momentum resoldiioanable comparisons with
other experiments and generator studies, the corrected backgroundhtuaontensity is obtained using
the Hit-Backspace-Once-More (HBOM) method proposed in [28], i.eepgatedly applying the param-
eterized detector response to the measured heavy-ion events andleximgghe measuregdto an ideal
detector. The advantage of the method lies in the data-driven appro&ech wily the detector response
is taken from simulation. This is of particular importance when studying obbtes that are sensitive
to the a-priori unknown structure of the heavy-ion event and the ledioe between different regions
in the event. This procedure yields a corrected transverse momentuityasnsfy~*'°> = 1558+ 3.7
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GeVi(cfor the 10% most central events, with a spre:a(@ffo'ls) = 20.5+ 0.4 GeVk with no significant
dependence on the distance paramBtemployed in theo calculation.

2.4 Background fluctuations

All particles created in a collision are clustered into jets, but not all of theéginate from hard pro-
cesses. The distinction between jets originating from a hard parton anclssiers containing mostly
background particlescombinatorial jets) is to some extent arbitrary and requires a pragmatic defini-
tion. At very highpr, it is clear that all jets originate from parton fragmentation processes, atlibev

and intermediater, clusters can be formed by including fragments from multiple, independetdrp
scatterings or even from the soft hadronization.

Jet clusters which originate from a hard scattering will contain a large anodwmcorrelated, mostly
soft, background particles. The background subtraction procelbseribed in Sectidn 2.3, removes the
background energgn average, but the background has large region-to-region fluctuations in thd,even
both due to statistical fluctuations of the particle number and momentum, and eeligltinomena like
elliptic flow.

Combinatorial jets and background fluctuations are intimately related: lowefets, for example with
a momentum below 5 Ge¥/are also subject to background fluctuations and appear at relatigély h
pr (well above 20 Ge\W). Such jets are mostly background energy, and thus backgroundafioctsi
give rise to combinatorial jets.

For the results reported in the next sections an unfolding proceduredstasorrect for background
fluctuations. In this procedure, the combinatorial jets will emerge atpvwvhile the spectrum is only
reported above a certapy cut-off, thus effectively removing the combinatorial jets from the result.
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Fig. 1: Uncorrected jet spectra after background subtraction, withgaghrameter® = 0.2 (left) and
R = 0.3 (right) in central Pb—Pb events, without leading particle selectiohiésed, black circles) and
with at least one particle withr > 5 (green crosses) or 10 GeMfed squares).

To illustrate the impact of combinatorial jets, Hig. 1 shows uncorrected jetrspafter event-by-event
subtraction of the background following Hg. 1. The black solid circlesvsti@ result without fur-
ther selection of the jets, which shows a broad peak arqundjet = 0 GeVEk. A large fraction of the
combinatorial jets can be removed by selecting jets with a leading chargedepabtive a certain thresh-
old [29]. The crosses and squares in Eig. 1 show the jet spectra witdiadezharged particle above 5
and 10 GeWe. It can be seen clearly that selecting jets by a leading pigparticle reduces the back-
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ground contribution fopr ch jet < 40 GeVE. However, this selection does not only reject combinatorial
jets, but also introduces a bias towards harder fragmentation.

In the following, unbiased and leading track biased jet spectra areteelpdrhe systematic uncertainty
arising from the combinatorial jet correction by unfolding is smaller for theddaspectra (for details,
see Section 217).

Fluctuations of the background are quantified by placing conesRwitl®.2 andR = 0.3 at random loca-
tions within the acceptance of the measured Pb—Pb evert$(& 2rrand|ngc| < 0.5). The transverse
momentum of charged particles in the Randomly positioned Cone (RC) is summddeadifference
0 p%h 2 — pchA s calculated, which represents the statistical (region-to-region) fluctsabion
the background. An alternative method to quantify the background flimtsais also used in which
high pr probes are embedded into the Pb—Pb evénis [27]. The events with emdlprddes are clus-
tered with the antkr jet finder and the transverse momentpiyh jet cOntaining the embedded probe in

the heavy-ion environment is compared to the embedded transverse mom#ﬁﬁ?rluy calculating the
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Fig. 2. Left: 5p$" distribution for jets with resolution parametBr= 0.2 andR = 0.3 measured with
random cones in central collisions. Right: Width of the background fIttidrmaSp%h distribution as a
function of centrality for cone radiR = 0.2 andR = 0.3. The shaded uncertainty bands indicate the
difference between the width of tiégpS" distribution from random cones and high probe embedding.

The left panel of Figl 12 shows th’ipTh distribution from the 10% most central events for the two jet reso-
lution parameters used in this analysis. The standard deviation of the baokigtuctuationsg (6ps"),

is 4.47 GeVt for R= 0.2 jets and 715 GeVE for R= 0.3 jets (the statistical uncertainties are less than
4 MeV/c due to the large sample of random cones). The right panel of(Fig. 2sstimevolution of

o(o p%h) with centrality for the two jet resolution parameters extracted with the randoesdechnique.

The upper edge of the shaded boxes indicatesr(lzﬁe)%h) obtained with track embedding, where single
tracks with 20< ptak < 110 GeVt were embedded in the heavy-ion events. The small increase in the
standard deviation for more central events is due to the finite jet areatreaotuthe embedding [27].

Due to the asymmetry of th&p%h distribution, fluctuations that increase the jet energy are more probable
than fluctuations to lower jet energy. More importantly, the steeply fallingpectrum favours lowar
jets with upward fluctuations over downward fluctuations of higtjets at a giverpr.

Fluctuations of the background depend strongly on the multiplicity, jet area@ius), and minimum
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pr of the measured particles [27]. The analysis presented here is limikeg @2 andR = 0.3 to avoid
instabilities in the correction which are present for larger radii, see alstio88.6.

The measured (uncorrecteﬁi))%h distributions are used directly to correct the jet spectrum for back-
ground fluctuations. In addition, the magnitude of background fluctuatitswsprovides a potentially
important characteristic of the properties of the heavy-ion event ancegienrto-region variation of
the transverse momentum density. For this purpose, the measured vateeowected using the same
iterative procedure as for the background denpity.e. applying the parameterized detector effects
multiple times and extrapolating the fluctuations to an ideal detector [28]. Sin@®trextion is based
on the properties of the measured heavy-ion event, it takes into acdbentralations in the event.
The corrected width of thé pS" distribution is given in Tablg]2 for central collisions and various cone
radii. The FastJet package provides a measure of fluctuatipgsyhich is defined from the distri-
bution of individual jet momentum densitigs . je/A‘ such that 15.9% of all clusters within an event

satisfy p‘T_’Ch je/A‘ < p—or3v/A[30]. This measure corrects to first order the area dependencecof flu

tuations ¢ 0 v/A), but is not sensitive to the tail of the distribution. Tbg; obtained with different
radius parameters for the jet finder and extrapolated to an ideal detector for charged particle® abo

pr > 0.15 GeVt is also reported in Tablg 2. It is multiplied byniR2 to re-introduce part of the area
dependence, presenta’x{5p$h). The FastJet fluctuation measures are reported to enable the comparison
of fluctuations in heavy ion reactions by standard jet reconstruction tooiedels and data.

o (5psh) | on VR
for p¥ack > 0.15 GeVE in 10% most central events
Measured Corrected ‘ Corrected
R=0.2| 447+0.00GeVt 5.10+0.05GeVEt | 4.04+0.05 GeVE
R=03| 7.154+0.00GeVt 8.21+0.09 GeVt | 6.35+0.09 GeVt
R=04 | 1017+0.01 GeVt 1185+0.14 GeVt | 8.59+0.12 GeVt

Table 2: Measured and corrected width of tflhp%h distribution for different cone radii. In addition,
the corrected fluctuation measure from FastJet is provided, multipliedri¥? to take into account the
expected area dependence of the fluctuations. The valuBsf@.4 are given for comparison with [27].

2.5 Detector effects

The jet response in the ALICE detector is evaluated using simulations with th&lRR% [31] event
generator and GEANT3 [32] for detector response, using the samesteaction software settings that
are used for the reconstruction of Pb—Pb events. The effect of theraick density in Pb—Pb events on
the tracking efficiency was studied using HIJING][33] events with the GE2Netector simulation. It
is found that the tracking efficiency is a few per cent lower in centraPPleollisions than in peripheral
collisions and pp collisions. This additional centrality-dependent ineffigiemas introduced to the
PYTHIA events by a random rejection of tracks.

The jet response is determined on a jet-by-jet basis by comparing jete lfpéoticle level jets) and after
detector simulation (detector level jets), that are geometrically matched. Innhigses the detector
to particle level correction is based on the Perugia-0 tunk [34] of PYBHIA was verified that the
simulated detector response for jets is largely independent of the genena¢o No correction for
hadronization effects was applied since the relation between parton Iewaideparticle level jet in
heavy-ion collisions is not well-defined.

The detector effects that influence the jet energy scale and resoludidheacharged particle tracking
efficiency and the transverse momentum resolution, with the tracking efficieeing the dominant
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contributor. The finitepr resolution of reconstructed charged tracks has a small effect on thegegy
resolution since the majority of the constituents of a jet are of modefatdere the tracking momentum
resolution is good. In addition, since the transverse momentum of the jet isithefsthe transverse
momentum of independently measured tracks, the relative momentum resolutigereral better than
that of individual tracks.
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Fig. 3: Distribution of relative transverse momentum difference betweéscie and particle level
antiky jets withR= 0.2 andR = 0.3 and several ranges of jet transverse momentum at particle level.
Distribution correspond to the 10% most central events. Events wereagedesing PYTHIA with the
standard ALICE detector response simulation using GEANT3 and the dadasteuction algorithms
and settings used for Pb—Pb events. The dominant systematic uncertairtyigc#rtainty on tracking
efficiency.

Figure[3 shows the probability distribution of the relative transverse momedifterence between the
detector and patrticle level jets with resolution parameets0.2 andR = 0.3 in three different intervals

of the transverse momentum of the particle Ievelp%f’[:'hJet The most probable detector level, je;
art

is very close to the particle level J(pﬁ',chjet in all cases. The average momentum of the detector level
jet is lower than the particle level momentum, because of the average inaffiadri0-20% in the
charged particle reconstruction. Momentum resolution effects and 1saddnaction of the background
(back reaction) can cause a detector level jet to have a higher momentwarmadrhentum difference
distribution is highly asymmetric and cannot be described by a Gaussian utistnib

To characterize the detector response, the mean of the relative ditiebetweerp$®, . andpiT; . as

a function of the jet momentum at particle level is shown in Eig. 4. For unbjasethe reconstructed jet
momentum is on average 14-19% lower than the generated momentum, in th@%{b g=20—-100
GeV/c, with a weakpr-dependence. The mean of the jet response is also shown for Ieaahh@raaed

jets with p®39"93%, 5 and 10 GeW. Those jets whose leading track is not reconstructed in the detector
are rejected from the sample. This results in an improved jet energy resadtifimw jetpr while the jet
finding efficiency is decreased, as shown in Eig. 5.

To give more details on the detector response to jets, the most probableof/éheerelative difference

betweenpf . and pet, ... is shown as a function ofi{, ., in the right panel of Fig[J4. The most

probable value is determined as the mean of a Gaussian function fitted to theepém, —0.03 <

(P et — P ehjed/ Pan jot < 0.03. The most probable value of the detector lgweis within 0.5% of
part

pT~chjetover the entlrepT range.
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Fig. 4: Jet detector response for jet finding resolution parareted.3 for the 10% most central events.
Data points extracted from event and full detector simulation. Systematictaimtg originates from the
uncertainty on the tracking efficiency. Left: mean of the jet responselarged jets witlk = 0.3. See
text for details. Right: Mean, most probably value and quartiles of the $porese as a function of jet
momentum.

The right panel in Fig[]4 also shows the boundaries at 25%, 50% or T3P eesponse distribution

for jets withR = 0.3, integrating from the righ d‘fc‘hjet—> oo, Approximately 25% of the detector level

jets has a larger reconstructed jet momentum than generated. The 5@*tipe(nedian) correction is
5% atply, ;o= 20 GeVE and increases to 14% g = 100 GeVE. For 75% of the jet population

.chjet

the correction for detector effects is smaller than 22% atpew: ~ 20 GeVEt and 30% at highpr jet ~
100GeVE.
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Fig. 5: Jet-finding efficiency for inclusive unbiased and leading traakdal jets extracted from event
and detector simulation for the 10% most central events. Left p&tel0.2. Right panelR=0.3.

The jet-finding efficiency is obtained by taking the ratio between the spettie garticle level jets
which have a detector level partner, and all particle level jets. In caggsobiased by a higlpr con-
stituent, the numerator consists of jets fulfilling the hightrack requirement on detector level and the
denominator are all particle level jets with a high generated particle. Figuré 5 shows the jet-finding

efficiency for the unbiased sample, which is unity at highand reduces to 95% @’y .= 20 GeVk
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due to migration of the jet axis outside theacceptance. The jet-finding efficiency for jets with radii
of R=0.2 andR = 0.3 differs by a few percent at loyr and is the same at highr. In general the

jet-finding efficiency is~1% higher in pp compared to Pb—Pb withoytadependence fop?agf”ep 20

GeVie. For leading track biased jets, the jet-finding efficiency is reduced aothes 90% a7 .~ 25

GeVie for pp2@™ s 5 GeVk and atphy, . ~ 60 GeVE for pr2™ ™= 10 GeVe, which is con-
sistent with the charged particle tracking eff|C|ency.

2.6 Unfolding

Both background fluctuations and detector effects lead to smearing of theuned jet momentum in
heavy ion collisions. These effects can be corrected for using delion, orunfolding procedures
[35+37]. The background fluctuations and detector effects partiathpeasate: an upward energy shift
is more likely due to background fluctuations while detector effects mainly newshift to lowerpr.

The relation between the measured spectilignand the ‘true’ jet spectrur; is

Mm =R T = REG-RIS Ty, )

WhereRdetls the response matrix for detector effects (including efﬁmencﬁ%‘g is the response matrix

for background fluctuations, amiq; = bkg RdEtls the total response matrix for the combined effects of
background fluctuations and detector effects The subsaniptg are indices indicating the bin number.

The response for background fluctuations is extracted with the datendriethod described in Section
[2.4 and the response for detector effects is obtained from detector simalasalescribed in SectibnP.5.
The response matrices are combined into an overall response R@jrixt was verified that correcting
for detector effects and background fluctuations in two separate imjaiteps yields the same unfolded
jet spectrum.
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Fig. 6: Combined jet response for charged jets for the two resolutiomgdeas considered, including
background fluctuations and detector effects for 0-10% centrallPevéhts. Left paneR = 0.2. Right

panel:R=0.3.

Figure[6 shows the width of the combined respoaspT chjet)/

P e jet @S a function o

part

chjer ltcan

be observed that the dominant correction at low momenta originates fronatkground fluctuatlons
while at highpr the detector effects dominate.

Inverting Eq.[2 to obtain the true spectrum from the measured spectrwineggome care: calculating
the inverse of the response matrix leads to solutions for the true jet spetttatitmas large unphysical
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bin-to-bin-fluctuations. To suppress these fluctuations, unfolding ithges implement regularisation
procedures, which impose a smoothness criterion on the final result.e Thepme freedom in the
choice of regularisation procedure, which leads to an additional systenmatictainty on the unfolded
spectrum for the final result.

Three unfolding algorithms with different regularisation procedureswested: the(? method with a
log-log-regularisation (see Appendix A), the (generalized) Singulareecomposition (SVD) method

as implemented in RooUnfold, and the Bayesian method [36, 38—41]. Itomaslin a closure test with

a thermal background model that the Bayesian method does not copremgly for this case, while
the other two methods give similar results. The covariance matrigxcgvfor the unfolded result is
calculated by propagating the measurement errors in the unfolding arsitigrMonte Carlo variations

of the input spectrad [41]. The quality of the unfolded result is evaluatethépecting the Pearson
coefficientsp(x,y) = %(’;yy) A large (anti-)correlation between neighboring bins indicates that the
regularisation is too strong or too weak. The statistical uncertainties on tblelead data points are the
square root of the diagonal elements of the covariance matrix of the edfsfgectrum.

2.6.1 Unfolding strategy 7 ranges

There are two relevant kinematic ranges in the unfolding strategy applied erthlysis: thgr-range of
the measured spectrum and erange of the unfolded spectrum, which may be different. A minimum
pr cut-off on the measured jet spectrum is introduced to suppress jet ateslid/hich are dominated by
background fluctuations, including combinatorial jets, while the unfoldedtspm starts at the lowest
possiblepr, punfolded . 0 GeVe.

The minimumpr cut-off (pI""™**) on the measured spectrum removes a large fraction of combinatorial
jets, which makes the unfolding procedure more stable. Feed-in from tsievith pr < pT' " oo

into the region used for unfolding is accounted for by extending the uadothectrum tr chjet=0
GeVic. The feed-in from lowpr true jets is a significant effect since the spectrum falls steeply with
Pr.chjet- Combinatorial jets still present in the measurement after applying the kinehsatieations are
transferred in the unfolding procedure to the region bgl#"** Feed-in from jets withpr ch jetlarger
than the maximum measuregs cnjet is also included by extending the reach of the unfolded spectrum
to prchjet = 250 GeVE. The optimal value of the minimurpr cut-off has been studied using the jet
background model described [n [29] and within simpler set-up in which ggstteum is folded with the
measured background fluctuations. Stable unfolding is obtained with a minjpawat-off of at least

five times the width of the p$"-distributiona(dp$"). For the most central collisions afl= 0.3, this
means that the spectrum is reported fgrchjet > 40 GeVE. In addition, the maximunpy cut-off is
driven by the available statistics. The present data set allows for a nee@esuirofpr chjet < 110 GeVE

in central events angr chjet < 90 GeVE in peripheral events. In case of leading track biased jets, the
unfolding is more stable since the correction for combinatorial jets is reduced

2.7 Systematic uncertainties

The systematic uncertainties on the results were evaluated by varying amoihiey assumptions in
the correction procedure and by using different unfolding methods.different tests and the resulting
systematic uncertainties are discussed in the following subsections, and szethire Tabld B.

2.7.1 Unfolding and regularisation uncertainties

The uncertainties from the regularisation and the unfolding procedure evaluated by changing the
regularisation strengtf in the x?-method and by comparing the results from jtfemethod and the
generalised SVD method. Both variations give an uncertainty on the apptiethrisation. Therefore,
the uncertainties were taken to be the maximum deviation from both studies. Vilhengthod also
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makes use of a prior, which was varied. This has a negligible effect amesiod.

Regularisation strength 3  The regularisation streng{h (see Eq[_A.R) is varied from a value where
fluctuating solutions dominate to the point where the unfolding becomes owustrained. The main
effect of varyingf is that the unfolded jet spectrum changes shape. With increasing liegtitar, the
unfolded spectrum becomes steeper at [mwand flatter at highpy. The maximum deviation of the
yield for eachpr bin of the unfolded spectra within the reasonable range isfused as the systematic
uncertainty. The uncertainty is largest for the unbiased jet sample withutiesoparameteR = 0.3 in
the most central collisions up to 20% at g jet.

Unfolding method The spectrum obtained with th¢ minimization method is compared to results
using the Bayesian and SVD unfolding methods. ¥Reind SVD unfolded spectra agree withir1 0%

for all centrality classes and jet samples. The Bayesian method is only iddludlee estimate of the
systematic uncertainties for the cases where the combinatorial jets aressgapby selecting jets with

a leading track withpt > 5 or 10 GeV¢. Without this selection, the Bayesian method was found to be
unreliable: large deviations up to 50% at lgwje; are observed in central collisions with a resolution
parameteR = 0.3. Such deviations are also seen in the validation studies with a heavy-ikgrband
model where the Bayesian method did not give the correct result, unkessith was used as the prior.

Prior The unfolding algorithm starts from a QCD inspired shape for the unfadgedtrum, the prior.
The measured jet spectrum is used as a standard prior for all unfoldithgaseand the sensitivity to
the choice of prior is evaluated by changing the shape and yield of the Wloen the prior is far from
the truth (for example a uniform distribution), the unfolding takes more iterations to converge but
eventually an unfolded jet spectrum is obtained, which is statistically not signify different from the
unfolded spectrum obtained with the measured spectrum as a prior. Gtee dif prior has a negligible
effect on the final unfolded spectrum.

2.7.2 Combinatorial jets

The effect of combinatorial jets in the sample is evaluated by changing the minpynafithe unfolded
spectrum and the measured range where the unfolding is applied.

Minimum pr of unfolded jet spectrum In the default analysis the unfolded spectrum stars @ jet=

0 GeVk. The sensitivity of the result to very low energy (combinatorial) jets is expldry removing
the first bin from the unfolding procedure, i.e. starting the unfoldedtsp®catpr chjet= 5 or 10 GeVe
instead ofpr chjet = 0. This removes one parameter from tfeminimization. It results in an increase
of the unfolded jet yield by a few percent depending on the centrality hijetradius.

Minimum pr of measured jet spectrum Increasing the minimum measurgg reduces the amount
of combinatorial jets in the measured spectrum (seelfrig. 1). The remainirtgreatorial jets contribute
to the jet yield at lowpr in the unfolded spectrum. The minimupt of the measured jet spectrum is
varied by 10 Ge\W to a lower and higher value. With the two variations the unfolding is perforrgaiha
and the resulting difference between the unfolded spectra with the defaulissigned as a systematic
uncertainty. This systematic uncertainty is largest at fgwn the region where the""™***cut-off is
placed. For unbiased jets in most central collisions and resolution pararetr3 the uncertainty at

prjet = 40 GeVkis 25%, while it decreases to a few percentgle; > 60 GeVL.

2.7.3 Uncertainty on background

Background fluctuation distribution: random cones and high pr probe embedding The6p%h dis-
tribution obtained from embedding single hightracks in measured Pb—Pb events is used as a variation
to the 6p$" distribution from random cones. The width of the background fluctuatidnained from
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single-track embedding is a few 100 M&\arger than for the random cones. The uncertainty is taken as
the difference between the unfolded jet spectrum usingStb?@ response from single-track embedding
and the response from random cones. The difference is largest gt lg: (< 40 GeVk), where~ 15%
deviation in the jet yield for the unbias&d= 0.3 central jet spectrum is observed.

Correction for collective flow effects in case of leading track bias# jets Due to the presence of
collective effects such as elliptic and triangular flow in heavy-ion collisiomskthckground density
differs from region-to-region. Jets with a high leading track are preferentially found in regions with
larger background density (in-plane). The subtracted backgrdwmekver, is the averager density of
the eventpocn, multiplied by the area of the jet. A correction for the larger backgroundbifased jets
is included in the response matrix. This correction is determined by calculaginon the near, away
side and in the region perpendicular to the leading track biased jet in ah @yencorrection is largest
for events in the 10-30% centrality class whereRoe 0.3 jets with a 5 GeW bias an overall increase
of the background of 0.49 GevWis present. The correction for flow effects is only applied for leading
track biased jet spectra since for the unbiased case, jets are selgartlass of their correlation with
the event or participant plane [27].

The uncertainty on the correction for flow effects is calculated by chartbmbackground to the lowest
and highest values found in the different azimuthal regions (perpladiand near-side regions respec-
tively). The uncertainty ompch, is 3 GeVE for the jet sample with a 5 Ge¥leading track selection, and

2 GeVck for a 10 GeVt leading track requirement in central events. The systematic uncertaintgon th
unfolded jet spectrum faR = 0.3 jets with pi2"9'"%, 5 GeVk in 10% most central collisions is 8%

at prjet = 40 GeVk and decreases to 4% pf jet = 100 GeVL. A previous study has shown that the
background fluctuation®(r-distribution) are almost independent of the orientation with respect to the

reaction plane [27]; this effect is negligible compared to the change in #rags background.

2.7.4 Uncertainty on the detector response

The detector response has two main components: tracking efficiency anemon resolution of which
the tracking efficiency is the dominant uncertainty. The uncertainty on tbidtigaefficiency is estimated
to be 4%, motivated by detector simulation studies with PYTHIA and HIJING tsyemd by varying
the track selection criteria. To determine the systematic uncertainty on the @esealtond response
matrix is constructed from a simulation with a 4% lower efficiency and the medflrePb jet spectrum
is unfolded. The difference between the nominal unfolded solution andrtf@ded spectra with a
modified detector response~s20% atpr jet = 50 GeVE and decreases to 11% atpr jet = 100 Ge VL,
the full difference is used as the systematic uncertainty, which corrdsgora 3—5% uncertainty on the
charged jepr.

2.7.5 Centrality determination

The relative uncertainty on the fraction of hadronic cross-sectioningbé Glauber fit to determine the
centrality classes is 1% [19]. The contribution of this uncertainty on the pttagm is estimated by
varying the limits of the centrality classes By1% (e.g. for the 10-30% centrality class to 9.9-29.7%
and 10.1-30.3%). With the shifted limits of the centrality classes the jet spectrcomigared to the
nominal jet spectrum. The uncertainty is the same for the jet spectrum withediffieading track biases
and increases from central to peripheral events. For the 0—-10%aligntiass the uncertainty is less
than 1% and in the peripheral centrality class 50—-80%-t 159%.

2.7.6 Total systematic uncertainty

The differential production yields are reported with their systematic urninées separated into two
categories:
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Resolution parameter R=0.2 R=0.3
Centrality class pr-interval (GeVt) 30-40 70-80 30-40 70-80
iaati +34 +23 +9.9 +26
Regularisation o0 03 200 67
i +0.0 +0.0 +0.0 +7.6
Unfolding method T35 R 73 200
. 496 +0.3 +0.0 +0.0
Minimum pr unfolded 00 00 59 118
. +17 +0.2 +0.0 +0.0
Minimum pr measured Y 03 ) o1
0-10% Prior <01
ch +0.0 +0.0 +0.0 +0.0
opy ~4.9 21 —27 -4
Detector effects +27 455 +46 452
i +0.9 +0.4 +7.3 +4.8
Flow bias -5.8 —41 -5.9 —41
Centrality determination 0.8
; +10 +24 +9.9 +7.6
Total shape uncertainty 76 5 31 ‘86
i +2.9 +5.6 +86 471
Total correlated uncertainty "¢ 6o Je ‘66
i i +0.0 +13 +0.1 +17
Regularisation TE55 1 ‘51 55
; +21 +0.0 +23 +0.0
Unfolding method 00 50 o0 20
. +0.3 +0.1 +10 +0.6
Minimum py unfolded 00 Y 200 200
i +9.3 +0.7 +75 +10
Minimum pt measured 00 04 00 200
50-80% Prior <01
ch +82 +24 +3.0 +22
opy ~00 -00 ~00 ~00
Detector effects +33 +62 £33 431
: +1.9 +0.3 +0.4 +0.3
Flow bias 19 ‘03 -72  -40
Centrality determination 1.9
H +13 +13 +8.5 +17
Total shape uncertainty 55 5 = 20
i +4.2 +6.5 +38 +36
Total correlated uncertainty 7% Tes 8> 54

Table 3: Overview of systematic uncertainties for jet spectra with a leadioly wih pt > 5 GeVk.
Relative uncertainties are given in percentiles for pyeintervals and two different centrality intervals.

— Shape uncertainty These are uncertainties that are highly anti-correlated between parts of th
spectrum: if the yield is increased in some bins, it decreases in other biasinElrtainties from
the unfolding method and regularisation, and the uncertainty on the bacidyfioictuations (only
6p%h uncertainty) fall into this category. The contributions are added in quadra

— Correlated systematic uncertaintyThese are uncertainties that result in correlated changes over
the entire spectrum. The contributions to this type of uncertainty are thetaimtgion the detector
response, the effect of flow in the background, and the influenceeoédmbinatorial jets. The
contributions are added in quadrature.

2.7.7 Systematic uncertainty on ratios

The following procedures are used for ratios of jet spectra:

— Uncorrelated uncertainties The systematic uncertainties from the unfolding method, which in-
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clude regularisation and variation pf-ranges, are not correlated from one unfolded jet spectrum
to another. The contributions from these sources are added in quadi@ttalculate the uncer-
tainies on ratios.

— Correlated uncertainties The systematic uncertainties from the flow bias, d][érh-distribution,
and the detector effects are highly correlated between unfolded sfectralifferent centrality
classes, jet resolution parameters and leading track biases. The umygeantathe tracking effi-
ciency is similar for all centrality classes. The flow bias depends ompthaf the leading track,
jet resolution parameter, and centrality class but is correlated. As aquoaTsee, within a ratio the
correlated systematic uncertainties partially cancel.

3 Results

Jet spectra are measured with resolution param&er®.2 and 03 in four centrality classes: 0-10%,
10-30%, 30-50% and 50-80%. Figlile 7 shows the measured Pb—Rlegaiasreconstructed from
charged constituents witpr > 0.15 GeVE. The jet spectra are unfolded for detector effects and back-
ground fluctuations, and corrected for the jet finding efficiency asritexl in the preceding sections.
The upper panels show the inclusive jet spectra while for the center aed panels the jet spectra with

a leading track bias of at least 5 and 10 Geatle shown. The markers represent the central values of the
unfolded jet spectra. It should be noted that the unfolding procedads l® correlations between the
data points, because the width of the response function is similar to the bin walthboringpr-bins
tend to fluctuate together (correlated) while bins with some distance tend toito@arlated. The verti-

cal error bars represent the statistical uncertainties. The filled amdbmpes indicate the corresponding
shape and correlated systematic uncertainties discussed previously.

The jet yield is given per event and normalized by the average numbarctdan-nucleon collisions
Ncoi corresponding to the given centrality interval. The markers shown belo@&V/t indicate the
normalization uncertainty on the extracted valuedNgfy (see Tablé]1). The jet yield evolves with
centrality: for central collisions fewer jets are observedgli than in peripheral collisions.

The left panels in Fig[18 show the ratio between the unbiased jet spectjatawdth a leading track

of at least 5 GeW. Although the biased spectrum is a subset of the unbiased spectrum,tiiicata
uncertainties are added in quadrature since the unfolding procedweuaoés a point-to-point correla-
tion between the statistical uncertainties. In thegefrange considered herpr chjet > 20 GeVE, the
PYTHIA vacuum expectation from the Perugia-2011 tune [34] is that alalbgets have a constituent

of at least 5 Ge\W, resulting in a ratio at unity as indicated by the PYTHIA data points. The ratio be
tween the unbiased and 5 GeWased measured Pb—Pb jet spectra is consistent in peripheral arad centr
collisions with the vacuum expectation. No evidence of the modification of titejetcore is observed.

The right panels in Fig[18 show the ratio between the jet spectra with a leadicigpts of at least

10 GeVE and 5 GeVe as measured in central and peripheral Pb—Pb collisions compared tanbe sa
observable at particle level in PYTHIA with the Perugia-2011 tune. Byctelg jets with a higher
momentum for the leading jet constituent, Igw jets with a soft fragmentation pattern are removed
from the sample. The ratio increases withreaching unity apr chjet= 50 GeVE for R= 0.2 jets and

at prchjet= 60 GeVL for R= 0.3 jets in central and peripheral collisions. This rising trend is due to the
increased fragmentation bias and is compatible with the fragmentation biasedgePYTHIA.

Jet quenching in most central heavy-ion collisions is quantified by cantistgthe jet nuclear modifica-
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tion factorRcp,
1 i d2 Nch jet
RCP _ <TAA> Nth de,ZCh ]eldr]Ch jet central 7 (3)
1 1 d Nch jet

(Tan) m\/t dpr chjedNeh jet

peripheral

which is the ratio of jepr spectra in central and peripheral collisions normalized by the nucledapve
functions(Taa ) as calculated with a Glauber model for each centrality class [19]. If thgefudinergy
is recovered within the cone, and in the absence of initial state effects likenpghadowing[[42-44],
Rcp is unity by construction. In that case, jet quenching would manifest itsekdistribution of the
energy within the cone as compared to jet fragmentation in the vacuum. Thpjeession factoRcp

is shown in Fig[ B, using centrality class 50-80% as the peripheral neferéA strong jet suppression,
0.3 < Rcp < 0.5, is observed for 0-10% central events, while more peripheral coltigidd-50%) are
less suppresseBcp~~ 0.8 at highpr chjer. A mild increase oRcp with increasingpr ch jet i observed at
low jet energies while at hight = 50 GeVE the suppression is consistent with a constant. Rfredoes
not change significantly with the resolution param®&éor the range studied}= 0.2 andR = 0.3).
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Fig. 9: Nuclear modification factdRcp for charged jets with a leading charged particle Wiﬁﬁc" >5
GeVlc, with R= 0.2 (left panels) andR = 0.3 (right panels) and different centrality selections.

Figure 10 shows the j&cp at 60< prchjet< 70 GeVE as a function of the average number of participant
nucleons corresponding to the selected centrality classes (sed TTa#led&greasing trend of thBcp

as a function of the number of participants is observed. Figure 10 alsoacemihe suppression of jets
with a high pr track selection, and shows no evident dependence on the fragmentzttemp

The ratio of the jetpr spectra measured at differeRtcan potentially provide information about jet
structure modifications due to redistribution of energy caused by jet birengl5/46]. Figuré€ 11 shows
the measured ratio(R= 0.2)/g(R= 0.3) for central and peripheral collisions. The comparison of the
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Fig. 10: Rcpfor unbiased and leading track biased jets with®6pr chjet < 70 GeVE as a function of the
average number of participants in the collision. Left pafek: 0.2. Right panelR = 0.3. For visibility
the data points for all jets and for jets wipﬁa"k > 10 GeVEt are shifted to the left and right respectively.

measured ratio to the ratio obtained with PYTHIA (particle level) shows that éimsverse jet shape in
central and peripheral Pb—Pb collisions are consistent with jet shapasuam. No sign of a modified
jet structure is observed between radii of 0.2 and 0.3 within uncertainties.
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Fig. 11: Ratio of charged jgtr-spectra with radius parametBr= 0.2 and 03 and a leading charged
particle p¥a > 5 GeVk in Pb—Pb data and simulated PYTHIA events.
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4 Discussion and Conclusions

Initially, it was expected that medium interactions redistribute the momenta o&ganfnts to small or
moderate angles, because of kinematic effects (the momentum of the jet isdangared to the typical
momenta of partons in the medium) as well as dynamics (the cross section fonmiediuced radiation
peaks at small angles [47]). It was therefore expected that focwurtly large cone radii, there would
be no strong suppression of jeRgp ~ 1. The large suppression of charged jet production Rith 0.2
andR = 0.3 in central Pb—Pb collisions shown in Fig. 9, is in quantitative disagreemitmntivese early
expectations. More recently, it was found that large angle radiation isn&tieally favoured for large
medium density in numerical calculations [48] and in g-PYTHIA [49, 50].ulnber of mechanisms that
may further contribute to large angle radiation have recently been distimst® literature, such as jet
broadening by medium-induced virtuality (YaJEM) [51] 52], reinteractminthe radiated gluons (also
called 'frequency collimation of the radiation|) [63,/54], and quantum)aherence effects [55,56].

To further explore these effects, Fif. 112 compares the jet measureaparted in this paper to the
nuclear modification factor for charged hadrons measured by ALIGEdBd CMS [14] and to the
calorimetric jet measurements by ATLAS [17].

Comparing theRcp of jets to charged particles in Fif. 112, one would expect the suppressigets to
be smaller than for hadrons, since jet reconstruction collects multiple jehéais into the jet cone, thus
recovering some of the medium-induced fragmentation. However, it caadretlat thécp for jets is
similar to that observed for single hadrons. This indicates that the momenteaistributed to angles
larger tharR = 0.3 by interactions with the medium.

Such a strong redistribution of momentum might also be expected to lead to acsighifroadening of
the energy profile within the larger cone radiRs= 0.3. The results presented in this paper, however,
show that the ratio of yields for jets witR= 0.2 andR = 0.3 is similar in PYTHIA pp simulations and
Pb—Pb collisions (see Fidg. 111), indicating that the energy profile of thedf¢ets is not significantly
modified. In addition, Fig.]8 shows that the effect of selecting jets with a lgdthdron withpr > 5 or

10 GeVt is similar in Pb—Pb collisions and in PYTHIA pp events, which indicates that tigitladinal
momentum distribution of (leading) higpy tracks in jets reconstructed in Pb-Pb collisions remains

o 2F : =
O 1 8iCh. particles Jets E
@ F E ALICE ALICE Ch. Jets R=0.3 ]
1.6 (0-10%)/(50-80%) (0-10%)/(50-80%) =
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Fig. 12: Comparison to jé®cp measured by ATLAS [17] and to charged particle suppression by ALICE
[57] and CMS[[14].
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largely unmodified.

A further impression of the importance of soft radiation can be obtainedtmparing the calorimetric jet
measurement by ATLAS to the ALICE results in this paper. The ALICE megseant is more sensitive to
low-momentum fragments due to the high tracking efficiency and good momeasaution of charged
particle tracks at lowpr. The agreement between these two jet measurements i Fig. 12 suggests that
the contribution of low momentum fragments to the jet energy is small. A study ofHPA Events

shows that the expected contribution of fragments wpith< 1(2) GeV/c is 4(7)% of the jet energy

at prchjet = 40 GeVE with cone radiusR = 0.2(0.3) in pp collisions. The results indicate that this
contribution is also limited in Pb—Pb collisions.

The measured ratios of jet cross sections \With 0.2 andR = 0.3 and with and without leading particle
selection show that the transverse and longitudinal fragment distributfchg oeconstructed jets are
similar in pp (PYTHIA calculations) and Pb—Pb collisions. This 'unmodifeddr@re’ of the jet may
be due to formation time effects (the parton leaves the medium with relatively highenmtam and
then fragments without further interactions) [[61), 58], quantum intemfereffects (a group of partons
with small opening angles interacts with the medium as one paftaon) [59], kinenflatige momentum
emissions are kinematically favoured at small angles) [51] and/or selecdéisetiects([51, 60].

First results from the JEWEL event generator show a strong supgmmesfsjets, in agreement with the
Recp shown in Fig[IR[[61]. However, more extensive comparisons of thieafenodels to the different
experimental measurements are needed to determine how well they congrdiyntmics of parton
energy loss models.

In summary, we have reported measurements of charged jet spectraRb Bbllisions at different
centralities, using charged hadrons wih> 0.15 GeVE. The analysis was performed for a jet sample
with a minimal fragmentation bias by introducing differgmt-ranges in the unfolding procedure for
the unfolded and measured spectrum. To suppress combinatorial jetshiromeasured population,
jet spectra with a leading track selection @f*®"9"@> 5 and 10 Ge\t were also reported. The
effect of the leading track cut at 5 Geé small for the measured range chjet > 20 GeVE, while for

pleadingtrack, 10 GeVE, the effect is sizeable, but consistent with expectations from jet fratztiem in
PYTHIA events, indicating that the highr fragmentation is not strongly modified by interactions with
the medium. The ratio of jets reconstructed wRk= 0.2 andR = 0.3 is found to be similar in central
and peripheral Pb—Pb events, and similar to PYTHIA calculations, indicatingirong broadening of
the radial jet profile withirR = 0.3. The nuclear modification fact®cp for jets is in the range 0.3-0.5,
and tends to be lower at lopf ch jet ~ 30 GeVE than at highpr chjet~ 100 GeVE. The value oRcp for
jets is similar to charged hadrons, which suggests that interactions with themrmestlistribute energy

and momentum to relatively large angles with respect to the jet axis.
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A x? minimization unfolding method

The x? minimization method minimizes the difference between the refolded and measutispe
[38]. The refolded spectrum is the unfolded distribution convoluted withrésponse matrix. Thg?
function to be minimized indicates how well the refolded distribution describesdzsured spectrum:

Omeasured

Xf%t _ (Z (Yrefolded_ ymeasured> 2, (A.l)
refolded

in whichy is the yield of the refolded or measured distribution andasuredthe statistical uncertainty
on the measured distribution. The true distribution minimizesRiginction but in addition also many
other fluctuating solutions exist. Heavily fluctuating solutions can be dampeddiyg a penalty term
to the x? function:

2
X= 5 (y“ef""’e" y”‘eas”fe‘ﬁ + BP(Yuntolded (A2)
refolded

Omeasured

whereyunfolded is the unfolded distribution P (Yunfolded IS the penalty term which regularizes the un-
folded distribution. The strength of the applied regularization is givep laydP(Yunfolded) IS the reg-
ularization term favoring a certain shape. The choice of the regularizatmaion is motivated by the
expected shape of the solution. For this analysis the regularization favocal power law which is
calculated using finite differences:

dZIOgyunfolded 2
P(Yunfolded = <) : (A.3)
Heee ungded dlogp‘zl'

Note that the exponent in the power law is not fixed and is not required thebsame over the full
unfolded solution. Sensitivity of the unfolded distribution to this particularicaof regularization
can be tested by varying the regularization strergjgnd by comparing the unfolded distribution to a
solution with a different functional shape for the regularization.

In case the regularization is dominant the penalty term is of the same ordeganrtlaan the(fzit between
the refolded and measured spectrum. In this case the refolded spectesmat describe the measured
spectrum and thgf%t between the refolded and measured spectrum is large.

The covariance matrix for the unfolded spectrum is calculated in the usyaby inverting the Hessian
matrix. In case the regularization is too weak or too strong, off-diagomaélkations in the Pearson
coefficients extracted from the covariance matrix appear.
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