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Abstract

In ultra-relativistic heavy-ion collisions a hot, dense medium of strongly interacting matter called the
Quark Gluon Plasma (QGP) is formed. One of the main goals of jet measurements is to study how the
fragmentation of hard scattered partons is modified as they traverse the medium. A study of jet spectra and
correlations in a variety of colliding systems will allow a better understanding of the detailed mechanisms
of the in-medium energy loss and will further constrain theoretical models for this process. This work will
report the recent ALICE results on jet production, di-jet acoplanarity kT and hadron + jet correlations in
pp, p—Pb and Pb—Pb collisions and discuss their sensitivity to a modified jet fragmentation function.
© 2014 CERN. Published by Elsevier B.V. All rights reserved.
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1. Introduction

One of the goals of colliding heavy-ion collisions is to investigate how partons lose energy
in the Quark Gluon Plasma (QGP) that is formed in these collisions. Jets, formed when a hard-
scattered parton fragments into a collimated spray of hadrons, are a well suited probe of the
medium as the initial hard scatter of the parton occurs prior to QGP formation. The partons
then propagate through the medium, and lose energy due to in-medium interactions, and then
fragment into jets. The modification of jets due to this interaction with the medium is called jet
quenching [1]. Currently at the LHC we have three different collisional systems available for
analysis: pp, p—Pb and Pb—Pb, which allow us to investigate jets from hard QCD processes as a
baseline, and see how these jets are modified due to cold and hot nuclear matter effects.
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2. Experimental set-up

The results reported in this proceedings are from data collected by the ALICE experiment in
2010 and 2011 at energies of 2.76 (pp and Pb-Pb), 5.02 (p—Pb), and 7 TeV (pp) per nucleon
pair. Tracks from charged particles are reconstructed with the Time Projection Chamber (TPC)
and the Inner Tracking System (ITS), a six-layer silicon detector which provides a precise mea-
surement of the primary vertex together with the first reconstructed points of the tracks, down
to a transverse momentum (pt) of 0.15 GeV/c. The Silicon Pixel Detector (SPD), the two in-
ner layers of the ITS, which has an acceptance in pseudorapidity of |n| < 1.4, is also used in
order to select high quality tracks which correspond to the primary collisions. Tracks are re-
constructed at mid-rapidity (|n| < 0.9) and in full azimuth. The Electromagnetic Calorimeter
(EMCal), a Pb-scintillator sampling calorimeter measures energy from neutral particles that in-
teract electromagnetically, mainly photons and 7%, down to a cluster energy of 0.30 GeV. The
EMCal covers mid-rapidity || < 0.7 and the azimuth with an acceptance of A¢ = 100°. The
ALICE VZERO scintillator detectors, which cover 2.8 < n < 5.1 and —3.7 < n < —1.7, are
used to determine the event centrality in Pb—Pb and p—Pb events by measuring the forward parti-
cle multiplicity. The VZEROs are also used to define the minimum-bias interaction trigger and,
in the case of Pb—Pb, to enhance the sample of central events based on the forward multiplicity
of the event. For a complete description of the ALICE detector see Ref. [2].

3. Jets in ALICE

The jets measured by ALICE detector are placed into two categories: charged jets and full
jets. The former are jets that are reconstructed from charged particles only measured with the
ALICE tracking system. These jets are corrected for effects such as the tracking efficiency and
resolution based on the simulations of jets with PYTHIA [12,13] and the detector response with
GEANT, but they are not corrected for the unmeasured neutral component. Full jets, which we
will simply refer to as jets for the rest of this proceedings, include the neutral energy component
that is measured with the EMCal, and these are corrected for all missing energy effects similarly
as done for charged jets.

The collection of tracks and corrected EMCal clusters were assembled into jets using the
anti-kT or the kT algorithms [3—6] with a resolution parameter of R = 0.2-0.6. Only those jets
that were at least R away from the acceptance boundaries of the TPC or EMCal were used in
the analyses described here. The jets found by the anti-kt algorithm were used to determine the
signal jets in the pp, p—Pb and Pb—Pb analyses, the jets found by the kT algorithm were used to
quantify the underlying event density in the p—Pb and Pb—Pb analyses.

4. Results from pp

Jet measurements in pp collisions are needed as a baseline in order to fully quantify the
modification of the jet spectrum in heavy-ion collisions due to the presence of the hot and
dense QGP medium. Two important baseline measurements are the differential cross-section
in 4/s = 2.76 TeV and the charged jet cross section ratio at »/s = 7 TeV. In this analysis the
measured jets were corrected back to the particle level utilizing a simulation based bin-by-bin
technique where the simulated events were generated by PYTHIA and the detector response was
simulated by GEANT. In this analysis, the jet energy shift was approximately 20% with an un-
certainty less than 4% [7]. Fig. 1 shows the inclusive differential jet cross section obtained with
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Fig. 1. The solid squares indicate the inclusive full jet differential cross section obtained with resolution parameters
R =0.2 (left) and R = 0.4 (middle) measured in pp collisions at 2.76 TeV data [7]. The empty boxes are systematic
uncertainties on the cross-section. The left and right hashed boxes indicate the NLO calculations without hadronization,
while the cross-hashed boxes indicate the NLO calculation with hadronization (color online). In contrast, the plot on the
right, the solid points are the ratios jet production rates of R =0.2/R = 0.4 in red (upper points) and R =0.2/R =0.6
in blue (lower points) for charged jets measured at ,/sNN = 7 TeV. The shaded boxes indicate the systematic uncertainty
on the ratio. In the open triangles are the points from PYTHIA and in open crosses are points from HERWIG [8].

R =0.2 and R = 0.4 compared to a pQCD calculation at NLO with and without hadronization
effects [7]. The calculations agree well with the measured spectrum once hadronization is incor-
porated, which indicates that the process of jet formation is well understood. Additional analysis
details can be found in [7].

The ratio of jet cross sections with different resolution parameters has some sensitivity to the
underlying jet structure. The ratio of the differential cross-sections shown in Fig. | was reported
in [7] for \/snN = 2.76 TeV. This ratio can be compared to the ratio in p—Pb or Pb—Pb events.
In Fig. 1, the ratios of R =0.2 over R = 0.4 or 0.6 for charged jets at mid-rapidity at a collision
energy of ,/sxn =7 TeV are shown. These ratios are compared to the same values from PYTHIA
and HERWIG simulated events [8]. There is good agreement between data and simulation above
30 GeV/c, below this PYTHIA tends to underpredict the data for both the ratios and HERWIG
tends to overpredict the data for the ratio R = 0.2/R = 0.6. The 7 TeV data is an important
baseline for the 5.02 TeV p—Pb results as it is the pp reference with the closest energy.

5. Results from p-Pb

By analyzing collisions of protons on lead, Cold Nuclear Matter (CNM) effects such as shad-
owing, k1 broadening, or the nuclear modification of the PDF can be quantified. The results in
this proceedings use the data from p—Pb collisions at an energy of /sy = 5.02 TeV from data
taken in the first months of 2013. The analyses presented in this proceeding use minimum-bias
and jet-patch triggers. The event samples were divided into several multiplicity event classes [9].
These event classes are fractions of the total event sample, defined by the total charge deposited in
the VZERO-A detector, which is located in the lead going direction at 2.8 < n < 5.1. The mul-
tiplicity classes used in the following analyses were: 0-20%, 20—40%, 40-100% and 0-100%
(minimum-bias).

5.1. Rppp
The background is calculated event-by-event and subtracted jet-by-jet. The distribution of the

regional fluctuations around the mean background density value is evaluated by the Random
Cone (RC) approach where the §p distribution is calculated event-by-event by randomly throw-
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Fig. 2. The solid circles show the Rppy as a function of p%hj ot for R =0.4 charged jets in minimum-bias p-Pb collisions
at ./sNN = 5.02 TeV. The reference used was the measured spectrum from pp collisions at ./sNN = 7 TeV scaled by
PYTHIA. The solid boxes around the points are the systematic uncertainties from the detector effects, background fluctu-

ations and unfolding. Uncertainties in the reference and the Glauber model are shown as a small box about Rppp =1 [11].

ing a cone with the same radius as the resolution parameter used for the jet finding algorithm
into the acceptance and calculating 8pt = X pt — pmr R%. The measured spectrum is corrected
for background fluctuations and detector effects using an unfolding technique with a response
matrix based on the measured §pr distributions, and detector response from PYTHIA + GEANT
simulations.

Fig. 2 shows the nuclear modification factor, Rppp, from minimum-bias p—Pb collisions as

a measure for cold nuclear matter effects where it is calculated as Rypp(p1) = (T;}:is%.
The nuclear overlap function, Tppy, is related to the number of binary collisions via (N¢yy) =
(TyPb) Tinelastic pp> Where the number of binary collisions was calculated using the Glauber
model [10]. Since we do not have pp data at ,/snn = 5.02 TeV the reference was created by
scaling the measured charged jet spectrum from 7 TeV using a bin-by-bin factor calculated with
PYTHIA. The resulting Rppp is consistent with unity, which indicates that there is no large CNM

effect on the jet spectrum in p—Pb collisions [11].
5.2. Dijet kt

To select charged dijet pairs, each measured charged jet is correlated with the leading
charged jet in the opposite hemisphere. The angle between the dijet pair, A¢ch, dgijet, 1S Te-
quired to fulfill |Agch, dijet — 77| < /3. The azimuthal acoplanarity of dijet production is stud-
ied by measuring the transverse component of the k1 vector of the dijet system, defined as:

kr = p%hj ot SIN(A@ch, dijer) - In the minimum bias events, charged jets with p%h jet > 20 GeV/c are

considered, while in the triggered data the requirement was increased to p%hj ot > 40 GeV/c or

p%h jet > 60 GeV/c, depending on the trigger threshold used.

Since kT is a symmetric distribution around zero, the value |kt| is reported. The measure-
ments are compared to PYTHIA predictions to determine whether there is kT broadening in
p—PDb collisions [12,13]. The measured |kt| distributions are corrected for background fluctua-
tions and detector effects by applying bin-by-bin correction factors. Fig. 3 shows the corrected
|kt| distributions for several kinematic intervals for the trigger jet in the 0-20% VOA multiplicity
class. The associated charged jet has a minimum pr chjet of 20 GeV/c and always has a lower
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Fig. 3. The top row of panels shows the R = 0.4 di-jet |k| distribution for four different charged jet trigger momentum
ranges from the top 20% events in VOA multiplicity from p—Pb collisions. The solid diamonds are the data points, while
the open circles are from PYTHIA events simulated at the same ,/sNN. The bottom row of plots is the ratio of the data
over the PYTHIA simulation from the top row.
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Fig. 4. The left figure shows Rcp for R = 0.2 charged jets with a leading track selection of pt > 5 GeV/c for three
different centrality selections. For all three distributions, the reference spectrum is the result from 50-80% central events.
The empty boxes indicate the correlated systematic uncertainty and the shaded boxes indicate the shape uncertainty [14].
On the right is Raa for the 10% most central events for R = 0.2 jets with a leading track selection of pT > 5 GeV/c.
The shaded boxes are the systematic uncertainties due to detector effects and unfolding added in quadrature with the
systematics from Ref. [15].

transverse momentum than the trigger jet. By increasing the trigger jet transverse momentum,
the kinematic reach of |kt| is extended because this opens up phase-space for more radiation.
The p—Pb data points and the PYTHIAS simulation show a similar evolution with the pr of the
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Fig. 5. The left figure shows the standard deviation of the width of subtracted hadron-jet azimuthal correlations for
R = 0.4 jets from the 10% most central events in red squares and for PYTHIA events embedded in the data in black
circles. The distribution of the left most point corresponds to the jet spectrum correlated with a trigger track between
16-19 GeV/c with the spectrum from 8 and 9 GeV/c subtracted from it. The right point is also the width of the recoiled
jet distribution with the trigger track momentum selections of 19-25 GeV /¢ for the signal spectrum and 9—-10 GeV/c
for the reference. The right plot shows the subtracted recoil-jet distribution for the ratio of R = 0.2 jets over R = 0.5 jets
from the 10% most central events in solid points. The shaded boxes are the shape uncertainty and the empty boxes are
the correlated uncertainty. In the solid red boxes, the same distribution from PYTHIA is shown.

trigger jet, and the ratio of the two distributions is consistent with unity. No strong CNM are
observed in p—Pb collisions in the measured kinematical region.

6. Results from Pb-Pb

One of the main experimental challenges in heavy-ion collisions is removing the contribution
from the underlying events for the jet spectrum. As discussed in Section 5.1, this is done by
determining the average background energy density event-by-event and subtracting it jet-by-jet
[16,17]. The geometric background fluctuations were quantified by dpt, which is considerably
larger in central Pb—Pb collisions than it is in p—Pb. The smearing of the jet energy spectrum due
to these background fluctuations, as well as the smearing due to detector effects, are corrected for
in an unfolding procedure. For full jets it was necessary to require that all jets have a track with
pt > 5 GeV/c to achieve a stable result with the unfolding method. This selection is effective at
removing combinatorial jets from the sample, without introducing a larger fragmentation bias of
the signal jets [18].

The nuclear modification factor, Rcp, was calculated as the ratio of the charged jet yield in
central collisions to the peripheral collisions, both contributions scaled by the number of binary
collisions. In Rcp the reference spectrum should incorporate some of the CNM effects that could
cause the nuclear modification factor to diverge from unity, however even in peripheral events
the jet spectrum could still be modified by hot medium effects. In Fig. 4, we show Rcp for
R = 0.2 charged jets from the 2010 Pb—Pb data for three different centrality selections as well
as the nuclear modification factor for full jets, Raa, [7]. In both analyses we found that jets are
suppressed in central collisions, and that this suppression has a centrality dependence [14,15].

Another technique for measuring jets in Pb—Pb collisions is to use high pt hadrons as triggers
and then measure the away-side charged jets. This allows dijet events to be selected so that the
signal-to-background ratio for the away side jets is larger. In addition, the trigger hadron will
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be surface biased, which increases the average path-length that the away-side jets have traveled,
so effects of the medium will be larger than for inclusive jets. A reference spectrum from a
lower pr trigger hadron can be subtracted from the signal spectrum to remove the combinatorial
jet contribution in a model independent way. The advantage is that the fragmentation of the
measured jets is not biased as it is with the leading track selection described above [19]. The
charged jet spectra associated with the trigger track (TT) momentum ranges of 19-25, 16-19,
9-10 and 8-9 GeV/c were measured. One observable that was constructed was the hadron-jet
azimuthal distribution A¢ = |Pyig — Gch, jet|- The width of this distribution was then compared
to PYTHIA events embedded into minimum-bias Pb—Pb data. As seen in Fig. 5, the width of
these distributions is consistent, indicating that there is no medium-induced jet deflection due to
parton energy loss. In addition, the subtracted away-side spectra can be studied directly. The ratio
of these spectra with different resolution parameters, similar to what was shown in the right plot
in Fig. 1, can access the jet structure. As shown in Fig. 5, when compared to a PYTHIA model,
there is a hint of energy redistribution but the results are consistent with no additional broadening
within the current sizable statistical and systematic uncertainties.

7. Conclusions

ALICE has shown that the jet production mechanisms are well understood, with a variety of
pp measurements at /sy = 2.76 and 7 TeV, which is important in establishing a baseline for
cold nuclear and hot nuclear effects. In p—Pb collisions, we see no cold nuclear matter effects for
the observables outlined in this proceedings. In Pb—Pb collisions jets are suppressed, with both
Raa and Rcp < 1. We also see that the suppression has a centrality dependence, with the largest
suppression occurring in the most central events. From the azimuthal hadron-jet correlations, we
see that even though jets are suppressed in central collisions, they are not significantly deflected.
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