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Highly energetic jets are sensitive probes for the kinematics and the topology of nuclear collisions.
Jets are produced in an early stage of the collision from hard-scattered partons, which fragment
into a spray of charged and neutral particles. The measurement of jet spectra in p-Pb collisions
provides an important way to quantify the effects of cold nuclear matter on jet production, frag-
mentation and hadronization. This is possible because the hot, dense medium produced in Pb-Pb
collisions is not expected to form. Proton-Lead collisions also provide an important constraint for
the nuclear parton density functions. The exact evaluation of the background from the underly-
ing event is an important ingredient to correct the measured jet spectra. The system size in p-Pb
collisions is much smaller than in Pb-Pb so that the methods for background estimation need to
be refined. The analysis reported here is performed on p-Pb data taken at

√
sNN = 5.02 TeV by

the ALICE detector at the LHC in the beginning of 2013. The focus of our analysis lies on the
minimum bias charged jet spectra and their comparison to the spectra from pp collisions. For this
analysis various estimates for the background and its fluctuations have been tested in p-Pb and
PYTHIA simulations.
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1. Introduction

Jets [1] can conceptually be described as the final state produced by parton fragmentation after
a hard scattering. Therefore, jets are an excellent tool to access the early stage of the collision.
Jets are also a good tool for studies on initial state nuclear effects in p-Pb collisions since the early
collision stage is dominated by initial state effects. Besides studying these nuclear effects, analyses
of p-Pb collisions can also help with the interpretation of results obtained from Pb-Pb collisions at
the same energy by serving as a baseline containing only cold nuclear matter effects. In contrast to
Pb-Pb collisions, the formation of a quark-gluon plasma (QGP) is not expected in p-Pb collisions
and the results from these collisions can thus be used to disentangle the cold from the hot nuclear
matter effects.

The reconstructed jet observable is defined by the jet finding algorithm used to clusterize the
particles into jets. For the presented analyses, the FastJet [2] package and the anti-kT algorithm
[3] was used as the signal jet reconstruction algorithm. In addition to the jet finding algorithm the
correction techniques that are applied to the measured spectra are also part of the definition of jets.
To understand the effect of the background and its fluctuations, detector effects and the unfolding
algorithm, several parameters and methods were chosen and evaluated to estimate the systematic
uncertainty on the jet spectra.

A description of these correction techniques together with the fully corrected jet spectra and
the study of their nuclear modification will be presented in this paper.

2. Data analysis

The data used for this analysis was taken during the p-Pb run at
√

sNN = 5.02 TeV in the
beginning of 2013 with the ALICE experiment. The minimum bias events used are selected by
demanding at least one hit in both of the scintillator trigger detectors (V0A and V0C). In total
100M minimum bias events have been used for this analysis. The clusterized charged particles are
measured as tracks by the Inner Tracking System (ITS) and the Time Projection Chamber (TPC).
Tracks with pT > 0.150 GeV/c and within a pseudorapidity interval |η |< 0.9 were used.
The following corrections were applied to the raw charged jet spectra:

• Background: Subtract underlying event density to correct for tracks not coming from the
hard collision.

• Background fluctuations: Account for within-event fluctuations of the background density.

• Detector effects: Account for reconstruction efficiencies and momentum resolution.

While the background subtraction is a large correction to the jet momentum in Pb-Pb colli-
sions (the density is 130 GeV/c per unit area in central collisions), the background density in p-Pb
collisions is about a factor of 100 smaller. Nevertheless, the pT of tracks produced in soft processes
is not negligible and several estimates for the background have been evaluated.
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(a) Uncorrected background density distribution.
The mean value is roughly 1 GeV/c.

(b) Uncorrected δ pT distribution. The variance sigma of
the distribution is roughly 1 GeV/c.

Figure 1: Probability distributions for the event-by-event background and its fluctuations calculated with
the random cone approach (resolution parameter R = 0.4).

The correction (see figure 1a) is done by calculating the background event-by-event and sub-
tracting it from every jet. As the default approach for the background calculation we use a similar
ansatz as in reference [4]. First, the kT algorithm is used to clusterize the tracks of the event. This
algorithm is more susceptible to contributions from soft collisions and thus to the background than
the anti-kT algorithm. Second, the median of the pT densities of all accepted kT jets is calculated.
The median is used because of its stability against fluctuations and outliers. The last step is the
multiplication with a correction factor C that accounts for the event occupancy, which is important
in sparse p-Pb collisions. Finally, the background density is given by the following equation:

ρ = median
{

pT,i

Ai

}
·C, (2.1)

where Ai represents the jet area and C is given by

C =
Area of all kT jets containing tracks

Acceptance
. (2.2)

The denominator in the last equation is the detector acceptance that was clustered by the jet finding
algorithm. In contrast to the original approach in reference [4], we only accept those kT jets that do
not have an overlap with the signal jets.

This and the other methods studied for the background calculation provide an event-by-event
value for the background density. However, the real background is not equally distributed over the
η−φ plane. The default approach is to consider these fluctuations in a statistical way by calculat-
ing the fluctuations for the full event sample and unfolding the measured distributions.
The distribution of the regional fluctuations around the mean background density value (see figure
1b) is evaluated by the Random Cone (RC) approach where the δ pT distribution [5] is calculated
event-by-event by randomly throwing a cone with the same radius as used for the jet finding algo-
rithm into the acceptance and evaluating the energy density of the tracks in this cone. The values
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of the δ pT-distribution are therefore given by the following equation:

δ pT = ∑
RC

pT−ρA, A = πR2. (2.3)

The last correction takes the detector efficiency and resolution into account. For example, the lim-
ited efficiency causes less particles to be clusterized into a jet. To estimate this effect, a full detector
simulation with PYTHIA jets and Geant3 particle transport is done. A jet response matrix is then
created by geometrically matching two jet collections – one on particle the other on detector level.
The latter two correction steps, correcting background fluctuations and detector effects, are applied
in the unfolding procedure. For the shown results, the Singular Value Decomposition [6] method
was used. Bayesian and χ2 unfolding were used for systematic comparisons and checks.

In order to quantify cold nuclear matter effects on jet production, a pp reference at the same
energy as for the p-Pb spectra is needed. The pp reference was created by scaling the measured
spectrum from 7 TeV using a bin-by-bin scaling factor calculated with PYTHIA. This is necessary
since there is no pp data available at this energy. The scaling factor is given by the following
equation:

p =
yield(5.02 TeV)

yield(7 TeV)
. (2.4)

The systematic uncertainty of the reference is 15%, which includes the uncertainty from the scaling
method and the uncertainty on the 7 TeV spectrum itself. The scaled reference spectrum is shown
together with the measured spectra at 2.76 and 7 TeV in figure 2.

Figure 2: Illustration of the scaling of the charged pp jet reference for RpPb. The lines show a power-law fit
through the data points and the blue line is the scaled reference.
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3. Results

Using the analysis techniques presented in the previous section, three quantities were calcu-
lated. The charged jet spectrum in p-Pb – the per-event transverse momentum density distribution
of the jets – as the basic observable,

d2Njets

(NeventdpT dη)
, (3.1)

is presented in figure 3 for resolution parameter R = 0.4. Based on this measurement and the
extrapolated pp reference at 5.02 TeV, the nuclear modification factor RpPb as a measure for cold
nuclear matter effects,

RpPb =
pPb yield

pp x-section
· 1

TpPb
, (3.2)

has been extracted and is shown in figure 4. The TpPb accounts for the increased "parton luminosity"
in p-Pb. It is related to the number of binary collisions via Ncoll = TpPb σ inel.pp and was calculated
using the Glauber model.
To analyze possible cold nuclear matter effects on the jet profile, the ratio of jet yields for two
different resolution parameters R = 0.2 and R = 0.4 in p-Pb collisions was calculated with

R =
pPb yield for R = 0.2
pPb yield for R = 0.4

(3.3)

and this ratio is compared with PYTHIA Perugia 2011 simulations in figure 5, showing the ex-
pected collimation of the jets with increasing jet transverse momentum. In figure 6, the yield ratio
is also compared with a similar measurement in 7 TeV pp collisions.

Figure 3: Charged jet spectrum at 5.02 TeV in p-Pb collisions.
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Figure 4: Nuclear modification factor of charged jets RpPb with uncertainties. The systematic uncertainties
are highly correlated.

Figure 5: Charged jet yield ratio for different resolutions parameters. The data in p-Pb are compared to
PYTHIA predictions at the same energy.
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Figure 6: Charged jet yield ratio as in eq. (3.3) at
√

s = 5.02 TeV compared to the same ratio in pp at 7 TeV.

4. Conclusions

In this paper charged jet spectra in p-Pb collisions at
√

sNN = 5.02 TeV with a resolution
parameter R = 0.4 were shown up to pch

T,jet of 120 GeV/c. The nuclear modification factor RpPb

show no strong nuclear effects of the jet spectra – it is even compatible with no effect. The jet yield
ratio of R = 0.2/0.4 is compatible with 7 TeV pp data and also with the predictions from PYTHIA
Perugia 2011 at the same energy. There is no indication that there is a nuclear modification of the
jet structure between R = 0.2 and 0.4. Additionally, results on full jets, jet triggered data samples,
and also centrality dependent quantities in p-Pb can be expected soon from ALICE.
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