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Measurement of jet fragmentation in PbPb and pp collisions at /syy = 2.76 TeV
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The jet fragmentation function of inclusive jets with transverse momentum pr above 100 GeV/c in PbPb
collisions has been measured using reconstructed charged particles with pr above 1 GeV/c in a cone of radius
0.3 around the jet axis. A data sample of PbPb collisions collected in 2011 at a nucleon-nucleon center-of-mass
energy of /s,y = 2.76 TeV corresponding to an integrated luminosity of 150 ub~! is used. The results for PbPb
collisions as a function of collision centrality and jet transverse momentum are compared to reference distributions
based on pp data collected at the same center-of-mass energy in 2013, with an integrated luminosity of 5.3 pb~'.
A centrality-dependent modification of the fragmentation function is found. For the most central collisions, a
significant enhancement is observed in the PbPb/pp fragmentation function ratio for charged particles with pr
less than 3 GeV/c. This enhancement is observed for all jet pr bins studied.
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I. INTRODUCTION

High-energy collisions of heavy ions provide an impor-
tant experimental tool to study the puzzles of confinement
and chiral symmetry breaking in quantum chromodynamics
(QCD), the theory of strong interactions. It is expected that
a state of deconfined and chirally symmetric quarks and
gluons, called the quark-gluon plasma (QGP), exists in the
hot and dense QCD medium produced in heavy-ion collisions
[1-4]. However, due to the complexity of multibody collision
systems, finding clean experimental signatures of the QGP
poses a challenge. In 1982, Bjorken first conjectured that
high-energy partons produced in nucleus-nucleus collisions
would lose energy as they traverse the QGP [5]. Since
then, a variety of experimental observations, including the
suppression of high-transverse-momentum ( pr) particles, have
provided evidence for this conjecture. This suppression was
first seen at the Relativistic Heavy Ion Collider (RHIC) [6,7]
and later at the CERN Large Hadron Collider (LHC) (see,
for example, Ref. [8] and references therein). In addition, the
analysis of the first data from the CERN LHC provided more
direct evidence of parton energy loss using the difference in pr
between back-to-back pairs of jets [9—11] and also jet-photon
pairs [12]. Unbalanced dijet and jet-photon pairs were found
to be much more prevalent in the most central PbPb collisions
[10-12] compared to expectations in the absence of a hot and
dense medium. Further theoretical QCD studies have been
inspired by these observations using jets from the CERN LHC.
On the other hand, it has been predicted that, in the presence
of the strongly interacting medium produced in heavy-ion
collisions, the partitioning of the parton energy into particles
(the fragmentation function) may be modified and the yield
of high-pt particles suppressed [13—17]. Therefore, direct
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measurements of jet fragmentation in heavy-ion collisions
are important in the quest for understanding QCD through
medium-induced parton energy loss.

Studies of the detailed jet structure also have important
practical consequences for other aspects of jet analyses, includ-
ing the connection to the kinematics of the partons that produce
jets. The longitudinal and transverse fragmentation properties
of jets connect the perturbatively calculable production of
high-pr quarks and gluons with the hadronized final-state
particles. The study of jet production requires reconstructing
the jets using final-state particles. This reconstruction relies on
hadronization models to quantify how the original jet energy is
related to the energy determined by adding the energies of the
individual particles. In addition, although the production cross
section can be calculated perturbatively, there are corrections
due to the nonperturbative hadronization process. Study of the
fragmentation function provides an important experimental
check on the validity of the assumed jet fragmentation
in heavy-ion collisions. These results can also be used to
directly connect jet observables to measurements of high-pr
particles.

The goal of this analysis is to measure the jet fragmentation
function in heavy-ion collisions using reconstructed jets. This
is in contrast to the parton fragmentation function measured in
ete™ experiments, which is obtained relative to the initial
parton momentum. In previous work [18], the higher pr
(pr > 4 GeV/c) component of the fragmentation function
was found to be qualitatively similar to that for jets in pp
collisions, for which the medium is absent. The analysis
described in this paper uses data from the 2011 PbPb run at a
nucleon-nucleon center-of-mass energy of /s, = 2.76 TeV.
This work expands on the previous results by measuring the
fragmentation function for particles down to pr of 1 GeV/c.
Taking advantage of the higher integrated luminosity (150 b
for PbPb and 5.3 pb~! for the pp reference data), the measure-
ment is also carried out in more differential centrality bins,
and as a function of jet pr. This measurement complements
the previously published observation of a modification of the
transverse profile of the jet in PbPb [19], using the same 2011
and 2013 data.
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II. THE CMS DETECTOR

The centerpiece of the CMS detector is a superconducting
solenoid, 12.5 m long with an internal diameter of 6 m, that
provides a uniform magnetic field of 3.8 T. In the CMS
coordinate system, the z axis points in the counterclockwise
beam direction, the x axis points toward the center of the LHC
ring, and the y axis points up, perpendicular to the plane of the
LHC ring. The azimuthal angle ¢ is measured with respect to
the x axis, and the polar angle 6 is measured with respect to
the z axis. Charged particles or charged particles reconstructed
in the inner tracking system are characterized by their
transverse momentum, pr = |p| sin®, and pseudorapidity,
n = —In[tan(6/2)]. The inner tracking system is composed
of a pixel detector with three barrel layers at radii between
4.4 and 10.2 cm and a silicon strip tracker with 10 barrel
layers extending outward to a radius of 110 cm. Two endcap
modules extend the acceptance of the tracking system up to
[n] = 2.5. The momentum resolution for reconstructed tracks
in the barrel region is about 1% at pr = 100 GeV/c and up to
2% in the endcap at the same pr.

The calorimeters inside the magnetic coil consist of a lead-
tungstate crystal electromagnetic calorimeter (ECAL) and a
brass-scintillator hadron calorimeter (HCAL) with coverage
up to |n| = 3. Steel-quartz-fiber Cherenkov hadron forward
(HF) calorimeters extend the coverage to |n| = 5.2. Muons
are measured in gas-ionization detectors embedded in the
steel flux-return yoke of the magnet. The calorimeter cells
are grouped in projective towers of granularity An x A¢ =
0.087 x 0.087 for the central rapidities (|| < 2) considered
in this paper. The energy scale in data agrees with that in the
simulation to better than 1% in the barrel region (|| < 1.5)
and better than 3% in the endcap region (1.3 < || < 3.0) [20].
Hadron calorimeter cells in the |n| < 3 region are calibrated
primarily with test-beam data and radioactive sources [21,22].
A detailed description of the CMS detector can be found in
Ref. [23].

III. TRIGGER, EVENT SELECTION, AND CENTRALITY
DETERMINATION

The CMS high-level trigger (HLT) system is used to select
PbPb collision events containing high-pt jets reconstructed
from calorimeter towers. The trigger threshold applied to
the jet transverse momentum is pr = 80 GeV/c. For pp
collisions, the threshold is 60 GeV/c. In addition to the
online trigger decision, standard offline selection criteria are
applied to remove backgrounds due to detector noise, beam gas
collisions, beam scraping, and ultra-peripheral-collision events
[11]. Events are further restricted to those with a reconstructed
vertex which includes at least two tracks and has a z position
within 15 cm of the detector center. Finally, an offline HF
coincidence of at least three towers with energy greater than
3 GeV on each side of the interaction point is required. These
event-quality requirements have only a small effect on the
number of selected events and have a negligible impact on the
jet analyses [11,12].

For the analysis of PbPb data, it is important to determine
the collision centrality in each event, which is related to

PHYSICAL REVIEW C 90, 024908 (2014)

the overlap between the two colliding nuclei. Centrality
is determined using the sum of transverse energy [energy
times sin(@)] reconstructed in the HF calorimeter (covering
2.9 < |n| < 5.2). The HF transverse energy distribution is
used to divide the event sample into percentiles of the total
nucleus-nucleus hadronic interaction cross section. A detailed
description of the centrality determination can be found in

[11].

IV. MONTE CARLO SIMULATIONS

In this analysis, Monte Carlo (MC) simulations have been
used primarily for evaluation of reconstruction performance,
particularly in determination of tracking efficiency, and jet
energy response and resolution. These studies mostly used
QCD jet events simulated by the PYTHIA MC generator [24]
(version 6.423, tune Z2) [25]. These simulated PYTHIA events
are propagated through the CMS detector using the GEANT4
package [26] to simulate the detector response.

In order to account for the effect of the PbPb underlying
event, the PYTHIA events are embedded into fully simulated
PbPb events, generated by the HYDJET event generator [27]
(version 1.8), which has been tuned to describe the centrality
dependence of the hadron multiplicity, pr spectra, and elliptic
flow in minimum-bias PbPb data. The embedding is done by
mixing the simulated digital information from PYTHIA and
HYDIET.

V. RECONSTRUCTION

A. Jet reconstruction

For both pp and PbPb collisions, the analysis is based
on jets reconstructed using the anti-kt algorithm, with a
distance parameter R of 0.3, utilizing particle-flow (PF) objects
that combine tracking and calorimetric information [28,29].
The value of 0.3 for R, also used in previous CMS jet
studies [11,12], was chosen to optimize the jet reconstruction
efficiency and misidentification rate. In the PbPb data, the
contribution of the underlying heavy-ion event is removed
using an iterative pileup subtraction method [30].

Only events with a minimum jet pr > 100 GeV/c, for
which the trigger is more than 99% efficient, are selected. From
this event sample, all of the PF jets above pr > 100 GeV/c
and also within 0.3 < |n| < 2 are included in the analysis.
Jets in the central region of || < 0.3 are excluded in order to
avoid overlaps in the background-subtraction procedure (see
Sec. VIB).

B. Charged-particle reconstruction

Charged particles are reconstructed in the following steps,
which are similar to those used previously [8,19]. First, using
a collection of pixel-only tracks required to have three hits
in the pixel detector, the three-dimensional primary vertex
position is estimated from extrapolations back to the beam
spot region. Next, track candidates are built from triplet seeds,
consisting of hits in three layers of the pixel barrel and endcap
detectors. To reduce the random combinatorial background,
only seeds pointing to a restricted region within 2 mm of the
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primary vertex and with a minimum pr of 0.9 GeV/c are
used. Further selections are made on the normalized goodness
of the track fit (i.e., x> per degree of freedom) and on the
compatibility of the fitted triplet seeds with the primary vertex,
before propagating the seed trajectories through the strip
tracker to build fully reconstructed tracks. To improve the track
reconstruction efficiency, two more iterations of the tracking
are performed after removing hits unambiguously belonging
to the tracks found in the first iteration. This procedure is
based on the standard pp iterative tracking [31]. More efficient
pp-based triplet track and pixel pair seedings are used in the
second and third iterations, respectively. The tracks found in
the later iterations are merged with the first-iteration tracks
after removing any duplicate tracks, based on the fraction of
shared hits. In all iterations, track quality criteria are applied
to the final list of track candidates to reduce the reconstruction
misidentification rate. The minimal pr for tracks used in the
analysis is 1 GeV/c.

A complete understanding of the tracking performance is
of primary importance for this analysis. This was studied
using jet events simulated with PYTHIA (tune Z2) embedded
into a HYDJET 1.8 background. The track-by-track corrections
for reconstruction efficiency and misidentified tracks are
computed in bins of track 1 and pr, neighboring jet pr, and
event centrality without any selection criteria imposed on the
reconstructed jets.

The performance of the tracking algorithm depends on
the local environment in which it operates. Therefore, the
corrections are computed separately for the four centrality
classes used in the analysis: 0%—10%, 10%—30%, 30%—-50%,
and 50%—-100% (most central to most peripheral events).
Due to the low multiplicity in the 50%—-100% centrality, the
correction is also used for the split 50%—70% and 70%—100%
centrality bins, for the five centrality class results. At low pr,
the efficiency is &10% higher for the pure PYTHIA sample (i.e.,
pp multiplicity environment) than for the most central HYDJET-
embedded PYTHIA (i.e., PbPb multiplicity environment), while
at high pr the difference is about 4%. The misidentification
rate is small for all samples and ranges from 4% at 1 GeV/c
to 2% at 120 GeV/c.

VI. ANALYSIS

A. Jet fragmentation function

The jet fragmentation function is measured by correlating
reconstructed charged-particle tracks contained within the
jet cones, with the axis of the respective jet [32]. As done
in previous measurements at hadron colliders [33,34], the
fragmentation function is presented as a function of the
variables z and &, defined as

track
P 1
= H_4’ S = ln )
p]et z

where ph’aek

is the momentum component of the track along
the jet axis and p'® is the magnitude of the jet momentum.
All tracks in a cone of \/(A¢)? + (An)? < 0.3 around the jet

axis are included in the analysis. The fragmentation function,
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defined as (1/Nje) dNyack/d§, is normalized to the total
number of jets (Njeo).

B. Underlying event subtraction

Due to the high level of underlying event activity coming
from the heavy-ion collisions, tracks that are not associ-
ated with the jet fragmentation can be found within the
jet cone. This uncorrelated background contribution to the
fragmentation function is subtracted statistically using the so-
called n-reflection method. The underlying event contribution
is estimated by selecting charged particles that lie in a
“background” jet cone obtained by reflecting the original jet
cone around n = 0 while keeping the same ¢ coordinate.
The background distribution is then subtracted from the raw
distribution obtained from tracks in the jet cone. The use of
this procedure is the reason why jets in the region || < 0.3
are excluded to avoid overlap between the signal jet region and
the region used for background estimation.

C. Fragmentation function biases

The measured fragmentation function contains two sources
of bias introduced by the jet reconstruction. The first bias
results from jet reconstruction in the presence of a high-
multiplicity background. As a result of the steeply falling
jet spectrum, a significant fraction of reconstructed jets that
just barely exceed the minimum pr threshold come from
the more abundant lower-energy jets enhanced by an upward
fluctuation in the background. The second bias is caused
by the jet reconstruction being correlated with the jet’s
fragmentation pattern. Jets which fragment harder, i.e., those
that produce fewer particles but with higher average pr,
are easier to reconstruct and have a slightly higher energy
scale.

Both biases are corrected for in the final analysis. The
biases affect different parts of the fragmentation function and
are assumed to be independent. The correction factors are
individually derived based on the PYTHIA + HYDJET simula-
tion. The first bias is corrected by comparing the estimated
background in the reflected cone to the true background in
the jet cone. A correction factor is then derived based on the
ratio of the two and used to weight tracks in the background
cone. The correction is computed as a function of track pr
and applied to events in the two highest analysis centrality
classes where background tracks dominate over the signal
tracks at low pr. An important element of this MC-based
technique is the fact that the tracks in the background cone have
very similar fluctuations (i.e., similar variations in background
energy) in the simulated heavy-ion events and in the data. The
second bias is corrected by comparing the true fragmentation
function of reconstructed jets in PYTHIA signal events and
PYTHIA + HYDIJET events. A ratio is derived based on the
two and used to weight tracks in the pp jet cone so that the
pp reference data can be consistently compared with PbPb.
This correction is cross-checked by repeating the full analysis
for different kinds of signal events with embedded jets, as
described in Sec. VII.
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D. Proton-proton reference data

In order to quantify any medium-related effects, the
results are compared to reference distributions using the
high-statistics jet data in pp collisions collected in 2013 at
/S = 2.76 TeV corresponding to an integrated luminosity
of 5.3+0.2 pb~!. For a direct comparison between pp and
PbPb collisions, the jet momentum resolution deterioration in
PbPb events has to be taken into account. For this purpose,
the reconstructed pr of every jet in the pp data is smeared
using a Gaussian distribution based on the quadratic difference
of the jet momentum resolution in PbPb and pp data. The
jet momentum resolutions are derived from the PbPb and
pp MC simulations described in Sec. IV. In order to keep
the jet kinematic constraints consistent, a reweighting factor,
derived based on the ratio of the PbPb and the smeared pp
jet pr spectra, is applied to each pp jet. After the reweighting
procedure, the resulting pp jet pr distribution matches the one
in PbPb in each centrality bin of the analysis.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are primarily due to the tracking
efficiency estimation, jet reconstruction, subtraction of the un-
derlying background, and differences between MC simulations
and data.

One systematic uncertainty arising from the tracking effi-
ciency and rate of reconstructing misidentified (fake) tracks is
estimated using the Monte Carlo simulations. This uncertainty
is based on the comparison of the fragmentation function
obtained by corrected, reconstructed tracks with those obtained
using the generator-level particles. In both cases, the same
(i.e., matched) reconstructed and generated jets are used. An
additional 10% tracking efficiency uncertainty is assigned to
account for the effects found in a study of the charge compo-
sition of reconstructed jets. Specifically, the observed charged
fraction of a jet (as determined using the PF objects within the
jet) decreases within the more central collisions with a 10%
difference between central and peripheral heavy-ion data (the
latter being very similar to pp data and the MC results). The
difference in charge fraction between central and peripheral
MC events is less than 2%. It is possible that this change is
due to physics. However, to be conservative, a value of 10%
is used as an estimate of a possible tracking inefficiency in
high-multiplicity PbPb events that is possibly not reproduced
by PYTHIA + HYDJET. The estimated uncertainty ranges from
0% for peripheral events to 10% for the most central events.

The fragmentation function is also sensitive to uncertainties
in the jet reconstruction in two aspects: the smearing of jet
energy due to resolution and the overall energy scale. In
order to estimate the effects of the jet energy resolution, a
fragmentation function is constructed from the same PbPb
data but with the jet energy artificially modified by smearing
with the additional jet energy resolution due to the underlying
event. Comparison of the fragmentation function with and
without modified jet energies is used to estimate the impact of
these underlying event fluctuations. The full difference found
between the two fragmentation functions is assigned as a
systematic uncertainty. The uncertainty due to the jet energy
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scale is estimated by varying the energy of jets in the PbPb data
by 5%. This factor is determined using a quadratic sum of the
following three contributions. The uncertainty in the jet energy
scale in pp data was found to be 2%-3% [35]. Comparing
jet energies in reconstructed PYTHIA + HYDJET events to the
generator-level values showed a variation of about 1%. As
will be shown in Sec. VIII, the observed modification in the
PbPb fragmentation function is largely characterized by an
excess of particles with pr < 3 GeV/c ({pr) = 1.4 GeV/c).
The jet energy corrections used in the analysis are found
using MC jets lacking these additional low- pr particles. The
impact of this effect was studied by inserting extra particles
in the 1 < pr <2 GeV/c range to the PYTHIA + HYDIJET
simulated jets. The ratio of reconstructed over generator-level
fragmentation functions is found to vary by about 4% from
the ratio found without extra embedded particles. The impact
of the uncertainties due to the jet energy scale and resolution
are different, since the scale uncertainty shifts all jet py values
in the same direction, and the pr shift due to resolution can
be larger than that due to the scale uncertainty. The resulting
changes in the fragmentation function depend on both the bin

width in pjTe “and the range of p‘ka that corresponds to a given

bin in &. Thus, the fragmentation function uncertainties are a
somewhat complex function of pJTe “and &.

To estimate the uncertainty in the underlying-event back-
ground subtraction, the fragmentation function analysis is
repeated with an alternative background subtraction using
mixed events. This method estimates the background con-
tribution to the fragmentation function using minimum-bias
PbPb data. For each jet in a signal event, tracks around the
(n,¢) position of the jet are taken from a separate minimum-
bias event. The total pr of these tracks constitutes the
“mixed-event” background. The full difference between the
two background-subtraction methods is quoted conservatively
as the uncertainty in the fragmentation function due to
background subtraction. Furthermore, due to the requirement
of a minimum reconstructed jet energy, jets sitting on top of an
upward background fluctuation are more likely to be selected.
In MC events, it is known precisely which particles are from
the underlying event and which are from the hard scattering
signal, and therefore a correction for the impact of this effect
on the default (n-reflected cone) background subtraction can
be extracted. It is possible that the point-to-point underlying
event fluctuations are slightly different between data and the
MC. To account for this possibility, half of the size of the
applied correction is quoted as a systematic uncertainty.

Finally, to estimate the effect of the signal jets in data having
a different fragmentation pattern than jets in simulations,
different types of signal jets are embedded into simulated
heavy-ion events. Systematic uncertainties are quoted based
on the difference between the reconstructed fragmentation
functions with embedded gluon and quark jets.

The individual systematic uncertainties are added in
quadrature to form the total systematic uncertainty. This is
summarized in Table I. The quoted systematic uncertainty
band is cross-checked by repeating the complete analysis
with PYTHIA + HYDJET corrections applied to reconstructed
events in which quenched jets generated using PYQUEN [27]
are embedded. The reconstructed fragmentation function from
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TABLE I. Summary of systematic uncertainties in jet fragmentation function analysis in bins of & for the 0%—10% centrality. The values
indicate the typical values of the systematic uncertainties and the intervals indicate the range of systematic uncertainties for various ranges of &.

Item Input/variation E<15

Jet pr range (GeV/c) 100-120 120-150 150-300 100-300
Jet energy resolution 10%-20% smearing 3.7%—6.7% 2%—6.2% 3.9%—-6.9% 0.1%-0.7%
Jet energy scale 5% shift 9.3%-29% 8.5%—26% 7.9%-25% 8.9%—28%
Tracking efficiency Nonclosure 0.1%-1.9%
Tracking efficiency Centrality variation 10%
Background bias 50% of correction <0.1%
Background procedure Difference between methods 1.9%-4.3%
Gluon jet cross-check Nonclosure 1.2%-3.9%
Quark jet cross-check Nonclosure 4.8%-9.8%
Total 15%—28% 14%—-37% 14%—20% 15%-31%
Item Input/variation 1.5<&<4

Jet pr range (GeV/c) 100-120 120-150 150-300 100-300
Jet energy resolution 10%—-20% smearing 0.1%-2.7% 1.1%-1.4% 0%-1.9% 0.1%-1.0%
Jet energy scale 5% shift 1.6%—4.8% 1.4%-4.4% 1.3%-4.1% 1.5%—4.6%
Tracking efficiency Nonclosure 0.1%-0.7%
Tracking efficiency Centrality variation 10%
Background bias 50% of correction 0%-3.3%
Background procedure Difference between methods 0%-2.7%
Gluon jet cross-check Nonclosure 3.8%-5.0%
Quark jet cross-check Nonclosure 0.2%-2.0%
Total 11%-14% 11%-13% 11%-13% 11%-12%
Item Input/variation 4<€&E<5

Jet pr range (GeV/c) 100-120 120-150 150-300 100-300
Jet energy resolution 10%—-20% smearing 0.2%-0.6% 0.7% 1.0%-5.1% 1.7%-2.5%
Jet energy scale 5% shift 0.21%-2.9% 0.19%-2.7% 0.18%-2.5% 0.2%-2.8%
Tracking efficiency Nonclosure 0.2%-1.6%
Tracking efficiency Centrality variation 10%
Background bias 50% of correction 8.1%—-8.8%
Background procedure Diff. between methods 3.8%—-4.9%
Gluon jet cross-check Nonclosure 1.1%-4.2%
Quark jet cross-check Nonclosure 1.5%—4.5%
Total 19%—-26% 16%—-17% 17%—-23% 14%—-16%

this study is consistent with the generator truth within the
quoted systematic uncertainties.

VIII. RESULTS

Figure 1 shows the fragmentation function reconstructed

in PbPb data and pp reference for 100 < p

<300 GeV/c

10-ICMIS

150 b~

PbPb +/syy = 2.76 TeV

[ PbPb

— pp reference data
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FIG. 1. (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing from left to right) overlaid with pp reference
data. Jets have 100 < pr < 300 GeV/c, and tracks have pr > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp
reference. Error bars are statistical, and boxes show the systematic uncertainty.
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E PbPb /Sy = 2.76 TeV
F 150 ub™"

pp reference data

(1/Njet)dNtrack/d£

50-100%

T ML T T
100 < p' < 120 GeV/c

03 < [n<2

PbPb/pp

£=In(1/2)

FIG. 2. (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing from left to right) overlaid with pp reference
data. Jets have 100 < pr < 120 GeV/c, and tracks have pr > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp
reference. Error bars are statistical, and boxes show the systematic uncertainty.

and tracks with pr above 1 GeV/c within a radius of 0.3
relative to the corresponding jet axis. For the PbPb fragmen-
tation function, the contribution from the underlying event is
subtracted using the n reflection method. For the pp reference
data, the corresponding jet distribution is first smeared with
the additional PbPb jet resolution due to the underlying event,
and then reweighted to match the jet pr distribution in PbPb
data. Figures 2—4 show the same fragmentation function differ-

entially in jet pr, for 100 < p* < 120 GeV/c, 120 < p=' <

150 GeV/c,and 150 < pJTet < 300 GeV/c, respectively. In the
higher statistics Fig. 1, we retained the same 50%-70% and
70%—-100% centrality binning from [19].

It is clear from the results in Figs. 1-4 that the modification
of the fragmentation function of jets in PbPb compared to those
in pp grows with increasingly central collision. In the 50%—
100% bin, the ratio of PbPb/pp is almost flat at unity within
the systematic uncertainties, which means no modification.
However, a significant excess at high & (low track pr) is

CMS
10F * PbPb

s £ PbPb \/syy = 2.76 TeV —— pp reference data
) [ 150 ub™’

: L
=
p=}

o
3 -
:10_15

50-100%

T T T T T T
4 120 <pf'<150Gevie L

T T T T
_ pirak > 1 GeVic,R<03
03 <|n®<2 E

PbPb/pp

FIG. 3. (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing from left to right) overlaid with pp reference
data. Jets have 120 < pr < 150 GeV/c, and tracks have pr > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp
reference. Error bars are statistical, and boxes show the systematic uncertainty.

024908-6



MEASUREMENT OF JET FRAGMENTATION IN PbPb AND ...

PHYSICAL REVIEW C 90, 024908 (2014)

| CMS
E PbPb /syy = 2.76 TeV
F 150 ub™"

* PbPb
pp reference data

(1/Njet)dNtrack/d£
T

50-100%

T
L praks1GeVic,R<03

T T T
L 150 < pl*' < 300 GeV/c

03 < [nf<2

PbPb/pp
o

. 1 Eﬂ:t'_‘:hﬂ_ﬁmmlzg “u“ﬁ“ - -+

&=1In(1/2) E=1In(1/2)

FIG. 4. (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing from left to right) overlaid with pp reference
data. Jets have 150 < pr < 300 GeV/c, and tracks have pr > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp
reference. Error bars are statistical, and boxes show the systematic uncertainty.

observed for more central events, combined with a depletion in
the intermediate &. In the most central 0%—10% collisions and
for the lowest charged-particle momenta studied, the PbPb/ pp
fragmentation function ratio rises to ~1.5. This implies that
for central collisions the spectrum of particles in a jet has an
enhanced contribution of soft particles compared to that from
pp collisions. No significant dependence of the modification
on p}' is observed within our current statistical and systematic
uncertainties.

Possible sources of the observed modifications to the
fragmentation function in central PbPb collisions include a
change in the fraction of jets arising from either quarks or

gluons, a change in the parton shower due to the medium
[13—17], or the presence of particles resulting from the medium
response. The fragmentation patterns of pure quarks and
partons are predicted by PYTHIA to be significantly different.
If traversing the medium has a bigger impact on gluons, as
might be expected given their larger color charge compared
to quarks, this change in the admixture of the two parton
types would change the measured fragmentation function. The
distinction between the second and third listed possibilities
may or may not be valid depending on the specifics of
the physical processes responsible for jet quenching. More
detailed experimental and theoretical analysis will be required
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FIG. 5. (Color online) The spectrum of tracks inside the cone of jets with 100 < py
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< 300 GeV/c, as a function of track pr, for PbPb

(with increasing centrality from left to right) and pp. Both the PbPb and pp results are background subtracted, in the same manner as for the
fragmentation function. The bottom panels show the difference of PbPb and pp spectra, demonstrating an excess of low- pr tracks in the PbPb

events.
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FIG. 6. (Color online) The spectrum of tracks inside the cone of jets with 100 < p; < 120 GeV/c, as a function of track pr, for PbPb
(with increasing centrality from left to right) and pp. Both the PbPb and pp results are background subtracted, in the same manner as for the
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events.

to attempt to separate the influence of these, and possibly other,
contributions to the observed effects.

One can further investigate in which track pr ranges the
fragmentation function exhibits an excess by examining the
pr spectra for tracks inside the jet cone. These distributions
are obtained with the same background subtraction described
above. Figure 5 shows the spectra of tracks in the jet cone

compared to pp reference data. In order to quantify the
excess of tracks at a given pr, the bottom panels show
the difference of the two distributions, pp subtracted from
PbPb. Figures 6-8 show the same differentially in pJTe[,
for 100 < pi¥' < 120 GeV/c, 120 < pi' < 150 GeV/c, and
150 < pjTet < 300 GeV/c, respectively. The excess that is
observed at the high-£ region of the fragmentation function
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FIG. 7. (Color online) The spectrum of tracks inside the cone of jets with 120 < p;~ < 150 GeV/c, as a function of track pr, for PbPb
(with increasing centrality from left to right) and pp. Both the PbPb and pp results are background subtracted, in the same manner as for the
fragmentation function. The bottom panels show the difference of PbPb and pp spectra, demonstrating an excess of low- pr tracks in the PbPb

events.
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is localized at low pr for tracks (pt below &3 GeV/c). No
pronounced jet pr dependence of this excess is observed within
the current statistical and systematic uncertainties.

Figures 1-4 also show some evidence for a very weak
suppression in the intermediate region, & ~ 1.5-3.0. This
corresponds to the weak suppression seen in Figs. 5-8 around
pr ~ 6 GeV/c. Since summing the pr of all included tracks
cannot exceed the total jet pr, it is impossible to have
significantly more tracks in one pr range without having fewer
in another range. However, fewer tracks are required at high
pr to satisfy this summed-momentum restriction. While some
depletion is observed, the uncertainties in the current results
preclude a precise determination of the pr range from which
the excess low-pr tracks originate.

IX. SUMMARY

The fragmentation function of inclusive jets in PbPb
collisions at /s, = 2.76 TeV has been measured. Jets were
reconstructed using the anti-kr algorithm with a distance
parameter of 0.3.

For the analysis, inclusive jets with pJTel > 100 GeV/c
and 0.3 < ;] < 2 were reconstructed using particle-flow
objects, which combine information from charged-particle
tracking and calorimetry. The jet fragmentation function in
a cone of 0.3 was obtained using charged particles with py >
1 GeV/cand |n| < 2.4, and as a function of collision centrality
for five centrality selections, 70%—100%, 50%—70%, 30%—
50%, 10%—-30%, and 0%—10%. The uncorrelated contribution
from the underlying event to the charged-particle distribution
in the cone was subtracted using an “n-reflected cone” method.
The fragmentation function in PbPb collisions was compared
to measurements with the same selection in pp collisions at

the same center-of-mass energy. For this comparison, a jet
momentum smearing and reweighting procedure was applied
to obtain a proper pp-based reference.

For the 70%—100% most peripheral collisions, the frag-
mentation function in PbPb collisions agrees with that for
the pp reference. For more central collisions, a significant
modification of the fragmentation function in PbPb compared
to pp in the intermediate- and high-£ region develops. For
charged particles in the region of 1-3 GeV/c, corresponding
to & above about 3.5, a clear rise in the ratio of PbPb to pp
is observed. In the intermediate-pr range of fragmentation
products, £ between 2 and 3, evidence is seen for a small
depletion in the ratio. In the most central 0%—10% collisions
and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to ~1.6. For the
current jet kinematic range, no significant variation of the
modification with jet pr is observed within the statistical and
systematic uncertainties.

By including charged particles at lower pt than the previous
CMS measurement, a clear centrality-dependent modification
of the inclusive jet fragmentation function in PbPb collisions
is now revealed. As fragmentation at larger radii from the jet
axis is dominated by low- pr particles, this is consistent with
the enhancement seen in Ref. [19]. The interplay between
the modifications in the high-pr and low-pr parts of the
fragmentation function provides constraints on models of
medium-induced energy loss and opens up new avenues to
understand the transport properties of the QGP.
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