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We report the differential charged jet cross section and jet fragmentation distributions measured with the
ALICE detector in proton-proton collisions at a center-of-mass energy

ffiffiffi
s

p ¼ 7 TeV. Jets with pseudor-
apidity jηj < 0.5 are reconstructed from charged particles using the anti-kT jet-finding algorithm with a
resolution parameter R ¼ 0.4. The jet cross section is measured in the transverse momentum interval

5 ≤ pch jet
T < 100 GeV=c. Jet fragmentation is studied measuring the scaled transverse momentum spectra

of the charged constituents of jets in four intervals of jet transverse momentum between 5 and 30 GeV=c.
The measurements are compared to calculations from the PYTHIA model as well as next-to-leading-order
perturbative QCD calculations with POWHEG+PYTHIA8. The charged jet cross section is well described by

POWHEG for the entire measured range of pch jet
T . For pch jet

T > 40 GeV=c, the PYTHIA calculations also agree
with the measured charged jet cross section. PYTHIA6 simulations describe the fragmentation distributions
to 15%. Larger discrepancies are observed for PYTHIA8.

DOI: 10.1103/PhysRevD.99.012016

I. INTRODUCTION

The measurement of jets in proton-proton (pp) collisions
allows the study of hard scatterings and subsequent
fragmentation of partons (quarks and gluons). In this
work, measurements of the charged jet cross section and
jet fragmentation in pp collisions at

ffiffiffi
s

p ¼ 7 TeV are
presented. The inclusive charged jet cross section is
measured in the transverse momentum (pT) range 5 ≤
pch jet
T < 100 GeV=c. For sufficiently high pT, jet produc-

tion cross sections can be calculated in perturbative
quantum chromodynamics (pQCD) supplemented with
parton distribution functions (PDFs), assuming collinear
factorization. Soft processes (e.g., production of particles
or prompt photons with pT ≲ 2 GeV=c [1–3]) cannot be
described by this formalism. The measurements presented
in this paper test the applicability of pQCD on jet
production [4] down to a kinematic regime of the order
of a few GeV=c and provide experimental constraints on
the PDFs (see e.g., Ref. [5]). Quantitative pQCD predic-
tions for the charged jet cross sections are obtained in the
POWHEG [6–8] scheme, in which matrix elements are
calculated at next-to-leading order (NLO) in the QCD

coupling and matched to parton shower Monte Carlo (MC)
event generators to simulate parton fragmentation.
In Ref. [2], it was found that NLO pQCD overestimates

the measured cross sections for inclusive π0 and η meson
production at

ffiffiffi
s

p ¼ 7 TeV. Perturbative QCD calculations
of hadron production rely strongly on parton to hadron
fragmentation functions [9], whereas for jet observables
this dependence is much smaller. The measured charged jet
cross sections help to trace the origin of this observed
discrepancy.
The production cross sections of jets in pp collisions atffiffiffi
s

p ¼ 7 TeV were measured previously by the ATLAS

Collaboration for 100 ≤ pjet
T < 2000 GeV=c [10] and in

the charged jet pT range 4 ≤ pch jet
T < 100 GeV=c [11] and

by the CMS Collaboration for 18 ≤ pjet
T < 1100 GeV=c

[12] and 100 ≤ pjet
T < 2000 GeV=c [13]. Jet fragmentation

in pp and Pb-Pb collisions at the LHC were reported by
ATLAS [11,14,15] and CMS [16]. In Ref. [17], the ALICE
Collaboration measured charged jet cross sections and

leading jet properties for 20 ≤ pch jet leading
T < 100 GeV=c.

An approximate scaling of the fragmentation distributions

with the fractional transverse momentum zch¼pparticle
T =pchjet

T

was observed for zch > 0.1 and the distributions were found

to be similar for the reported pch jet leading
T range. The results

presented in this work repeat the previous measurements for
a jet resolution parameter of anti-kT [18] jets with R ¼ 0.4
with smaller uncertainties and an extended jet pT coverage.
The distributions of the fractional transverse momentum zch
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of particles in jets with 5 ≤ pch jet
T < 30 GeV=c presented in

this work test the fragmentation scaling for lower jet pT.
Furthermore, they provide constraints on the parton shower
and hadronization models in MC event generators in a
kinematic regime where strong nonperturbative effects are
expected. In commonly used event generators, soft particle
production is modeled by hard parton fragmentation and
multiparton interactions, evoking nonperturbative color
reconnection [19,20] at hadronization. The present results
allow the perturbative contribution to inclusive particle
production to be quantified and also allow for tests of color
reconnection effects on the fragmentation of jets with
pch jet
T > 5 GeV=c.
This paper is organized as follows. Section II describes

the experiment and detectors used for these measurements.
The observables and the details of the jet reconstruction
algorithms and parameters are discussed in Sec. III.
Section IV discusses the MC simulations carried out for
comparisons of data to models, corrections for instrumental
effects, and systematic uncertainty studies. The procedures
applied to correct for instrumental effects are described
in Sec. V. The methods used to evaluate the systematic
uncertainties of the measurements are discussed in Sec. VI.
Results are presented and discussed in comparison with
MC event generator simulations in Sec. VII. Section VIII
summarizes the results and conclusions.

II. EXPERIMENTAL SETUP AND
DATA SAMPLE

The data used in this analysis were collected during
the 2010 LHC pp run with the ALICE detector [21]. The
analysis relies primarily on the time projection chamber
(TPC) [22], the inner tracking system (ITS) [23], and the
V0 [24] subdetectors. The V0 and ITS are used for event
selection. The results reported in this paper are based on
177 × 106 minimum bias events corresponding to an
integrated luminosity of ð2.9� 0.1Þ nb−1 [25]. The mini-
mum bias trigger requires at least one hit in either the V0
forward scintillators or in the two innermost silicon pixel
detector layers (SPD) of the ITS, in coincidence with a
LHC bunch crossing. The TPC and ITS are used for
primary vertex and track reconstruction. Only events with
a primary vertex within �10 cm along the beam direction
from the nominal interaction point are analyzed to mini-
mize dependencies of the TPC acceptance on the vertex
position.
Charged tracks are reconstructed using the combined

information from the TPC and the ITS within jηj < 0.9 over
the full azimuth (φ). The track selection criteria are the
same as described in Ref. [17] and are briefly outlined here.
To assure a uniform φ distribution, a hybrid reconstruction
technique is utilized, combining two distinct track classes:
(i) tracks containing from three to six hits in the ITS,
including at least one hit in the SPD, and (ii) tracks

containing fewer than three hits in the ITS, or no hit in
the SPD. The momentum of tracks of class (i) is determined
without a vertex constraint. The vertex constraint is added
for class (ii) tracks to improve the determination of their
transverse momentum. The track momentum resolution
δpT=pT is approximately 4% at pT ¼ 40 GeV=c for 95%
of all tracks. For tracks without a hit in the ITS (5% of the
track sample) the resolution is 7% at pT ¼ 40 GeV=c.
Tracks from primary particles are selected requiring a
minimum distance of closest approach to the primary
vertex of 2.4 cm in the plane transverse to the beam and
3.2 cm in the beam direction.
To ensure good momentum resolution, tracks in the TPC

are selected requiring a pT-dependent minimum number of
space points and a maximum χ2 to ensure track fit quality.
In addition, there is an upper threshold on the χ2 between
the results of the track fit using all the space points in the
ITS and TPC, and using only the TPC space points with the
primary vertex position as an additional constraint.
The track reconstruction efficiency for primary charged

particles is approximately 60% at pT ¼ 0.15 GeV=c, about
87% at 1 GeV=c, and is nearly uniform up to 10 GeV=c
beyond which it decreases slightly. The efficiency is
roughly uniform in azimuth and within the pseudorapidity
range jηj < 0.9. Further details on the track selection
procedure and tracking performance can be found in
Refs. [17,26].

III. JET RECONSTRUCTION
AND OBSERVABLES

The anti-kT [18] algorithm from the FASTJET package [27]
is used for charged jet reconstruction. Jets with a resolution
parameter R ¼ 0.4 are reconstructed from charged tracks
with pT>0.15GeV=c and within jηj<0.9. The analyses
reported in this work are restricted to jets detected within
the fiducial acceptance jηj < 0.5. A boost-invariant pT
recombination scheme is used to determine the transverse
momenta of jets as the sum of their charged particle
transverse momenta.
The cross section is evaluated with

d2σch jet

dpTdη
ðpch jet

T Þ ¼ 1

Lint

ΔNjets

ΔpTΔη
ðpch jet

T Þ; ð1Þ

where Lint is the integrated luminosity and ΔNjets is the
number of jets in the selected intervals of ΔpT and Δη.
The jet fragmentation is reported based on the

distribution

Fzðzch; pch jet
T Þ ¼ 1

Njets

dN
dzch

; ð2Þ

where N is the number of charged particles. The scaled
pT variable zch is calculated jet by jet for each track.
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This observable characterizes the longitudinal jet fragmen-
tation parallel to the jet axis.

IV. MONTE CARLO SIMULATIONS

Simulations of the ALICE detector performance for
particle detection and jet reconstruction are used to correct
the measured distributions for instrumental effects, evaluate
systematic uncertainties, and make model comparisons to
data. The simulated and real data are analyzed with the
same reconstruction algorithms. The nominal corrections
are calculated from simulated events generated with the
PYTHIA 6.425 [28] (tune Perugia-0 [29]) MC model and
particles are transported with GEANT3 [30]. The MCmodels
HERWIG 6.510 [31,32] and several PYTHIA6 tunes are used
for systematic investigations of the sensitivity of the MC
correction factors to variations of the detector response
(described in Sec. V) as well as to jet fragmentation
and hadronization patterns (as described in Secs. VI A
and VI B). For comparison to data in Sec. VII, PYTHIA6,
PYTHIA8 [33], and POWHEG+PYTHIA8 simulations are used.

PYTHIA and HERWIG are leading-order (LO) event gen-
erators based on pQCD calculations of (2 → 2) hard
scattering elements. Higher-order emissions are included
in the parton shower. PYTHIA and HERWIG utilize different
approaches to describe the parton shower and hadroniza-
tion processes. HERWIG makes angular ordering a direct
part of the evolution process and thereby takes coherence
effects into account in the emission of soft gluons.
PYTHIA6.4 is based on transverse-momentum-ordered show-
ers [34] in which angular ordering is imposed by an
additional veto. In PYTHIA6 the initial-state evolution and
multiple parton-parton interactions are interleaved into one
common decreasing pT sequence. In PYTHIA8 the final-state
evolution is also interleaved with initial-state radiation and
multiparton interactions. Hadronization in PYTHIA proceeds
via string breaking as described by the Lund model [35],
whereas HERWIG uses cluster fragmentation.
The PYTHIA Perugia tune variations, beginning with the

central tune Perugia-0 [29], are based on LEP, Tevatron,
and SPS data. The PYTHIA6 Perugia-2011 family of tunes
[29] belongs to the first generation of tunes that use LHC pp
data at

ffiffiffi
s

p ¼ 0.9 and 7 TeV. For the PYTHIA8 Monash tune
[36] data at

ffiffiffi
s

p ¼ 8 and 13 TeVare also used. The HERWIG

generator version and PYTHIA tunes used in this work
utilize the CTEQ5L parton distributions [5]. The
PYTHIA8.21 Monash tune uses the NNPDF2.3 LO set [37].
The POWHEG BOX framework [7,8], an event-by-event

MC, was used for pQCD calculations of (2 → 2) and
(2 → 3) parton scattering at Oðα3SÞ in the strong coupling
constant. The outgoing partons from POWHEG are passed to
PYTHIA8 event by event where the subsequent parton
shower is handled. The MC approach has the advantage
that the same selection criteria and jet finding algorithm can
be used on the final-state particle level as used in the
analysis of the real data; in particular, charged particles can

be selected. For the comparison with the measured differ-
ential jet cross sections, the CTEQ6M parton distribution
functions [38] are used [39]. The dominant uncertainty in
the parton-level calculation is given by the choice of
renormalization scale, μR, and factorization scale, μF.
The default value was chosen to be μR ¼ μF ¼ pT of the
underlying Born configuration, here a QCD 2 → 2 scatter-
ing [8]. Independent variations by a factor of 2 around the
central value are considered as the systematic uncertainty.
In addition, the uncertainty on the parton distribution
functions has been taken into account by the variation of
the final results for the respective error sets of the PDFs.
For the POWHEG calculations, PYTHIA8 tune Monash
was used. For test purposes, the calculations were repeated
with multiparton interactions (MPI) switched off as an
alternative setting.

V. CORRECTIONS

The measured jet spectra and fragmentation distributions
are corrected to the primary charged particle level, as
discussed in the following sections.

A. Unfolding

Momentum-dependent imperfections in the particle
detection efficiency and the finite track momentum reso-
lution of the detector affect the jet energy scale and jet
fragmentation distributions reported in this work. A detec-
tor response matrix is used to correct the jet spectra and
fragmentation distributions for these effects. The instru-
mental response is modeled in a full simulation of the
ALICE detector. Simulated events are generated with
PYTHIA and the produced particles are transported with
GEANT3. Jets are reconstructed both directly from the
charged particle momenta produced by the MC generators
(particle level) and from the generator outputs processed
through GEANT and the ALICE reconstruction software
(detector level).
The jet production cross sections and fragmentation

distributions are corrected by one- and two-dimensional
Bayesian unfolding [40], respectively, as implemented
in the ROOUNFOLD [41] software. For the unfolding of
the jet cross sections, a two-dimensional response matrix of
particle-level versus detector-level charged jet pT is used.
The entries of the response matrix are computed pairing
particle- and detector-level jets geometrically, according to
the distance d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
between the jet axes. A

bijective match with d < 0.3 is required. At the smallest jet
pT presented in this work, p

ch jet
T ¼ 5 GeV=c, the combined

efficiency of jet reconstruction and matching detector- and
particle-level jets exceeds 95%, and rises as a function
of pch jet

T to reach a value >99% at pch jet
T ¼ 20 GeV=c.

The fragmentation distributions are corrected with a
four-dimensional response matrix with the axes corre-
sponding to particle- and detector-level charged jet pT
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and particle- and detector-level zch, respectively. Particle-
level and detector-level jet constituents used in the calcu-
lation of zch are associated by matching the simulated TPC
clusters on tracks to hits along the particle trajectories.
In the Bayesian approach, the unfolding solution is

regularized by the choice of the number of iterations.
We observe that the unfolded distributions typically con-
verge to a solution after five steps. To avoid biases for the
lowest and highest values of jet pT reported in this paper,
a wide range 0 < pch jet

T < 200 GeV=c is chosen for the
uncorrected distributions. Consistency of the unfolding
procedure is ensured by folding the solution to the detector
level and comparing it to the uncorrected distribution used
as input. As an additional cross-check, the analysis of
charged jet cross sections is also carried out with the
ROOUNFOLD implementation of the singular value decom-
position unfolding technique [41,42]. Consistent results are
obtained with both methods.
The requirement of a match between the simulated

detector- and particle-level jets used to compute the
response matrix introduces a kinematic bias towards
higher momentum constituents. The effect is largest
for the fragmentation distribution observable, where it is
of the order of 5% for small values of zch and 5 ≤ pch jet

T <
10 GeV=c. The bias decreases for higher values of zch and
pch jet
T . For the jet cross section observable it is less than

0.5%. We account for this effect by applying a correction to
the measured distributions prior to unfolding. The correc-
tion and the unfolding procedure are validated by MC
closure checks, which will be discussed in Sec. VI.

B. Contamination from secondary particles

Secondary charged particles are produced by weak
decays of strange particles (e.g., K0

S and Λ), decays of
charged pions, conversions of photons from neutral pion
decays and hadronic interactions in the detector material.
Although the contribution of secondaries is minimized
by the track selection described in Sec. II, the measured
distributions nonetheless must be corrected for a small
residual contamination.
The correction for secondary particle contamination is

implicitly included in the unfolding of the measured cross
sections. It is however carried out separately and explicitly
prior to unfolding in the measurements of the fragmentation
function, following the procedure described in Ref. [17].
The contribution of secondaries is estimated from MC
simulations, separately for each bin in jet pch jet

T and particle
zch. The explicit subtraction allows for the enhancement of
the low strangeness yield in the PYTHIA Perugia-0 simu-
lations to the level observed in data. Strange particle
production in non-single-diffractive events by the CMS
Collaboration [43] and MC simulations from Refs. [44,45]
are compared. The MC predictions are scaled up to match
the data. The contamination of secondaries from strange

particle decays is small, and the effect of the strangeness
scaling on the final result is less than 1%.

C. Underlying event subtraction

The underlying event (UE) corresponds to all particles in
an event that are not produced directly by the hard
scattering of partons. UE particles emitted in the jet cone
contribute to the reconstructed jet pT. To estimate and
subtract the UE activity, we use the approach discussed in
Ref. [17]. The UE particle yield is measured event by event
based on circular regions transverse to the axis of the
leading (highest pT) jet. The circular regions have the same
radius as the jet resolution parameter and are placed at the
same pseudorapidity as the leading jet but offset at an
azimuthal angle Δφ ¼ π=2 relative to the jet axis. For the
jet cross section measurements, the UE is subtracted on a
jet-by-jet basis prior to unfolding. The relative UE con-
tribution to the total measured jet pT is largest for the soft
jets. The correction results in a reduction of the uncorrected
jet yield by approximately 25% for pch jet

T ¼ 5 GeV=c and
by about 10% for pch jet

T ¼ 20 GeV=c.
The method used in Ref. [17] to correct the fragmenta-

tion distributions in jets with pch jet leading
T ≥ 20 GeV=c for

the UE applies a subtraction on the level of the constituent
spectra, but does not include a simultaneous correction to
pch jet
T . For low-pT jets, this approximation may not be valid.

Therefore, in this work the fragmentation distributions are
presented without correction for the UE.

VI. SYSTEMATIC UNCERTAINTIES

A summary of all systematic uncertainties for the cross
section and fragmentation measurements is given in Table I
for selected bins in pch jet

T and zch to illustrate the range of
systematic uncertainties.

A. Tracking efficiency and resolution

Uncertainties associated with the momentum resolution
and charged track reconstruction efficiency lead to sys-
tematic uncertainties in measurements of the jet cross
section and jet fragmentation distributions. The relative
systematic uncertainty on tracking efficiency is estimated
to be 4% based on variations of track selection criteria.
The track momentum resolution has a relative systematic
uncertainty of 20% [46].
The impact of the finite detector efficiency and momen-

tum resolution on the unfolded jet cross sections and
fragmentation distributions is estimated by applying a
parametrized detector response to PYTHIA events clustered
with FASTJET. The efficiency and resolution are varied
independently, and a response matrix is computed for each
variation. The measured distributions are unfolded, and the
resulting variations are used to estimate the systematic
uncertainties. The systematic uncertainty on the jet cross
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sections related to tracking efficiency increases smoothly
with increasing pch jet

T . For the fragmentation distributions,
the uncertainty is largest at zch ¼ 1 and has a minimum at
zch ≈ 0.35. The systematic uncertainty on the measured
cross sections and fragmentation distributions from finite
momentum resolution is comparatively small, and largest
for high pch jet

T and zch.

B. Unfolding

The data correction methods used in this work are largely
based on tune Perugia-0 of the PYTHIA event generator. The
particular structure of jets simulated by PYTHIA might
however affect the simulated detector response and influ-
ence the correlation between particle- and detector-
level quantities used to compute the response matrices.
Furthermore, the ROOUNFOLD Bayesian unfolding algo-
rithm is based on a prior solution which is initially obtained
from the MC and updated in subsequent iterations. The
choice of a particular initial prior might have an impact on
the unfolded solution. Such event generator dependencies
are examined by comparing unfolded solutions obtained
with response matrices from the PYTHIA tunes Perugia-0
and Perugia-2011 with those obtained with the HERWIG

generator. This is accomplished with a parametrized
detector response and the anti-kT jet finder. The resulting
systematic uncertainties on the jet cross sections are largest
for the lowest pch jet

T . For the fragmentation distributions,
the strongest event generator dependence is observed for
the lowest jet pT, in the interval 5 ≤ pch jet

T < 10 GeV=c,
where the uncertainty is largest for intermediate values of
zch ≈ 0.4 and for zch ¼ 1. The distributions for pch jet

T ≥
10 GeV=c show a monotonic increase of the systematic
uncertainty with zch.
The unfolding approach is validated by closure tests on

PYTHIA simulations. To detect potential biases, the simu-
lated detector-level distribution is unfolded and the solution
is compared to the particle-level truth. For the unfolded jet

cross section, no significant difference is observed. For the
fragmentation distributions, a small systematic bias can be
detected. We assign a constant uncertainty of 1% to account
for this nonclosure.

C. Correction for secondary charged particles

The systematic uncertainty associated to the correction
for the contribution from secondary charged particles to the
jet cross sections and fragmentation distributions is esti-
mated by varying track selection criteria. We change the
contribution of secondary charged particles by varying the
track selection criteria [17] and correct the measured
distributions accordingly. Residual variations of the cor-
rected distributions are used to estimate the systematic
uncertainties. The resulting uncertainties on the fragmen-
tation distributions are largest at small values of zch. The
uncertainty on the measured jet cross section is evaluated as
a pch jet

T scale uncertainty of 0.5%.

D. Underlying event subtraction

The jet cross sections are corrected for the contribution
from the UE. In Ref. [17], the uncertainty on the meas-
urement of the UE pT density was estimated to be 5%.
The corresponding uncertainty of the jet cross section is
evaluated as a jet pT scale uncertainty resulting in a
systematic uncertainty which is 2% for pchjet

T ¼5GeV=c
and decreases for higher pch jet

T .

VII. RESULTS

Figure 1 presents the inclusive charged jet cross section
measured in pp collisions at

ffiffiffi
s

p ¼ 7 TeV using the anti-kT
jet finder. The cross section is reported for a resolution
parameter R ¼ 0.4 in the pseudorapidity interval jηj < 0.5.
Statistical uncertainties are displayed as vertical error
bars. The total systematic uncertainties are obtained as a
quadratic sum of the individual contributions described in

TABLE I. Summary of systematic uncertainties of the cross section and fragmentation distributions for selected bins in pch jet
T and zch.

The contributions from tracking efficiency and track pT resolution, the event generator dependence of the unfolding correction, MC
closure, secondaries correction, UE subtraction and cross section normalization as well as the total uncertainty are shown.

Distribution Bin
Track
eff. (%)

Track
pT res. (%)

Event
Generator (%)

MC
Closure (%)

Sec.
corr. (%)

UE
(%)

Norm.
(%)

Total
(%)

d2σch jet

dpch jet
T dη

5–6 GeV=c 7.0 0.1 2.1 � � � 2.0 1.7 3.5 8.6
20–24 GeV=c 10.2 0.5 1.0 � � � 2.2 0.5 3.5 11.1
86–100 GeV=c 11.7 2.0 1.0 � � � 2.6 1.5 3.5 12.7

1
Njets

dN
dzch

5 ≤ pch jet
T

< 10 GeV=c

0–0.1 4.1 Negligible 1.4 1.0 3.2 � � � � � � 5.5
0.35–0.4 0.1 0.2 2.9 1.0 0.6 � � � � � � 3.2
0.95–1.0 10.4 0.6 4.7 1.0 0.2 � � � � � � 11.4

1
Njets

dN
dzch

15 ≤ pch jet
T

< 20 GeV=c

0–0.1 4.0 Negligible 0.6 1.0 2.6 � � � � � � 4.9
0.35–0.4 0.8 0.7 0.9 1.0 0.4 � � � � � � 1.7
0.95–1.0 9.0 1.9 2.5 1.0 0.5 � � � � � � 9.6
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Sec. VI, and are shown as shaded boxes around the data
points. The results presented in this work extend the jet
pch jet
T coverage of previous measurements of the charged jet

cross section by the ALICE Collaboration [17], with
reduced systematic uncertainties, and are consistent in
the common pch jet

T range. The previous results are super-
seded by this work.
The measured charged jet cross sections are compared to

calculations from the PYTHIA MC model. The ratios of
the MC distributions to measured data are shown in the
bottom panel. The systematic uncertainty on the data is
indicated by a shaded band drawn at unity. The models
qualitatively describe the measured cross sections, but fail
to reproduce the spectral shape over the entire range of
measured jet pch jet

T . In the high jet transverse momentum
range, pch jet

T > 40 GeV=c both PYTHIA6 tune Perugia-2011
and PYTHIA8 tune Monash describe the data well, whereas
at intermediate pch jet

T the jet cross section is systematically
overestimated. The discrepancy is about 30–40% for
pch jet
T ≈ 10–15 GeV=c.
In Fig. 2, the measured cross sections are compared to

NLO pQCD calculations with the POWHEG BOX framework,
in which the outgoing partons are passed to PYTHIA8

where the subsequent parton shower and hadronization
are handled. The UE contribution is subtracted using the
method described in Sec. V C in both data and theory
calculations. Systematic uncertainties on data and theory

predictions are indicated by shaded bands. The theory
systematic uncertainties are related to the choice of scale
and PDF as well as the UE subtraction. They are largest
at the lowest pch jet

T and vary between 25% and 11%. In
the jet transverse momentum range pch jet

T > 7 GeV=c,
POWHEG+PYTHIA8 (open circles) gives a good description
of the data. The spectral shape is reproduced well for
pchjet
T >20GeV=c. At lower transverse momenta, 5 ≤

pch jet
T < 20 GeV=c, the calculations overestimate the mea-

sured cross section, but the difference is within the
combined experimental and theoretical uncertainties. To
study the contribution of soft processes generated in
PYTHIA8, the POWHEG+PYTHIA8 calculations were repeated
with alternative settings, switching off MPI from PYTHIA8.
The calculated jet cross sections without MPI (open
diamonds) are smaller than the result with default
settings in the range pch jet

T < 20 GeV=c, and the measured
jet cross section is significantly underpredicted for
pch jet
T < 10 GeV=c. The agreement with the data is worse

than in the case with MPI. As a further test, we compared
the UE activity, measured by the particle pT density in
perpendicular cones, in data and simulations for default and
alternative settings. The POWHEG+PYTHIA8 simulations with
default settings reproduce the measured UE reasonably
well (compare also Ref. [36]), whereas simulations without
MPI show a strongly reduced UE pT density and fail to
describe the data. These results indicate a sizable contri-
bution from nonperturbative processes to jet production at
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low pch jet
T . Comparing the two settings in the simulations,

MPI contribute ∼50% to the cross section for 5 ≤ pch jet
T <

10 GeV=c and ∼20% for pch jet
T ≥ 10 GeV=c. In this

estimate, a possible additional contribution from initial-
state radiation is not taken into account. In a study of
low transverse energy clusters in pp̄ collisions at

ffiffiffi
s

p ¼
900 GeV [47], the contribution from soft processes to jets
with Eraw

T > 5 GeV was evaluated to be 18%, similar in
magnitude but lower than our estimate. This difference may
be attributed to experimental differences in the definition of
the jet energy scale and in the theoretical models, but may
also reflect the

ffiffiffi
s

p
evolution of the probability for MPI,

represented by the rise of the UE density observed with
collision energy [48].
Next-to-leading-order pQCD calculations overestimate

the cross sections for inclusive π0 and η meson production
at midrapidity measured in pp collisions at

ffiffiffi
s

p ¼ 7 TeV in
the π0 (η) transverse momentum range 0.3 < pT <
25 GeV=c (0.4 < pT < 15 GeV=c) by up to a factor of
3 [2]. The jet cross section presented in this work covers a
pT range consistent with Ref. [2], and a consistent PDF set
was used for the POWHEG calculations. Since the jet cross
section observable depends only weakly on the details of
parton fragmentation, the good agreement between data
and NLO pQCD calculations for jet cross sections suggests
the uncertainty in the parton to hadron fragmentation
functions to be the cause for the discrepancy observed
for neutral mesons.
The left panel of Fig. 3 presents the measured scaled

pT spectra, Fz, of charged particles in charged jets
reconstructed with a resolution parameter R ¼ 0.4.
The Fz distributions are shown for four bins in jet pT:

5 ≤ pch jet
T < 10 GeV=c, 10 ≤ pch jet

T < 15 GeV=c, 15 ≤
pch jet
T < 20 GeV=c and 20 ≤ pch jet

T < 30 GeV=c. The
spectra span 2 to 3 orders of magnitude. At the lowest
zch, for jets with pch jet

T < 10 GeV=c the yield increases to a
distinct maximum at zch ≈ 0.05. This nonmonotonic behav-
ior corresponds to the humpbacked plateau at high values
of the variable ξ ¼ logð1=zÞ [17,49], which reflects the
suppression of low momentum particle production by QCD
coherence [50,51]. For jets with 10 ≤ pch jet

T < 15 GeV=c
the maximum is less pronounced, and for jets with 15 ≤
pch jet
T < 20 GeV=c the yield is roughly constant for

z < 0.1. This reflects a shift of the maximum towards
lower zch (corresponding to higher ξ) with increasing pch jet

T .
A similar pch jet

T dependence was observed in Ref. [17]. For
the highest zch bin, the Fz distributions for jets with pch jet

T <
20 GeV=c show a discontinuous increase, which is strong-
est for the lowest pch jet

T bin. It corresponds to jets with only
a single charged constituent, for which zch ¼ 1 by con-
struction. The effect is also observed in the simulations.
An increase of the integral of the distributions with pch jet

T
is observed, reflecting the rise of particle multiplicity with
increasing pch jet

T observed in Ref. [17].
In Ref. [17] it was found that the Fz distributions

measured for leading charged jets in the range pch jet leading
T ≥

20 GeV=c are consistent within uncertainties for zch > 0.1,
indicating a scaling of charged jet fragmentation with
charged jet transverse momentum. For the inclusive
charged jet fragmentation distributions in the jet pT range
reported in this work, no such scaling is observed. The
shape of the spectra become progressively flatter with
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decreasing pch jet
T . However, comparing Fz for the jet pT bin

15–20 GeV=c and the lowest jet pT bin, 5–10 GeV=c, to
Fz for the intermediate jet pT bin, 10–15 GeV=c, we
observe that the distributions for the two higher bins are
more similar to each other than the two lower pT bins. This
may indicate an onset of the scaling behavior. We note that
the distribution for inclusive jets with 15 ≤ pch jet

T <
20 GeV=c and 20 ≤ pch jet

T < 30 GeV=c exhibit small
but significant differences. This indicates that the zch

scaling reported in Ref. [17] is only fully developed
for pch jet

T ≥ 20 GeV=c.
The measured fragmentation distributions are compared

to calculations obtained from the PYTHIA model, and the
ratios of the MC distributions to data are presented in
the right panel of Fig. 3. The observed trends for the
individual tunes are similar for all charged jet pT. The
PYTHIA6 tune Perugia-2011 reproduces the fragmentation
distributions reasonably well, although there are discrep-
ancies of up to 10–15% in some kinematic regions. For
pch jet
T ≥ 10 GeV=c, the model tends to underpredict the

measured yield at high zch. The PYTHIA8 calculations with
the Monash tune exhibit a softer spectrum than the data,
overpredicting the fragment yield at intermediate zch ≈
0.15–0.4 and underestimating the rates at high zch, the
discrepancy reaching ∼35% at z ¼ 1 for the lowest jet pT
bin. The difference between calculations and data at
intermediate zch is most pronounced at a value of constitu-
ent pT ≈ 2 GeV=c for all four jet pT intervals. To inves-
tigate the observed differences between data and
calculations at higher jet pT, we also compared the leading
charged jet Fz distributions in the range 20 ≤ pch jet leading

T <
80 GeV=c from Ref. [17] to PYTHIA8 simulations. We
observe that for pch jet leading

T ≥ 40 GeV=c the distributions
at intermediate zch are well described, whereas the yield at
high zch is also underestimated for high pch jet leading

T .
The data are also compared to the PYTHIA6 Perugia

NoCR tune [29]. This tune is an attempt to describe the
data sets used for the Perugia tunes without invoking color
reconnections (CR) [19] between fragmenting partons to
model nonperturbative color string interactions. It does
not reproduce the data used to constrain the PYTHIA

parameter space well. However, for the Fz distributions
reported in this paper, the calculations agree with the data
to within about 10–15%. In Ref. [52] it was shown that in
the PYTHIA8 model, the effect of CR is strong in events
with MPI and increases with MPI activity. Hence, the
weak effect of color reconnections on the low-pch jet

T
fragmentation distributions in PYTHIA may indicate that
these jets are dominantly produced in hard scattering
events and from MPI with a few hard outgoing partons,
rather than being formed as hadron clusters from the
fragmentation of many soft partons combined by the jet-
finding algorithm.

VIII. SUMMARY

The inclusive charged jet cross section and jet fragmen-
tation distributions at midrapidity in pp collisions at

ffiffiffi
s

p ¼
7 TeV were measured. The cross section for a resolution
parameter R ¼ 0.4was reported in the pch jet

T interval from 5
to 100 GeV=c. We studied charged particle fragmentation
in charged jets with 5 ≤ pch jet

T < 30 GeV=c, extending the
range in Ref. [17]. The integral of the fragmentation
distributions increases with jet pT, showing an increase
of particle multiplicity in jets. The shapes of the distribu-
tions become progressively flatter for lower jet pT.
The measurements were compared to PYTHIA calcula-

tions. The cross sections are well described by PYTHIA6 and
PYTHIA8 for pch jet

T > 40 GeV=c. At lower pch jet
T the PYTHIA

tunes studied here fail to describe the shape of the jet
spectra and the cross section is systematically overesti-
mated. PYTHIA6 tune Perugia-2011 gives a reasonable
description of the fragmentation distributions, whereas
the PYTHIA8 tune Monash exhibits a softer spectrum than
the data, with significant deviations particularly at high zch.
The jet cross sections are well described by POWHEG

NLO pQCD +PYTHIA8 calculations for the entire measured
range of pch jet

T . The simulations indicate a sizable contri-
bution of multiparton interactions to the jet cross section for
low pch jet

T . We found that PYTHIA6 tune NoCR reproduces
the measured fragmentation distributions reasonably well
in the entire jet pT range covered by our measurements,
possibly indicating that the contribution of events with
multiple soft color connected partons to jet production
is small in the kinematic regime of our measurement,
pch jet
T > 5 GeV=c.
The good agreement between the NLO calculations and

the measured jet cross section indicates that the previously
observed discrepancies between data and NLO calculations
of neutral meson production may be due to the fragmenta-
tion functions used in these calculations.
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Estado de São Paulo (FAPESP), Brazil; Ministry of Science
& Technology of China (MSTC), National Natural Science
Foundation of China (NSFC) and Ministry of Education of
China (MOEC), China; Ministry of Science and Education,
Croatia; Centro de Aplicaciones Tecnológicas y Desarrollo
Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of
Education, Youth and Sports of the Czech Republic,
Czech Republic; The Danish Council for Independent
Research—Natural Sciences, the Carlsberg Foundation
and Danish National Research Foundation (DNRF),
Denmark; Helsinki Institute of Physics (HIP), Finland;
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R. Lietava,108 B. Lim,18 S. Lindal,21 V. Lindenstruth,39 S. W. Lindsay,127 C. Lippmann,104 M. A. Lisa,95 V. Litichevskyi,43

A. Liu,79 H. M. Ljunggren,80 W. J. Llope,141 D. F. Lodato,63 V. Loginov,91 C. Loizides,94,79 P. Loncar,35 X. Lopez,132

E. López Torres,8 P. Luettig,69 J. R. Luhder,142 M. Lunardon,29 G. Luparello,59 M. Lupi,34 A. Maevskaya,62 M. Mager,34

S. M. Mahmood,21 A. Maire,134 R. D. Majka,144 M. Malaev,96 Q.W. Malik,21 L. Malinina,75§, D. Mal’Kevich,64

P. Malzacher,104 A. Mamonov,106 V. Manko,87 F. Manso,132 V. Manzari,52 Y. Mao,6 M. Marchisone,133,73,129 J. Mareš,67

G. V. Margagliotti,25 A. Margotti,53 J. Margutti,63 A. Marín,104 C. Markert,118 M. Marquard,69 N. A. Martin,104

P. Martinengo,34 J. L. Martinez,125 M. I. Martínez,44 G. Martínez García,113 M. Martinez Pedreira,34 S. Masciocchi,104

M. Masera,26 A. Masoni,54 L. Massacrier,61 E. Masson,113 A. Mastroserio,52,136 A. M. Mathis,116,103 P. F. T. Matuoka,120

A. Matyja,117,128 C. Mayer,117 M. Mazzilli,33 M. A. Mazzoni,57 F. Meddi,23 Y. Melikyan,91 A. Menchaca-Rocha,72

E. Meninno,30 J. Mercado Pérez,102 M. Meres,14 S. Mhlanga,124 Y. Miake,131 L. Micheletti,26 M. M. Mieskolainen,43

D. L. Mihaylov,103 K. Mikhaylov,64,75 A. Mischke,63 A. N. Mishra,70 D. Miśkowiec,104 J. Mitra,139 C. M. Mitu,68

N. Mohammadi,34 A. P. Mohanty,63 B. Mohanty,85 M. Mohisin Khan,17∥, D. A. Moreira De Godoy,142 L. A. P. Moreno,44

S. Moretto,29 A. Morreale,113 A. Morsch,34 T. Mrnjavac,34 V. Muccifora,51 E. Mudnic,35 D. Mühlheim,142 S. Muhuri,139

M. Mukherjee,3 J. D. Mulligan,144 M. G. Munhoz,120 K. Münning,42 M. I. A. Munoz,79 R. H. Munzer,69 H. Murakami,130

S. Murray,73 L. Musa,34 J. Musinsky,65 C. J. Myers,125 J. W. Myrcha,140 B. Naik,48 R. Nair,84 B. K. Nandi,48 R. Nania,53,10

E. Nappi,52 A. Narayan,48 M. U. Naru,15 A. F. Nassirpour,80 H. Natal da Luz,120 C. Nattrass,128 S. R. Navarro,44 K. Nayak,85

S. ACHARYA et al. PHYS. REV. D 99, 012016 (2019)

012016-12



R. Nayak,48 T. K. Nayak,139 S. Nazarenko,106 R. A. Negrao De Oliveira,69,34 L. Nellen,70 S. V. Nesbo,36 G. Neskovic,39

F. Ng,125 M. Nicassio,104 J. Niedziela,140,34 B. S. Nielsen,88 S. Nikolaev,87 S. Nikulin,87 V. Nikulin,96 F. Noferini,10,53

P. Nomokonov,75 G. Nooren,63 J. C. C. Noris,44 J. Norman,78 A. Nyanin,87 J. Nystrand,22 H. Oh,145 A. Ohlson,102

J. Oleniacz,140 A. C. Oliveira Da Silva,120 M. H. Oliver,144 J. Onderwaater,104 C. Oppedisano,58 R. Orava,43 M. Oravec,115

A. Ortiz Velasquez,70 A. Oskarsson,80 J. Otwinowski,117 K. Oyama,81 Y. Pachmayer,102 V. Pacik,88 D. Pagano,138 G. Paić,70

P. Palni,6 J. Pan,141 A. K. Pandey,48 S. Panebianco,135 V. Papikyan,1 P. Pareek,49 J. Park,60 J. E. Parkkila,126 S. Parmar,98

A. Passfeld,142 S. P. Pathak,125 R. N. Patra,139 B. Paul,58 H. Pei,6 T. Peitzmann,63 X. Peng,6 L. G. Pereira,71

H. Pereira Da Costa,135 D. Peresunko,87 E. Perez Lezama,69 V. Peskov,69 Y. Pestov,4 V. Petráček,37 M. Petrovici,47 C. Petta,28

R. P. Pezzi,71 S. Piano,59 M. Pikna,14 P. Pillot,113 L. O. D. L. Pimentel,88 O. Pinazza,53,34 L. Pinsky,125 S. Pisano,51

D. B. Piyarathna,125 M. Płoskoń,79 M. Planinic,97 F. Pliquett,69 J. Pluta,140 S. Pochybova,143 P. L. M. Podesta-Lerma,119

M. G. Poghosyan,94 B. Polichtchouk,90 N. Poljak,97 W. Poonsawat,114 A. Pop,47 H. Poppenborg,142

S. Porteboeuf-Houssais,132 V. Pozdniakov,75 S. K. Prasad,3 R. Preghenella,53 F. Prino,58 C. A. Pruneau,141 I. Pshenichnov,62

M. Puccio,26 V. Punin,106 J. Putschke,141 S. Raha,3 S. Rajput,99 J. Rak,126 A. Rakotozafindrabe,135 L. Ramello,32 F. Rami,134

R. Raniwala,100 S. Raniwala,100 S. S. Räsänen,43 B. T. Rascanu,69 R. Rath,49 V. Ratza,42 I. Ravasenga,31 K. F. Read,128,94

K. Redlich,84¶, A. Rehman,22 P. Reichelt,69 F. Reidt,34 X. Ren,6 R. Renfordt,69 A. Reshetin,62 J.-P. Revol,10 K. Reygers,102

V. Riabov,96 T. Richert,63,88,80 M. Richter,21 P. Riedler,34 W. Riegler,34 F. Riggi,28 C. Ristea,68 S. P. Rode,49

M. Rodríguez Cahuantzi,44 K. Røed,21 R. Rogalev,90 E. Rogochaya,75 D. Rohr,34 D. Röhrich,22 P. S. Rokita,140

F. Ronchetti,51 E. D. Rosas,70 K. Roslon,140 P. Rosnet,132 A. Rossi,56,29 A. Rotondi,137 F. Roukoutakis,83 C. Roy,134 P. Roy,107

O. V. Rueda,70 R. Rui,25 B. Rumyantsev,75 A. Rustamov,86 E. Ryabinkin,87 Y. Ryabov,96 A. Rybicki,117 S. Saarinen,43
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25Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
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