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Abstract

The double-differential inclusive jet cross section is measured as a function of jet
transverse momentum pT and absolute rapidity |y|, using proton-proton collision
data collected with the CMS experiment at the LHC, at a center-of-mass energy of√

s = 2.76 TeV and corresponding to an integrated luminosity of 5.43 pb−1. Jets are
reconstructed within the pT range of 74 to 592 GeV and the rapidity range |y| < 3.0.
The reconstructed jet spectrum is corrected for detector resolution. The measurements
are compared to the theoretical prediction at next-to-leading-order QCD using differ-
ent sets of parton distribution functions. This inclusive cross section measurement
explores a new kinematic region and is consistent with QCD predictions.
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1 Introduction
Jets are copiously produced in proton-proton (pp) collisions at the LHC. In the standard model,
the hard-scattering interaction between partons inside the protons is described by perturbative
quantum chromodynamics (QCD). Particle-level predictions, however, require a nonperturba-
tive (NP) modeling of hadronization and multiple parton interactions in addition to the QCD
calculation. The predicted rate and kinematics of jet production are sensitive to the compo-
sition of the proton described by the parton distribution functions (PDF) and to the strong
coupling constant (αS). The evolution of PDFs and αS with the increase in the magnitude of the
four-momentum transfer is determined by the renormalization group equations of perturba-
tive QCD [1–3]. Precision measurements of inclusive jet production cross sections at different
center-of-mass energies can be used to determine PDFs and αS as well as to search for devi-
ations in their behavior from QCD predictions [4]. Inclusive jet cross section measurements
have been performed at the LHC [5–8] and at other high energy colliders [9–16]. The mea-
surements (up to 592 GeV) presented here extend the jet transverse momentum reach of the
previous studies.

In this study, the inclusive jet production cross section, σ(pp→ jet+X), is measured as a func-
tion of the jet transverse momentum pT and absolute rapidity |y|. The analysis is performed
with data from pp collisions at

√
s = 2.76 TeV with the CMS experiment corresponding to an in-

tegrated luminosity of 5.43 pb−1. Originally designed as a reference for heavy ion studies, this
data set also provides an opportunity to close the wide gap in jet measurements between the
Tevatron at 1.96 TeV and the LHC at 7 and 8 TeV. When combined with the cross section mea-
surements at other center of mass energies the present measurement can be used to improve
PDF constraints. The data presented in this paper are collected at low instantaneous luminosity
conditions with, on average, 1.2 primary interactions per triggered event. The measured cross
section is compared to the prediction from a next-to-leading-order (NLO) QCD calculation, per-
formed using the NLOJET++ (v.4.1.3) generator [17, 18] implemented in the FASTNLO (v.2.1.0)
framework [19]. NP contributions to the cross section are taken into account in the theoretical
prediction; electroweak contributions are negligible [20].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid which provides a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimetry
complements the coverage provided by the barrel and endcap detectors. Muons are measured
in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [21].

3 Jet reconstruction and event selection
The particle-flow (PF) algorithm [22, 23] is used to reconstruct and identify individual particles
in an event with optimally combined information from the various subsystems of the CMS de-
tector. The particles are identified as: charged hadrons, neutral hadrons, muons, electrons, and
photons. The PF candidates are combined into jets using the anti-kT algorithm [24] as imple-
mented in the FASTJET software package [25]. A wide reconstruction cone with a radius of 0.7
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is used to reduce the sensitivity to final-state radiation. Particles identified as charged hadrons
are assigned the pion mass, while neutral hadrons are considered massless and the four-vector
sum of all reconstructed particles in the jet is calculated. The measurements of jet energy and
momentum in the CMS detector are affected by a number of experimental factors, such as the
limited coverage of the tracking system and the nonlinear calorimeter response. The tracking
system provides superior jet reconstruction (i.e., systematic uncertainties due to energy cali-
bration and resolution) in the central region of the detector (|η| < 2.4). To correct for the detec-
tor response, the measurements are calibrated using reference processes with well-understood
kinematics [26]. Jet energy corrections are derived using simulated events, generated with
PYTHIA6 (v.6.4, tune Z2*) [27] and processed with GEANT4 [28]. The most recent PYTHIA6 Z2*
tune is derived from the Z1 tune [29], which uses the CTEQ5L parton distribution set, whereas
Z2* adopts CTEQ6L [30]. The corrections are verified in data using γ+jet and Z+jet processes,
and additional corrections are applied to compensate for any mismatch between simulation
and data. The correction factors depend on jet pT and η, and typically range between 1.02 and
1.10, while the jet energy resolution amounts to 15% at a jet pT of 10 GeV, 8% at 100 GeV, and
4% at 1 TeV.

The events are selected by a set of single-jet triggers with jet pT thresholds of 40, 60, and 80 GeV
with the first two triggers being prescaled. In Table 1, the effective integrated luminosity col-
lected with each trigger and the corresponding jet pT range is presented. The triggers are se-
lected to ensure 99% efficiency for the events in the corresponding pT range of the analysis.

Table 1: Effective integrated luminosities and jet pT ranges for triggers used in this study.

Nominal trigger threshold (GeV) Lint,eff ( pb−1) pT range ( GeV)
40 0.59 74–97
60 3.48 97–133
80 5.43 133–592

Events with Emiss
T /ΣET < 0.3 are selected, consistent with the properties of QCD multijet

events, thereby removing any spurious jet-like features originating from isolated noise patterns
in certain HCAL and ECAL regions. The quantities Emiss

T and ΣET are calculated as the negative
vector sum of transverse energy and the scalar sum of transverse energy, respectively, of all PF
candidates in the event. The selected events are required to have at least one well-reconstructed
primary vertex. Each jet should contain more than one PF candidate. The fraction of jet energy
carried by charged leptons (e, µ) should be less than 90%. In addition, jets reconstructed within
the acceptance range of the tracking system (|η| < 2.4) must contain at least one charged par-
ticle. The electromagnetic energy fraction of such jets is required to be less than 99%, while
the neutral-hadron and the photon energy fractions are required to be less than 90%. The jet
selection efficiency is estimated to be 99% or higher for all pT and rapidity ranges used in this
study.

4 Cross section measurement
The double-differential jet cross section is calculated as

d2σ

dpTdy
=

1
εLint,eff

N
∆pT (2 ∆|y|) , (1)

whereLint,eff is the effective integrated luminosity corrected for trigger prescales, ε is the overall
reconstruction efficiency including the trigger and jet selection efficiencies, ∆pT and ∆|y| are the
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sizes of a particular jet pT and rapidity bin, and N is the number of jets in that bin. Six uniform
bins in |y| are used between 0.0 and 3.0. The jet pT values range from 74 to 592 GeV, with bin
sizes increasing in proportion to the pT resolution.

In order to facilitate the comparison of measurements with theoretical predictions, the jet pT
spectrum is corrected for detector effects. Since the pT spectrum is steeply falling, the number
of jets migrating out of a bin into the higher adjacent bin significantly exceeds the number of
jets migrating to the lower adjacent bin. The unfolding procedure compensates for this effect
and recovers the particle-level spectrum from the observed spectrum. The detector response
function is determined using multijet events simulated with the PYTHIA6 (v.6.4, tune Z2) [27,
31] event generator. A detailed detector simulation is carried out using the GEANT4 software
to model the particle interactions in the detector material.

The detector is characterized by a response function that represents the probability density to
reconstruct a jet with transverse momentum pdet

T when the particle-level jet transverse momen-
tum is ppart

T . The response function is initially derived by calculating jet resolution in Monte
Carlo (MC) simulation for every pT and |y| bin. Jet resolution in data is found to be worse
than in simulations [26]. The response function is corrected for this defect by degrading the
resolution by factors cdata/MC that vary with |y| as listed in Table 2.

Table 2: The factors used to scale jet resolution determined in simulations to match the resolu-
tion observed in data.

|y| cdata/MC

0.0–0.5 1.079 ± 0.026
0.5–1.0 1.099 ± 0.028
1.0–1.5 1.121 ± 0.029
1.5–2.0 1.208 ± 0.046
2.0–2.5 1.254 ± 0.062
2.5–3.0 1.395 ± 0.063

The response matrix is constructed by convolving the response function with the ppart
T spectrum

predicted by NLO QCD calculations and the CT10 PDF set [32]. (Results with other PDF sets
are discussed in Sec. 6.) The response function is represented by a kernel density estimation
(KDE) technique that accurately models the tails of the distribution. The theoretical ppart

T spec-
trum is fitted with an exponential of a continuously differentiable function (Akima spline) [33].
This spline function is sampled many times and convolved with the KDE response function to
obtain the response matrix. The D’Agostini iterative unfolding method [34] is used, as imple-
mented in the ROOUNFOLD software package [35]. The unfolding procedure is regularized by
early termination of iterations; four iterations are performed in each rapidity bin.

5 Theoretical predictions
The theoretical predictions are derived at NLO using QCD calculations with NLOJET++ [17,
18], and corrected for the NP contributions from hadronization and multiple parton interac-
tions. Electroweak corrections are negligible at 2.76 TeV according to the studies performed in
Ref. [20]. The factorization and renormalization scales are set to the jet pT (µF = µR = pT).
The theoretical predictions of the inclusive jet cross section are derived using five recent PDF
sets at NLO, as listed in Table 3, with the central values of αS(MZ) for each PDF set. Most are
determined in a variable-flavor number scheme, except for the ABM11 PDF set, which employs
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a fixed-flavor number scheme with the number of active flavors (Nf) set to 5 or 6. The details
related to determination of the PDFs are described in the corresponding references.

Table 3: The PDF sets used for deriving cross section predictions are given with the number
of active flavors (Nf), the values and ranges of αS(MZ) used for the fits, and corresponding
references.

Base set Nf αS(MZ) αS(MZ) range Reference
CT10 ≤5 0.118 0.112–0.127 [32]
MMHT14 ≤5 0.120 0.108–0.128 [36]
NNPDF3.0 ≤6 0.118 0.115–0.121 [37]
HERAPDF1.5 ≤5 0.1176 0.114–0.122 [38]
ABM11 5 0.118 0.110–0.130 [39]

The NP effects include hadronization of parton cascades leading to the formation of color neu-
tral jets and multiple interactions of spectator partons within the colliding protons that can re-
sult in the appearance of additional jets. The corrections are derived using two event generators
with different models for parton cascades and hadronization: PYTHIA6 (v.6.4, tune Z2) [27, 31]
and HERWIG++ (v.2.5.0, tune UE EE 3C) [40, 41]. In PYTHIA6, the hadronization is simulated
with the Lund string fragmentation model [42] while HERWIG++ employs the cluster frag-
mentation model [43]. The pT- and |y|-dependent correction factors for the NP effects, CNP,
are derived from simulation as a ratio of differential jet cross sections with hadronization and
multiple parton interactions turned on and off. The final correction factors are obtained by av-
eraging PYTHIA6 and HERWIG++ predictions. The theoretical cross section is then calculated
as σtheory = σNLO CNP. The CNP factors vary between 1.02 and 1.10 in the pT and rapidity range
of this analysis.

6 Systematic uncertainties
The major experimental uncertainties in this analysis come from imperfect measurement of jet
energy, limited precision in simulating jet energy resolution, and imprecise knowledge of inte-
grated luminosity. The first source affects the jet spectrum observed in data, while the second
modifies the detector response matrix used in the unfolding procedure. The third source, mea-
sured integrated luminosity, contributes an overall cross section uncertainty of 3.7% [44]. The
uncertainty associated with the jet energy determination consists of several independent con-
tributions identified in the process of deriving the jet energy corrections. These contributions
are described in detail in Ref. [26]. The corresponding cross section uncertainty is 5–22% for
the low-rapidity bins (|y| < 2.5), increasing to 78% in the highest rapidity bin (2.5 ≤ |y| < 3.0).
The jet energy resolution uncertainty is estimated using the uncertainties in the cdata/MC scaling
factors presented in Table 2. For the rapidity region |y| < 2.5, the corresponding cross section
uncertainty is 2–3%, increasing to 22% for the most forward rapidity bin. The higher uncer-
tainty at forward rapidities is caused by the significant increase in the jet energy and resolution
uncertainties, and the more steeply falling pT spectrum in comparison with the central rapidity
region.

The energy offset due to additional interactions in the same bunch crossing (pileup) is small.
For the lowest pT jets considered (74 GeV) the pileup contributes an average of only 0.3% of
the energy. This fraction decreases with increasing pT. Consequently, pileup corrections are
not required and the associated uncertainties are negligible. An uncertainty arising from the
potential mismodeling of trigger and jet selection requirements is found to be 1%. The unfold-
ing uncertainty due to the initial theoretical model is calculated by testing various models and
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finding the effect is negligible. The sum in quadrature of all experimental systematic uncer-
tainties in the cross section is, on average, 6% at low rapidities (|y| < 2.0) and varies from 10%
to 80% at higher rapidities (2.0 ≤ |y| < 3.0), across the corresponding pT ranges.

The uncertainty in the theoretical cross section prediction is estimated from the PDF uncertain-
ties, the choice for the factorization and renormalization scales (µF and µR), and the variation in
the modeling of NP corrections. The PDF uncertainty, for all PDF sets except NNPDF3.0, is cal-
culated as the change in the cross section caused by varying decorrelated PDF parameters. The
relevant PDF eigenvectors are provided in the PDF sets along with the central values. The un-
certainty due to each parameter is determined at 68% confidence level (CL), and the resulting
asymmetric uncertainties are combined in quadrature. In the case of NNPDF3.0, the PDF set
contains an ensemble of replicas corresponding to one standard deviation in the PDF. The PDF
uncertainty is calculated by evaluating the standard deviation in the cross section derived by
using different replicas. The uncertainty due to the variation of the value of αS(MZ) in the PDF
sets is found to be much smaller than other uncertainties (<1%) and is not included. The scale
uncertainty is determined by varying the factorization and renormalization scales with respect
to the nominal value (µ = jet pT) using the following combinations of (µF/µ, µR/µ) ratios:
(0.5, 0.5), (1, 0.5), (0.5, 1), (1, 2), (2, 1), and (2, 2). The largest deviation from the nominal cross
section, found separately in each pT and |y| bin, is taken to represent the scale uncertainty. The
scale uncertainty is asymmetric and its distribution is skewed towards lower cross sections.
The largest deviation from the average value of the CNP correction factors, which are obtained
with the PYTHIA6 and HERWIG++ generators as discussed in Section 5, is used as the measure
of the NP modeling uncertainty. It contributes a 2–5.6% uncertainty in the cross section pre-
diction. The uncertainties in the theoretical predictions differ for each PDF set considered, and
typically vary in the 10–20% range over most of the kinematic region.

7 Results
The measured inclusive jet cross section and the theoretical predictions are compared in Figs. 1–
3. In Fig. 1, the double-differential cross section is plotted as a function of jet pT and |y|.
The theoretical prediction obtained with the CT10 PDF set is shown as well. A more detailed
comparison for all |y| bins is presented in Fig. 2, where the ratios of data to theory using the
CT10 PDF set are shown. Within the uncertainties, the data are well described by NLO QCD
in the full kinematic range explored. In Fig. 3, the data, with NP corrections, are compared in
a similar manner to the predictions from other PDF sets, normalized to the CT10 prediction.
In general, all predictions describe the data well. Within experimental and theoretical (not
shown) uncertainties, only the comparison to the prediction from the ABM11 PDF set exhibits
slight differences between the data and theory, an effect that has been observed also in other
measurements, e.g. Ref. [4].

8 Summary
A measurement of the double-differential inclusive jet cross section was presented. The data
were collected by the CMS detector in pp collisions at

√
s = 2.76 TeV, with an integrated lumi-

nosity of 5.43 pb−1. The measurement covers the jet kinematic ranges of 74 ≤ pT < 592 GeV
and |y| < 3.0.

A detailed study of the experimental and theoretical uncertainties has been performed. Con-
tributions to the experimental systematic uncertainty were evaluated from the jet energy cor-
rections, jet energy resolution, and integrated luminosity. Jet energy corrections dominate the
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Figure 1: The inclusive jet production cross section, measured at
√

s = 2.76 TeV, shown as a
function of jet pT in six |y| bins, as indicated by different symbols. The statistical (systematic) ex-
perimental uncertainties are indicated by vertical error bars (filled bands). The measurements
are compared to the NLO QCD prediction using CT10 PDF set. The theoretical uncertainties
are represented by hatched bands.

experimental uncertainty, followed by smaller contributions from jet energy resolution and
luminosity. The theoretical uncertainty is dominated by the missing higher-order corrections
that were estimated by varying the renormalization and factorization scales, and the PDF un-
certainty; the contribution of nonperturbative correction uncertainty is small.

The data are corrected for detector resolution and efficiencies. The measured cross sections are
compared to NLO QCD predictions obtained using different PDF sets. These cross section mea-
surements test and confirm the predictions of QCD at

√
s = 2.76 TeV and extend the kinematic

range compared to previous studies.
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[41] S. Gieseke, C. Röhr, and A. Siódmok, “Colour reconnections in Herwig++”, Eur. Phys. J.
C 72 (2012) 2225, doi:10.1140/epjc/s10052-012-2225-5, arXiv:1206.0041.

[42] B. Andersson, “The Lund model”, Nucl. Phys. A 461 (1987) 513,
doi:10.1016/0375-9474(87)90510-0.

[43] B. R. Webber, “A QCD model for jet fragmentation including soft gluon interference”,
Nucl. Phys. B 238 (1984) 492, doi:10.1016/0550-3213(84)90333-X.

[44] CMS Collaboration, “Luminosity Calibration for the 2013 Proton-Lead and Proton-Proton
Data Taking”, CMS Physics Analysis Summary CMS-PAS-LUM-13-002, 2013.

http://www.arXiv.org/abs/1110.5530
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://www.arXiv.org/abs/1007.2241
http://dx.doi.org/10.1145/321607.321609
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://www.arXiv.org/abs/1105.1160
http://dx.doi.org/10.1140/epjc/s10052-015-3397-6
http://www.arXiv.org/abs/1412.3989
http://dx.doi.org/10.1007/JHEP04(2015)040
http://www.arXiv.org/abs/1410.8849
http://dx.doi.org/10.1007/JHEP01(2010)109
http://www.arXiv.org/abs/0911.0884
http://dx.doi.org/10.1103/PhysRevD.86.054009
http://www.arXiv.org/abs/1202.2281
http://dx.doi.org/10.1140/epjc/s10052-008-0798-9
http://www.arXiv.org/abs/0803.0883
http://dx.doi.org/10.1140/epjc/s10052-012-2225-5
http://www.arXiv.org/abs/1206.0041
http://dx.doi.org/10.1016/0375-9474(87)90510-0
http://dx.doi.org/10.1016/0550-3213(84)90333-X
http://cdsweb.cern.ch/record/1643269
http://cdsweb.cern.ch/record/1643269


13

A The CMS Collaboration
Yerevan Physics Institute, Yerevan, Armenia
V. Khachatryan, A.M. Sirunyan, A. Tumasyan

Institut für Hochenergiephysik der OeAW, Wien, Austria
W. Adam, E. Asilar, T. Bergauer, J. Brandstetter, E. Brondolin, M. Dragicevic, J. Erö, M. Flechl,
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A. König, M. Krammer1, I. Krätschmer, D. Liko, T. Matsushita, I. Mikulec, D. Rabady2,
B. Rahbaran, H. Rohringer, J. Schieck1, R. Schöfbeck, J. Strauss, W. Treberer-Treberspurg,
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Université Libre de Bruxelles, Bruxelles, Belgium
P. Barria, H. Brun, C. Caillol, B. Clerbaux, G. De Lentdecker, G. Fasanella, L. Favart,
R. Goldouzian, A. Grebenyuk, G. Karapostoli, T. Lenzi, A. Léonard, T. Maerschalk, A. Marinov,
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Orientale c, Novara, Italy
N. Amapanea,b, R. Arcidiaconoa,c,2, S. Argiroa ,b, M. Arneodoa,c, R. Bellana ,b, C. Biinoa,
N. Cartigliaa, M. Costaa ,b, R. Covarellia,b, A. Deganoa ,b, N. Demariaa, L. Fincoa,b ,2, B. Kiania ,b,
C. Mariottia, S. Masellia, E. Migliorea,b, V. Monacoa,b, E. Monteila ,b, M.M. Obertinoa ,b,
L. Pachera ,b, N. Pastronea, M. Pelliccionia, G.L. Pinna Angionia ,b, F. Raveraa,b, A. Romeroa ,b,
M. Ruspaa,c, R. Sacchia,b, A. Solanoa,b, A. Staianoa

INFN Sezione di Trieste a, Università di Trieste b, Trieste, Italy
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K. Romanowska-Rybinska, M. Szleper, P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
G. Brona, K. Bunkowski, A. Byszuk35, K. Doroba, A. Kalinowski, M. Konecki, J. Krolikowski,
M. Misiura, M. Olszewski, M. Walczak
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