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Abstract

The inclusive jet cross section is measured as a function of jet transverse momentum
pT and rapidity y. The measurement is performed using proton-proton collision data
at

√
s = 5.02 TeV, recorded by the CMS experiment at the LHC, corresponding to an

integrated luminosity of 27.4 pb−1. The jets are reconstructed with the anti-kT algo-
rithm using a distance parameter of R = 0.4, within the rapidity interval |y| < 2, and
across the kinematic range 0.06 < pT < 1 TeV. The jet cross section is unfolded from
detector to particle level using the determined jet response and resolution. The results
are compared to predictions of perturbative quantum chromodynamics, calculated at
both next-to-leading order and next-to-next-to-leading order. The predictions are cor-
rected for nonperturbative effects, and presented for a variety of parton distribution
functions and choices of the renormalization/factorization scales and the strong cou-
pling αS.
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1 Introduction

One of the most fundamental standard model (SM) measurements is that of the production
cross section of jets in hadron collisions. When performed double-differentially, as a function
of both transverse momentum (pT) and rapidity (y) of the produced jets, it provides an op-
portunity to thoroughly study the jet kinematics. In the inclusive jet production, almost all of
the jets are initiated from pure quantum chromodynamics (QCD) processes, with negligible
background coming from intermediate electroweak processes with jet final states. This allows
for a direct comparison of experimental results with perturbative QCD (pQCD) calculations
corrected for the nonperturbative (NP) effects of hadronization and multiparton interactions.
Since the final measured hadronic cross section may be described as a convolution of the par-
tonic cross section with parton distribution functions (PDFs) of the initial-state hadrons, the
measurement offers constraints on PDFs and the strong coupling (αS), as well as a better un-
derstanding of the factorization and renormalization scales. It is also important to perform the
measurement at different center-of-mass energies (

√
s) of the colliding hadrons, because this

affects the energy scales and strength of the interactions. In this paper, we present the mea-
surement of the double-differential cross section of inclusive jet production in proton-proton

(pp) collisions at
√

s = 5.02 TeV with an integrated luminosity of 27.4 pb−1. The measurement
is performed with data collected in 2015 by the CMS experiment during a special lower-energy
run of the Large Hadron Collider (LHC) at CERN.

Measurements of the inclusive jet cross section have been performed: in pp collisions at the
CERN Intersecting Storage Rings (ISR) at

√
s equal to 45 GeV [1], and 63 GeV [2]; in proton-

antiproton collisions at the CERN Super Proton Antiproton Synchrotron (Spp̄S) at 540–546 GeV
[3, 4], 630 GeV [5, 6], and 200–900 GeV [7]; in proton-antiproton collisions at the Fermilab Teva-
tron at 546 GeV [8], 630 GeV [9, 10], 1.8 TeV [11, 12], and 1.96 TeV [13–17]; and in pp collisions
at the LHC at 2.76 TeV [18–20], 7 TeV [21–27], 8 TeV [28, 29], and 13 TeV [30–34]. All these mea-
surements led to a better understanding of pQCD within the constraints of NP QCD effects. At
the same time, they provided accurate estimations of QCD-initiated backgrounds in both SM
analyses and direct searches for new physics, and offered the possibility of indirect discoveries.

The presented cross section measurement has the added value of providing a reference for the
respective 5.02 TeV heavy-ion jet analyses probing the quark-gluon plasma [35–39]. In such
plasma conditions, because of jet quenching [40], the resulting jets demonstrate differences
in the parton showering [41], fragmentation [42], and momentum imbalance in back-to-back
dijets [43, 44], compared with the respective jets produced in pp collisions.

The paper is structured as follows. In Section 2, we present the cross section measurement
strategy and in Section 3 we give a brief description of the CMS experiment. The jet reconstruc-
tion and identification are described in Section 4, and in Section 5 we present the online data
collection and trigger efficiencies. The simulation and detector-level spectra are discussed in
Sections 6 and 7, respectively. In Section 8, the pQCD prediction and the estimation of the NP
effects are given. In Section 9, we discuss the estimation of the jet energy resolution, a quantity
that affects the unfolding procedure presented in the same section. The experimental and the-
oretical systematic uncertainties are detailed in Section 10. The final experimental results and
the comparisons with theoretical predictions are shown in Section 11, and a summary is given
in Section 12. Tabulated results are provided in the HEPData record for this analysis [45].



2

2 The double-differential inclusive jet cross section

The inclusive jet cross section, differential in jet pT and y, is defined as :

d2σ

dpTd|y| =
Njets

ǫL∆pT∆|y| , (1)

where Njets is the number of jets observed within the bins of pT and |y| (that have widths ∆pT

and ∆|y|, respectively), L is the integrated luminosity of the data set, and ǫ is the product of
the event selection, jet selection, and trigger efficiencies. In this measurement, the bin width
∆pT varies with pT according to the momentum resolution of the detector and the size of the
available data sample. The range of |y| in this analysis is |y| < 2, and the cross section is
measured in four bins of |y|, each with width of ∆|y| = 0.5.

Equation (1) can be applied in a straightforward manner to the detector-level jet cross section,
where jets are reconstructed from detected particles and are counted in bins of pT vs. |y|. On
the other hand, the desirable quantity to be measured is the particle-level jet cross section,
where jets are reconstructed from stable particles (with mean path length cτ > 10 mm), not
affected by detector effects. This is achieved by correcting the detector-level jet count in each
pT bin for bin migrations due to the limited detector momentum resolution (migrations in |y|
are negligible). The transition from detector-level to particle-level jet cross section is achieved
with an unfolding procedure. The particle-level cross section measurement is the final result,
to be compared with theoretical predictions.

3 The CMS experiment

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal
interaction point, the x axis pointing to the center of the LHC ring and the z axis along the
counterclockwise-beam direction as viewed from above. The polar angle θ is measured from
the positive z axis and the azimuthal angle φ is measured on the x-y plane. The pseudorapidity
η is defined as − ln(tan(θ/2)).

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the magnetic volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the η coverage provided by the barrel and endcap detectors. Muons are de-
tected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.

The ECAL consists of 75848 lead tungstate crystals, which provide coverage in |η| < 1.48 in the
barrel region and 1.48 < |η| < 3.00 in two endcap regions. Preshower detectors consisting of
two planes of silicon sensors interleaved with a total of 3 radiation lengths of lead are located
in front of each ECAL endcap detector.

In the region |η| < 1.74, the HCAL cells have widths of 0.087 in both |η| and φ in radians.
In the η-φ plane, and for |η| < 1.48, the HCAL cells map onto 5×5 arrays of ECAL crystals
to form calorimeter towers projecting radially outwards from close to the nominal interaction
point. For |η| > 1.74, the coverage of the towers increases progressively to a maximum of 0.174
in ∆η and ∆φ in radians. Within each tower, the energy deposits in ECAL and HCAL cells are
summed to define the calorimeter tower energies, which are subsequently used to provide the
energies and directions of hadronic jets. When combining information from the entire detector,
the jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at
1 TeV [46].
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Events that are considered potentially interesting are selected online by a two-tiered trigger
system [47]. The first level (L1), composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of around 100 kHz within a
fixed latency of about 4 µs [48]. The second level, known as the high-level trigger (HLT) [49],
consists of a farm of processors running a version of the full event reconstruction software
optimized for fast processing, and reduces the event rate to around 1 kHz before data storage.
A more detailed description of the CMS detector can be found in [50].

4 Jet reconstruction and identification

Final-state particles are reconstructed using the particle-flow (PF) algorithm [51], which com-
bines signals from all CMS subdetectors. The energy of the particles is obtained as follows:

• for photons, from the ECAL measurement;

• for electrons, from a combination of the electron momentum at the primary inter-
action vertex as determined by the tracker, the energy of the corresponding ECAL
cluster, and the energy sum of all bremsstrahlung photons compatible in space and
time with originating from the electron track;

• for muons, from the curvature of the corresponding track measured in both the
tracker and the muon system;

• for charged hadrons, from a combination of their momentum measured in the tracker
and the matching ECAL and HCAL energy deposits. This energy is corrected for the
response function of the calorimeters to hadronic showers;

• for neutral hadrons, from the corresponding corrected ECAL and HCAL energies.

These particles are used as constituents in the anti-kT jet reconstruction algorithm [52], imple-
mented in FASTJET [53], with a distance parameter R = 0.4. Charged hadrons originating
from vertices other than the primary vertex (PV) are removed to reduce effects from multiple
interactions per proton bunch crossing of the colliding beams (pileup). The PV is required to
be reconstructed from at least five charged-particle tracks and must satisfy a set of quality re-
quirements, including |zPV| < 24 cm and ρPV < 2 cm, where zPV and ρPV are the longitudinal
and transverse distances of the PV from the nominal interaction point in the CMS detector. In
the case that multiple vertices pass these requirements, the PV is taken to be the vertex corre-
sponding to the hardest scattering in the event, evaluated using tracking information alone, as
described in Section 9.4.1 of Ref. [54].

In order to reduce the probability of misidentification, the jets used in this analysis are re-
quired to satisfy the following quality requirements. Jets are required to have at least two PF-
constituents, with at least one being charged. The fractions of neutral hadron energy, neutral
electromagnetic energy, and charged electromagnetic energy of the jets each must not exceed
99% of the jet’s total energy. The muon energy fraction is required to be less than 80% of this
total energy and the charged-hadron energy must be nonzero.

The jet momenta used in the above fractions are the raw jet momenta, determined as the vec-
torial sum of all constituents’ particle momenta. Because of calorimeter nonlinearities, pileup
effects, and excess energy from the underlying event, the raw measured energy of the jets is
corrected in a factorized approach using dedicated data samples and Monte Carlo (MC) simu-
lations. There are two levels of corrections for jets both in MC simulation and data: a correction
for pileup and electronic noise; and a correction for the response of the detector as a function
of jet pT and η. An additional residual correction is applied only to jets in data, to account for
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differences between data and MC [55]. These jet energy corrections (JECs) are derived from
simulation studies so that the average measured energy of jets becomes identical to that of
particle-level jets. In situ measurements of the momentum balance in dijet, photon+jet, Z +jet,
and multijet events are used to determine any residual differences between the jet energy scale
in data and in simulation, and appropriate corrections are made [46]. The corrected energy is
used in the measured and simulated jet pT distributions presented.

5 Data collection and trigger efficiencies

We analyze data collected during a special LHC pp run at
√

s = 5.02 TeV, characterized by
low instantaneous luminosity that resulted in an average 1.1 collisions per bunch crossing with
a reconstructed primary vertex. The corresponding integrated luminosity of the data set is

27.4 pb−1.

The HLT selection consists of three separate single-jet trigger paths, designated here as
ak4PFjet{40,60,80}. The three triggers each require at least one jet in the event with pHLT

T larger
than 40, 60, and 80 GeV, respectively. The respective thresholds at L1 level were 28, 40, and
48 GeV. The 40 and 60 GeV triggers are prescaled, i.e., their data output rate is algorithmically
reduced to accommodate the allocated bandwidth. This means that the jet yields from those
triggers have to be scaled up to account for the full integrated luminosity. In order to remove
trigger-efficiency dependence on the measured jet rates, we utilize triggers for jet pT above a
threshold where they are fully efficient (efficiency >99.9%). We measure each trigger efficiency
as a function of the triggered jet pT using a tag-and-probe method applied on the same mutlijet
data. In this method, we tag a jet that passed the trigger in question, we remove it, and we
use the remaining (probe) jets to form a jet-pT-dependent ratio (trigger efficiency) of number
of jets that pass the trigger divided by the number of jets that pass some looser requirements
(e.g., L1 trigger or a lower-pT trigger). We conclude that the ak4PFjet{40,60,80} triggers are
fully efficient for jet pT above 55, 75, and 105 GeV, respectively. The proper merging of the data
collected from these three triggers gives the detector-level jet spectra presented in Section 7.

We select for further processing events that are not associated with noise which could come
from either the calorimeters or beam losses. We also require the presence of a PV. We addi-
tionally require that the ratio of the momentum imbalance in the transverse plane to the scalar
sum of the PF constituents’ transverse momentum is less than 0.3. This selection requirement
reduces the number of events that contain misreconstructed jets from detector noise and jets as-
sociated with the production and decay of electroweak gauge bosons and top quarks. The final
data set includes events with at least one jet passing the identification requirements presented
in Section 4.

6 Monte Carlo simulation

Monte Carlo techniques are used to simulate events in the CMS detector, as well as for verifi-
cations and corrections. PYTHIA 8 [56] generates jets with 2 → 2 leading-order (LO) Feynman
diagrams, pT-ordered dipole showering of outgoing partons, and subsequent hadronization
using the Lund string model [57]. The NNPDF2.3 [58] LO PDF set is used along with the
Monash [59]-based CUETP8M1 underlying event tune [60] for PYTHIA 8, which uses CMS min-
imum bias data to describe the underlying event. HERWIG 7 [61] is used at LO 2 → 2 mode.
The NNPDF3.1 [62] next-to-next-to-LO (NNLO) PDF set with αS(mZ) = 0.118 is used (where
mZ is the pole mass of the Z boson), and the NNPDF3.1 LO PDF set is used for the determina-
tion of multiparton interactions. Angular-ordered showers are hadronized based on the cluster
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model [63]. The CH2 tune [64] is used for the description of the underlying event. The events
produced by the above generators pass through a GEANT4 [65]-based CMS detector simulation
giving signals that are used for the final reconstructed detector-level objects.

The PYTHIA 8 simulation, version 212, is used for an initial comparison of the spectra measured
in data and simulation at the detector level (Section 7), and for the determination of the jet
energy resolutions (Section 9). The PYTHIA 8 simulation, version 219, is used for the estimation
of the NP corrections to the pQCD calculation (Section 8). The HERWIG 7 simulation, version
2.0, is used for an alternate estimation of the NP effects.

7 Detector-level spectra

The inclusive detector-level jet pT spectra, constructed from data collected with the three single-
jet HLT paths, have to be merged so that the resulting spectra correspond to the true respective
jet pT distributions, without any effects from trigger inefficiencies or trigger prescales, and
without any double-counting of events or jets.

In this analysis, we create three separate detector-level jet spectra, using data from each trigger
as a separate experiment with its own integrated luminosity, which is determined by inte-
grating the instantaneous luminosity with the corresponding event-by-event prescales. In the
separate spectra from the ak4PFjet{40,60,80} triggers, jets with pT above 55, 75, 105 GeV, re-
spectively, are included. Subsequently, the three spectra are merged, by keeping only the jets
from the three spectra that belong in the three full-efficiency pT windows, 56 < pT < 75 GeV,
75 < pT < 105 GeV, and pT > 105 GeV, respectively. The spectra are divided by their luminosi-
ties, to provide the detector-level cross sections, as shown below:

d2σdet

dpTd|y| =
1

ǫ∆pT∆|y|



















N
jet40
jets

Ljet40 if 56 < pT < 75 GeV
N

jet60
jets

Ljet60 if 75 < pT < 105 GeV
N

jet80
jets

Ljet80 if pT > 105 GeV

(2)

where N
jet{40,60,80}
jets are the numbers of accepted jets recorded by the ak4PFjet{40,60,80} triggers,

and Ljet{40,60,80} are their luminosities, 0.96, 4.4, and 27.4 pb−1, respectively. Now, the total effi-
ciency ǫ is consistent with unity, given the use of the full-efficiency pT windows. The merging
and the resulting detector-level cross section, differential in pT, are shown in Fig. 1.

The detector-level measured inclusive jet cross sections, separately for each of the four rapidity
bins, can be seen in Fig. 2. Overlaid is the PYTHIA 8 distribution, normalized to the respective
detector event yields for shape comparison. Being an LO generator, PYTHIA 8 is not expected to
fully describe the absolute yields and shapes of the observed measured spectra. Nevertheless,
there is a good agreement between the PYTHIA 8 prediction and the observed data in the shape
of the detector-level pT distribution of the cross section in all |y| bins, over several orders of
cross section magnitude, as the ratios between data and simulation of Fig. 2 show. For an
appropriate comparison with the SM predictions, the detector-level spectra need to be corrected
to the particle-level spectra through the unfolding procedure (Section 9). The comparisons will
be performed against the fixed-order pQCD predictions, corrected for the NP effects presented
in the next section.
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Figure 1: Detector-level cross section obtained after merging the contributions from the three
triggers, normalized to their respective integrated luminosities.

8 Perturbative QCD predictions and estimation of NP effects

The next-to-LO (NLO) pQCD prediction for the inclusive jet cross section at 5.02 TeV is deter-
mined using the NLOJET++ program [66, 67] within the FASTNLO framework [68], whereas
the NNLO pQCD prediction is determined with the NNLOJET [69–72] package. The prediction
depends on the PDF set used as well as the choice of renormalization scale (µR) and factor-
ization scale (µF). In this paper, we present the NLO (NNLO) perturbative predictions for
the CT14NLO [73] (CT14NNLO [73], NNPDF3.1NNLO [62]) PDF sets, accessible through the
LHAPDF6 package [74]. The predictions are computed using one of two scale options: either
µ = µR = µF = HT, where HT is the scalar sum of the pT values of all partons in each event (an
event-based quantity), or µ = µR = µF = pT, where pT is that of each jet in the event (a jet-based
quantity). All fixed-order pQCD predictions are binned in jet pT and are subsequently interpo-
lated with a cubic spline, which allows for a more accurate application of the NP corrections
and the subsequent rebinning of the cross section distributions through integration.

This pQCD prediction has to be corrected for the NP effects of multiparton interactions and
hadronization, which are estimated using both PYTHIA 8 and HERWIG 7. This estimation is
achieved by running the generators with and without the NP effects and dividing the corre-
sponding spectra. These runs do not include the detector simulation. Because the hadroniza-
tion and multiparton interaction modeling of the two generators differ, we do not expect them
to predict the same NP effects. Indeed, the HERWIG 7-derived corrections are larger than those
of PYTHIA 8. In this analysis, we correct the perturbative spectra by multiplying them with
the average of the two corrections and we use half the difference as a systematic uncertainty.
Figure 3 shows the NP correction as a function of jet pT, for |y| < 0.5, along with the systematic
uncertainty. Similar distributions are extracted for all rapidity bins.
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Figure 2: Detector-level inclusive jet cross section, differential in pT, for the four rapidity bins,
for the data (points) and the PYTHIA 8 prediction (line) normalized to the total cross section of
the data. The lower panels show the ratio of the two distributions. The error bars show the
statistical uncertainties in the data.

9 Unfolding measurement to particle-level spectra

An important aspect of this analysis is the determination of the jet energy resolution (JER) as a
function of jet pT and y. The JER provides the correlation between particle-level jet energy and
the corresponding detector-level one, needed for unfolding the results to particle level.

The JER is determined by first creating the ratios of detector-level jet pT over the correspond-

ing particle-level value, pdet
T /p

part
T , using the PYTHIA 8 simulation, in bins of p

part
T and rapidity.

The cores of these distributions are fitted with Gaussian distributions with varied normaliza-
tion, mean (µG) and standard-deviation (σG) values. These JER Gaussian functions are used for
spreading the jet pT generated via pseudo-experiments during the construction of the response
matrices. In order to achieve a smoother unfolding, the µG and σG distributions as a function
of pT are fitted with continuous curves, so that a more accurate spreading is achieved for each
pseudo-experiment-generated pT. A more complicated approach, which uses double-sided
Crystal Ball functions to describe the detector effects, was also implemented, with consistent
unfolded results. The simpler Gaussian method is preferred because it provides smoother un-
folded results, because of the fits of the µG and σG pT distributions. The extracted JER values
(σG) are corrected with a scale factor of 1.1 ± 0.1, in order to account for the differences in jet
pT resolution between data and MC simulation, as was done in Ref. [38]. The 10% systematic
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of corrections using HERWIG 7 (lower line) and PYTHIA 8 (upper line). The central solid line
shows the average NP correction used in this analysis, with an uncertainty defined by the
extreme predictions. The NP corrections are similar in shape and value for the other rapidity
bins.

uncertainty in JER is derived from the variation of the spreading of jet pT in the MC dijet spec-
trum so that the latter matches the observed one in the data. The estimation of the resolution
in the data is obtained by comparing the pT of the leading two jets in events with low extra jet
activity.

The unfolding method used is based on the least-squares minimization, implemented with the
TUNFOLD [75] package in each rapidity window. The quantity that is minimized is

L = (u − Ax)⊺V−1(u − Ax), (3)

where u is the vector of the observed detector-level spectrum (with dimension equal to the
number of bins at detector level), with background removed as described later, x is the vector
of the unfolded particle-level spectrum (with dimension equal to the number of bins at un-
folded level), A is the probability matrix, and V is the data covariance matrix. The probability
matrix is the result of row-wise normalization of the response matrix (described below) so that
each 2D bin content equals the probability that a jet in that particle-level pT bin is detected in
the respective detector-level pT bin. The inverse of the data covariance matrix is included to
take into account the differing accuracy of the elements of the data vector. No explicit regu-
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larization or area constraint is used because they could bias the results. As a form of implicit
regularization, the particle-level binning is coarser than the detector-level binning. This helps
to moderate the effect of bin migrations and detector-level statistical fluctuations that can cause
unphysical behavior in the unfolded result. The detector-level and particle-level pT binning for
each |y| bin is shown in Table 1.

Table 1: The edges of the pT bins for the detector-level spectra (all rapidities) and for the
particle-level spectra (per rapidity bin).

|y| binning pT binning (GeV)

detector-level all {56, 64, 74, 84, 97, 114, 133, 153, 174, 196, 220, 245,
spectra rapidities 272, 300, 330, 362, 395, 430, 468, 507, 548, 592, 638,

686, 737, 790, 846, 905, 967, 1032, 1101}

0.0–0.5 {64, 84, 114, 153, 196, 245, 300, 395, 507, 638, 846}
particle-level 0.5–1.0 {64, 84, 114, 153, 196, 245, 300, 395, 507, 638, 846}

spectra 1.0–1.5 {64, 84, 114, 153, 196, 245, 330, 395, 507, 638 }
1.5–2.0 {64, 84, 114, 153, 196, 245, 330, 395, 507}

The covariance matrices are necessary to properly determine the statistical uncertainty of the
measurement where multiple jets can be detected per collision event. If q is the column vector
resulting from the one-dimensional histogram of measured detector-level jet pT for an event,
then the sum of the outer products q×qT for all detected events constructs a numerical approx-
imation of the two-dimensional covariance matrix. Figure 4 shows the covariance matrices for
the four rapidity bins. In the unfolding, the entire matrices are used, whereas in the presen-
tation of detector-level spectra (as in Fig. 2), the square roots of the diagonal elements of the
covariance matrices are used to present the statistical uncertainty.

The response matrix is a two-dimensional histogram filled with the (pdet
T ,p

part
T ) pairs of detector-

level jet pT and its corresponding particle-level jet pT. In this analysis we fill this histogram
using pseudo-experiments, where we generate random pT values using the expected smooth
theoretical spectra (smooth NLO splines multiplied by smooth NP corrections, shown in Fig. 3

for |y| < 0.5), to obtain p
part
T , and subsequently smear them using the JER, to obtain the corre-

sponding pdet
T . Figure 5 shows the response matrices for the four rapidity bins. The range of

the detector- and particle-level axes corresponds to the detector-level binning and particle-level

binning, respectively. During the filling of the response matrices, we naturally have p
part
T val-

ues within the particle-level range that give pdet
T outside the detector-level range. The fraction

of these jets gives an estimate of the number of the jets missed due to the finite detector reso-

lution. At the same time, some p
part
T values that are outside the particle-level range correspond

to pdet
T values within range. The fraction of these jets provides an estimate of background, i.e.,

jets that migrated to the measured spectrum from a different particle-level jet kinematic region.
We select the particle-level binning to start at a higher pT value than the detector-level binning
(64 vs. 56 GeV) in order to reduce the amount of missed jets (they become less than 0.1% of the
jet content of the first pT bin of the unfolded spectrum and practically zero after the third bin).

We subtract the fraction of the background, as estimated above, from the detector spectra of
Fig. 2 in order to construct the final detector spectra. We then unfold using the response matri-
ces of Fig. 5 and covariance matrices of Fig. 4. Finally, we add the fraction of missed jets to the
unfolded spectra to obtain the final particle-level double-differential inclusive jet cross sections
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Figure 4: The covariance matrices of the observed detector-level jet pT for the four rapidity
bins. The color scale reports the product of the effective number of jets in the respective pT bin
combinations.

to be compared with theoretical predictions. This procedure is repeated for all |y| bins.

10 Systematic uncertainties

10.1 Experimental systematic uncertainties

The main sources of experimental systematic uncertainty are the uncertainty in (i) the JEC;
(ii) the JER; and (iii) the measured luminosity. Minor sources are the uncertainties in jet iden-
tification and the trigger efficiency. These sources are considered uncorrelated and the total
experimental systematic uncertainty is derived by summing in quadrature the individual un-
certainties.

To estimate the uncertainty in the cross section caused by the uncertainty in the JEC, we shift the
pT of all detector-level jets up and down by one standard deviation of the JEC uncertainty. The
JEC uncertainty in jet pT is about 1.5% for pT of 50 GeV and reduces to about 0.6% for pT above
300 GeV. For each pT shift, we repeat the cross section analysis. This includes the merging
of the data sets and using the shifted pT values to determine if the jet passed the threshold at
which the trigger is fully efficient. The new detector-level spectra are unfolded with the default
response matrices, and the variations of the resulting measured cross sections per pT and |y|
bin are recorded as the systematic uncertainties.

The JER uncertainty affects the response matrices used in the unfolding. To estimate the effect,
alternative response matrices are obtained for each rapidity bin, by shifting the JER up and
down according to the uncertainty in the JER scale factor (10%). We then repeat the unfolding
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Figure 5: The response matrices for the four rapidity bins. Each 2D-histogram bin contains the
number of pseudo-experiment jets that are generated in the particular particle-level pT bin and
that are reconstructed in the corresponding detector-level pT bin.

for these two response matrices and record the systematic effect on the unfolded cross sections
in all pT and |y| bins. Both the JER and JEC systematic uncertainties, as functions of pT, are
smoothed by fitting with smooth functions, in order to maximize the value of this data in
future PDF and αS fits.

The integrated luminosity uncertainty of 2.3% [76, 77] shifts the measured cross sections iden-
tically in all pT and |y| bins. Similarly, the jet identification uncertainty introduces a flat 1%
effect [25] on the measured cross section in pT and |y| bins. Finally, the variation of the thresh-
olds for which each trigger is considered to be fully efficient, leads to a 0.3–0.5% effect on the
corresponding threshold pT bins.

There is a negligible effect on the experimental measurement resulting from the uncertainty in
the NP correction, because its effect on the response matrices is extremely small. This is because
this analysis is not sensitive to very small variations of the prior distribution in the unfolding
process.

Figure 6 shows the effect of JEC and JER uncertainties in the unfolded cross sections as func-
tions of pT and |y|, as well as the total systematic effect that includes all uncertainties summed
in quadrature. The uncertainty in JEC is the largest source of experimental systematic uncer-
tainty. The total effect of the systematic uncertainties in the cross section measurements varies
from 5% to 10% depending on the pT and rapidity bin. The systematic uncertainties of Fig. 6
originally demonstrated a statistical variation from bin to bin, which was smoothed out by
fitting the pT-dependence.
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Figure 6: The JEC, JER, and total systematic uncertainties in unfolded cross sections as func-
tions of transverse momentum and rapidity. The total systematic uncertainty includes also the
luminosity, jet identification and trigger efficiency uncertainties.

10.2 Theoretical systematic uncertainties

The main sources of theoretical systematic uncertainties are: (i) the choice of µR and µF as well
as their relationship; (ii) the PDF uncertainty; and (iii) the uncertainty in the NP corrections to
the fixed-order calculation. A minor source is the statistical uncertainty from the MC integra-
tion.

In this analysis, for the central cross section prediction, we take µF = µR = µ and investigate
separately the cases where µ is equal to either the pT of each generated jet or HT. For each case,
the maximum and the minimum variations of the cross section are recorded for the combina-
tions (µR, µF) = {(µ, µ/2), (µ/2, µ), (µ/2, µ/2), (µ, 2µ), (2µ, µ), (2µ, 2µ)}. The effect depends
on the choice of the default scales and is generally larger at higher jet pT. The same is true for
the PDF systematic uncertainty, which is related to the PDF fit that leads to a particular PDF
extraction [62, 73]. On the other hand, the NP correction uncertainty affects mostly the jets with
lower pT, as shown in Fig. 3 for |y| < 0.5.

The above sources are considered uncorrelated, and the total theoretical systematic uncertainty
is determined by summing in quadrature the individual uncertainties.
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The distributions of the theoretical systematic uncertainty in pT and |y| depend on the fixed-
order calculation in pQCD, and the choice of PDF, µR, and µF; they will be presented in the next
section.

11 Results and comparisons with theoretical predictions

11.1 Results

Figure 7 shows the unfolded double-differential inclusive particle-level jet cross sections as
functions of pT for the four rapidity bins. The measurements are compared with the theoreti-
cal predictions from the NLO pQCD calculation, with µ = HT, using the CT14NLO PDF set,
and corrected for NP effects. To get these theoretical predictions, we multiply the pT-smooth
spline interpolation of the pQCD prediction with the smooth NP corrections, shown in Fig. 3
for |y| < 0.5, and for each bin we integrate this distribution and divide by the bin width. The
vertical error bars correspond to the statistical uncertainty in the measurement and the yellow
band around the experimental measurement represents the total systematic uncertainty. This
systematic uncertainty varies from 4 to 9%, as shown in Fig. 6, whereas the statistical uncer-
tainty ranges from 0.2% to 27% and becomes dominant above jet pT of 500 GeV for the first three
rapidity bins and above 400 GeV for the last one. The red band around the theory prediction
shows the total theoretical systematic uncertainty. We have accurately measured the inclusive
jet differential production cross section across 7 orders of magnitude. Smoothness tests using
the tool of Ref. [78] were performed on the unfolded results. Smooth representation of the
unfolded cross section pT distributions with χ2/dof < 1 is achieved with 3rd and 4th degree
Chebyshev polynomials.

11.2 Comparisons with theoretical predictions

The differences between experimental measurements and theoretical predictions are revealed
in the ratios of the respective cross sections in all pT bins and |y| bins. Because the sources
of experimental and theoretical uncertainties are independent, the respective systematic un-
certainties are decoupled. For the purpose of better visual comparisons, we center the experi-
mental uncertainties around the ratio points and the theoretical uncertainties around the line at
one. The experimental cross sections and their uncertainties, as well as the uncertainties in the
theory, are all divided by a constant theoretical cross section. For these ratios, the uncertainties
appear only in the numerators.

Figure 8 shows the ratios of the unfolded inclusive jet cross sections to the NLO theoretical
predictions, using the CT14NLO PDF set, with µR = µF = pT, as functions of pT, in the four
|y| bins. The theoretical predictions are systematically larger compared to the data, mostly for
|y| < 1.5.

Figure 9 shows the ratios of the unfolded inclusive jet cross sections to the NLO theoretical
predictions, using the CT14NLO PDF set, with µR = µF = HT, as functions of pT, in the four |y|
bins. We observe a good agreement between theory and experiment, with data being slightly
above the theoretical prediction for |y| > 1.5. We also observe larger theoretical systematic
uncertainty in the predictions with µ = HT compared to µ = pT, coming from the larger choice
of scale magnifying the uncertainties, especially at higher pT.

Figure 10 shows the ratios of the unfolded inclusive jet cross sections to the NNLO theoretical
predictions, using the CT14NNLO PDF set, with µR = µF = HT, as functions of pT, in the four
|y| bins. We observe a ratio which is less uniform across pT, demonstrating an underestimation
from theory at lower pT and an overestimation at higher pT. Also, the theoretical systematic
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Figure 7: The unfolded measured particle-level inclusive jet cross sections as functions of jet
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histogram), using the CT14NLO PDF set, with µR = µF = HT, and corrected for the NP effects.
The yellow (red) band shows the experimental (theoretical) systematic uncertainty. Statistical
uncertainties are included but are barely visible.

uncertainties at higher pT are smaller for the NNLO prediction, because of the reduced effects
of scale variations. The fluctuations in the ratio comes from the statistical uncertainty in the
MC integration in the NNLO calculation.

Figure 11 shows the ratios of the unfolded inclusive jet cross sections to the NNLO theoreti-
cal predictions, using the NNPDF31NNLO (αS(mZ) = 0.118) PDF set, for µR = µF = HT, as
functions of pT, in the four |y| bins. Compared with the CT14NNLO PDF set, we observe a flat-
ter ratio and a smaller theoretical systematic uncertainty associated with the NNPDF31NNLO
set. This particular theoretical prediction agrees well with the experimental results for jet
pT < 400 GeV, both in uniformity of the ratios across pT and their proximity to unity.

Figure 12 shows the effect of αS(mZ) variation on the NNLO theoretical predictions and the
comparison with experimental results, for NNPDF31NNLO and µ = HT. The values of αS

range from 0.108 to 0.124. In this plot, the unfolded experimental measurement and all theo-
retical predictions for different αS choices are divided by a benchmark NNLO theoretical pre-
diction for αS = 0.118 and the same choice of PDFs and scales. It is apparent that this analysis
is sensitive to the value of αS.

From these results we conclude that the NLO calculation using the CT14NLO PDF set with
µ = HT agrees better with the experimental measurement than the same calculation with
µ = pT. The latter calculation gives a higher cross section across all pT bins for all |y| bins,
maintaining the same shape. On the other hand, the NNLO prediction changes the shape of
the ratio for the CT14NNLO PDF set, underestimating the cross section at lower pT bins and
overestimating it at higher pT bins, across all |y| bins. The scale systematic uncertainties are
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Figure 8: Ratios (points) of the unfolded measured cross sections to the NLO theoretical pre-
dictions, using the CT14NLO PDF set, with µ = pT. The vertical error bars show the statistical
experimental uncertainty, the yellow band shows the systematic experimental uncertainty, the
hashed red band shows the total theoretical uncertainty, and the individual sources of theoret-
ical uncertainty are shown with colored lines.

significantly decreased at high pT in NNLO calculations and the NNPDF31NNLO PDF set ad-
ditionally provides small PDF-related systematic uncertainties. These observations provide
valuable input to the understanding of jet production, demonstrating how well the data are
described by QCD calculations, using various PDF sets, and choices of µR and µF.
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Figure 9: Ratios (points) of the unfolded measured cross sections to the NLO theoretical pre-
dictions, using the CT14NLO PDF set, with µ = HT. The vertical error bars show the statistical
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predictions, using the CT14NNLO PDF set, with µ = HT. The vertical error bars show the
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Figure 11: Ratios (points) of the unfolded measured cross sections to the NNLO theoretical
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Figure 12: The effect of αS(mZ) variation. The NNLO theoretical cross section predictions using
the NNPDF31NNLO PDF with µ = HT, calculated for different choices of αS (0.108, 0.110,
0.112, 0.114, 0.116, 0.117, 0.118, 0.119, 0.120, 0.122, and 0.124), are divided by the benchmark
NNLO prediction for αS = 0.118 and the same choice of PDF set, µR, and µF. Also shown
is the experimental unfolded measurement divided by the same benchmark prediction. The
width of the unity line corresponds to the statistical uncertainty from the MC integration for
the determination of the NNLO prediction. The error bars on the unfolded data correspond to
the total experimental statistical and systematic uncertainty added in quadrature.
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12 Summary

The double-differential inclusive jet cross section in proton-proton collisions at 5.02 TeV was
measured in the rapidity interval |y| < 2, and for the transverse momentum range 0.06 <

pT < 1 TeV. The achieved experimental systematic uncertainty is about 5% across most pT

ranges for all |y|. The next-to-leading order (NLO) perturbative quantum chromodynamics
calculations agree better with the observations if the renormalization and factorization scales
(µ) equal HT, the scalar sum of the transverse momentum (pT) of the partons in each event.
The energy scale systematic uncertainty also increases when the scale is changed from µ = pT

of each jet to µ = HT in the NLO case. Changing the order of the perturbative calculation
from the NLO to next-to-NLO (NNLO) reduces the scale systematic uncertainty at high pT,
but increases it at low pT. The effect of changing the scale is not very large for the NNLO
calculation, and the scale systematic decreases at low pT when the scale is changed from µ =
pT to µ = HT. The uncertainty in the predicted cross section due to the parton distribution
functions is significantly reduced by choosing the NNPDF31NNLO set. The measurement is
consistent with the standard model expectation, even when the latter is determined with the
low uncertainty provided by the NNLO calculation.
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G. Abbiendia , C. Battilanaa,b , L. Borgonovia , L. Brigliadoria, P. Capiluppia,b ,
A. Castroa,b , F.R. Cavalloa , M. Cuffiania,b , G.M. Dallavallea , T. Diotalevia,b ,
F. Fabbria , A. Fanfania,b , D. Fasanellaa,b , P. Giacomellia , L. Giommia,b ,
C. Grandia , L. Guiduccia,b , S. Lo Meoa ,46 , L. Lunertia ,b , S. Marcellinia ,
G. Masettia , F.L. Navarriaa ,b , A. Perrottaa , F. Primaveraa,b , A.M. Rossia,b ,
T. Rovellia,b , G.P. Sirolia,b

INFN Sezione di Cataniaa, Università di Cataniab, Catania, Italy
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P. Asenova,53 , G.M. Bileia , D. Ciangottinia,b , L. Fanòa ,b , M. Magherinia,b ,
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50Also at Fermi National Accelerator Laboratory, Batavia, Illinois, USA
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