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The CMS experiment has measured the cross section of inclusive jets in proton-proton collisions
with center-of-mass (COM) energies of 7, 8, and 13 TeV after the precise calibration of jet mo-
mentum. At 7 TeV COM energy, the ratio of the double-differential cross section of inclusive
anti-kt jets with distance parameter R of 0.5 to that of anti-kt jets with R of 0.7 was measured
as a function of transverse momentum pr and rapidity y of the jet. This was followed by the
measurement of the ratio of the inclusive anti-kt jet cross sections as a function of jet pr and y,
for values of R ranging from 0.1 to 1.2 to that using a R of 0.4, and the study of the dependence
of the inclusive jet production cross section on the parameter R using 35.9 fb~! data collected at
13 TeV COM energy. The results are compared to calculations at leading order (LO) and next-to-
leading order (NLO) in the strong coupling constant using different parton shower models. The
variation of the ratio of cross sections with the distance parameter is described well by calcula-
tions including a parton shower model, but not by a pure leading order QCD calculation including
nonperturbative effects. The descriptions of the ratios of cross sections are significantly improved
when NLO QCD calculations with nonperturbative effects are used.
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1. Introduction

Quantum Chromodynamics (QCD) is a gauge theory describing the strong interaction between
quarks and gluons. A jet is an algorithmic reconstruction using energy clusters from hadrons pro-
duced in the fragmentation of partons created in short-distance scattering. The production cross
sections for high transverse momentum (pt ) partons can be calculated using perturbative QCD
(pQCD). Predictions for hadron production need, in addition, models for parton showering and
nonperturbative (NP) effects, such as hadronization, underlying events (UE), which consist of the
interaction of multiple partons from the two colliding protons, and color connection to beam rem-
nants.

In the CMS experiment [1], the particle-flow algorithm [2] aims to reconstruct and identify
each individual particle in an event, with an optimized combination of information from the various
elements of the CMS detector. For each event, hadronic jets are clustered from these reconstructed
particles using the infrared- and collinear-safe anti-kt algorithm [3], as implemented in the FAST-
JET package [4]. The jet momentum is determined as the vectorial sum of all particle momenta in
the jet, and is found from simulation to be, on average, within 5 to 10% of the momentum of the
particle-level jets, reconstructed using stable particles (lifetime > 30 ps) excluding neutrinos, for jet
pr > 50 GeV and rapidity |y| < 2.5. Tracks, within the jet, identified to be originating from pileup
vertices are discarded and an offset correction is applied to correct for remaining contributions from
additional proton-proton collisions in the same bunch crossing [5]. Additional selection criteria are
used to remove jets potentially dominated by instrumental effects or reconstruction failures.

In this note, we discuss the measurement by the CMS experiment of the absolute cross section
of inclusive jets in proton-proton collisions at center-of-mass (COM) energy of 13 TeV [6], the
measurement of the ratio of cross sections of inclusive jets of different sizes at COM energies of
7 [7], and 13 TeV [8]. The former measurement is useful to determine the parton distribution
function (PDF) of gluons carrying a large share of the proton momentum, to measure the coupling
constant of strong interaction (o), and also to understand pQCD, while the latter ones are sensitive
to the details of the theoretical modeling of the perturbative and NP processes involved in the
evolution of the partons.

2. Inclusive jet cross section at 13 TeV

The cross section has been measured for inclusive anti-kt jets using distance parameters of
0.4 (AK4), and of 0.7 (AK7) at particle level, after unfolding the measurements made at detector
level, and compared to the fixed order prediction at NLO, computed using NLOJet++ [9], and
to predictions from Monte Carlo (MC) simulations. For the fixed order prediction, as it is at the
parton level, a NP correction is applied; this correction is derived using MC samples with LO
PYTHIA [10] and HERWIG++ [11] generators and the corresponding parton showers, and also with
NLO generator POWHEG [12] accompanied by PYTHIA parton shower.

As shown in Fig. 1, fixed order calculations at NLO can describe the AK7 jet cross section
well within systematic uncertainties, but overpredict the cross section of AK4 jets. Also note that
MMHT and NNPDF3.0 PDF sets give very similar predictions as the ones by CT14, whereas HER-
APDF gives a smaller prediction specially at high jet pr owing to a smaller gluon fraction at large
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Figure 1: Ratio of measured values of cross section for AK7 (left) and AK4 (right) jets to predictions from

fixed order calculation using different PDF sets. The error bars correspond to the statistical uncertainties of
the data and the shaded bands to the total experimental systematic uncertainties [6].
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Figure 2: Ratio of measured values of cross section for AK7 (left) and AK4 (right) jets to predictions from
different MC generators. The error bars correspond to the statistical uncertainties of the data and the shaded
bands to the total experimental systematic uncertainties [6].

Bjorken scale. In Fig. 2, one can notice that, both for AK4 and AK7 jets, PYTHIA overpredicts, and
HERWIG++ underpredicts the normalization of the production cross section as compared to that in
data, although HERWIG++ can describe the shape of the variation of cross section as a function of
pr of jets. PYTHIA also does the same, but only up to jet pr of moderate values. POWHEG, accom-
panied by PYTHIA parton shower, can describe both the shape and normalization of the differential
cross sections of AK4 and AK7 jets as seen in the data well within systematic uncertainties.

3. Ratio of inclusive jet cross sections at 7 TeV

The ratio of the double-differential cross section of AKS jets has been taken with respect to
that of AK7 jets at particle level at 7 TeV of COM energy. As some of systematic uncertainties
cancel in the ratio, it is more sensitive to perturbative and NP effects; thus theory predictions are
put to a more stringent test to data than the absolute cross section measurement. Fig. 3 shows
that the NLO prediction for the ratio, along with nonperturbative corrections can describe the trend
of the variation of the ratio as a function of jet pr , but predicts a slightly larger normalization.
The POWHEG generator, accompanied by PYTHIA parton shower, can describe the ratio very well.
PYTHIA describes the ratio in data well in the low pr region, whereas HERWIG++ describes the
same well in high pt values of jets.
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Figure 3: Ratio of cross section of AK5 and AK7 jets in six rapidity bins up to |y| = 3.0, compared to
predictions from fixed order calculation at NLO and MC generators. The error bars on the data points
represent the statistical and uncorrelated systematic uncertainty added in quadrature, and the shaded bands
represent the correlated systematic uncertainty [7]. The NLO calculation was provided by G. Soyez [13].

4. Ratios of inclusive jet cross sections at 13 TeV

Anti-kt jets are reconstructed using different values of R, from 0.1 to 1.2. The ratio of cross
sections are measured for all these jets with respect to that of AK4 jets as a function of jet pr for
different ranges of the rapidity of the jet. At low values of R, more perturbative radiation, and
also particles from hadronization escape the catchment area of jets, for large R values, UE con-
taminate the jet more with soft radiation; thus the measurement of jets of different R values can
provide insight on both perturbative and NP aspects of QCD. In CMS, standard jet energy correc-
tions are derived only for AK4 and AKS8. The calibration factors for AK4 jets are applied on AK1
to AKG6 jets, for larger jet sizes calibration factors for AKS8 jets are used; in order to account for the
difference in the distance parameter, an extra correction factor is determined using simulated inclu-
sive jet samples. The experimental uncertainty consists of systematic uncertainties from jet energy
scale, jet energy resolution, pileup, and also from additional correction just mentioned. Apart from
the systematic uncertainties due to experimental sources, theory calculations and generators have
uncertainties in their predictions for the cross section ratio. For the fixed-order predictions, the
contributing factors include the choice of renormalization and factorization scales, from the PDF
uncertainty, the uncertainty from (s , and the uncertainty due to the NP corrections. The statistical
uncertainty for the cross section ratio has been evaluated using the Jackkniffe method using ten
sub-samples with exactly the same amount of data. The experimental systematic uncertainty for
the cross section ratio is of similar size as the statistical uncertainty, and the theory uncertainty is
dominated by the choice of the renormalization and factorization scales.

Fig. 4 shows that the prediction from the POWHEG generator, accompanied by PYTHIA parton
shower, can describe the ratio reasonably well, except at low jet pt for large values of R, for which
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Figure 4: Comparison of the ratio of differential cross section of jets of different sizes with respect to that
of AK4 jets from data and from NLO predictions using POWHEG +PYTHIA (CUETP8MI1 tune [14]) in the
region |y| < 0.5. Colored symbols indicate data and colored lines represent prediction from simulation.
Offsets by amount written in the parentheses have been added to the corresponding data points to separate
the results for different jet sizes [8].

experimental uncertainties are also larger than those for lower values of R. In Fig. 5, comparisons
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Figure 5: Comparison of the ratio of differential cross section of the AK2 (left) and AKS (right) jets with
respect to that of AK4 jets from data and pQCD predictions using NLOJET++ in the region |y| < 0.5. Black
symbols indicate data and colored lines represent pQCD predictions. Statistical uncertainties are shown
as vertical bars for the data and the NLO prediction with nonperturbative correction; yellowish olive region
around data represents experimental systematic uncertainty whereas region shaded in light blue color around
NLO®NP prediction shows the theory uncertainty in the prediction [8].

are made for the ratio of cross section for AK2 and AKS jets with respect to that of AK4 jets respec-
tively with fixed order pQCD predictions at LO and NLO. NP corrections are derived from MC
samples with the POWHEG generator, and PYTHIA and HERWIG++ parton showers respectively.
For AK?2 jets, after computing the ratio at NLO and taking into account NP corrections, the theory
prediction can describe the data well, where as for AKS jets theory prediction underpredicts the ra-
tio, as observed in data, till high values of jet pr. In both the cases, the description is significantly
improved from LO to NLO. Fig. 6 shows the ratio of cross sections of inclusive jets with respect
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Figure 6: Comparison of the ratio of cross sections of inclusive jets of various sizes with respect to AK4 jets,
as a function of jet size in different regions of jet pt in data and from several theoretical predictions in rapidity
bins |y| < 0.5 at particle level. When the cross section ratio is taken between fixed NLO predictions for two
jet sizes, the ratio becomes LO at ¢ , this is quoted as LO®NP in the figure. Experimental uncertainties on
the ratio of cross sections are shown with bands around the data points, while theory uncertainties are shown
with the bands around the fixed-order predictions [8].

to that of AK4 jets in different ranges of jet pr as a function of R. The key observation here is that
the fixed order prediction, where the cross section is computed at NLO, and hence the ratio is only
at LO, predicts a different trend for the variation of the cross section ratio with R as compared to
the trend observed in data, and also in predictions from MC simulations.

5. Conclusion

This note discusses a measurement of the double-differential cross section of anti-kt jets as a
function of jet pt and absolute rapidity lyl for distance parameters R = 0.4 (AK4) and 0.7 (AK7)
using data from proton-proton collisions at 1/s = 13 TeV collected with the CMS detector. Lead-
ing order Monte Carlo generators show significant discrepancies, mainly in normalization, in the
description of absolute cross section of jet production, which is well described by next-to-leading
order (NLO) generators. Fixed order prediction at NLO describes the absolute cross section of
AKY7 jets well, but overestimates the same for AK4 jets. Measurement of the ratio of cross sec-
tions of inclusive AKS and AK7 jets is best described by matching the cross section prediction at
NLO with parton showers. This letter also mentions the first measurement of the ratio of cross
sections of inclusive anti-kt jets of multiple sizes w.r.t. AK4 jets by the CMS experiment. From
the ratio measurement, it is observed that the NP correction is important to describe the data at low
transverse momentum. Thus, the modelling of nonperturbative effects, such as hadronization and
the underlying event, and also of perturbative radiation have significant impact on the description
of the data in different regions of phase space. The variation of the ratio of cross sections with
R emphasizes the importance of parton shower to capture the effects of higher order terms in the
perturbation series by the resummation approach, which is absent in the case of fixed-order compu-
tation. Therefore, this study shows the importance of final-state radiation modelled in Monte Carlo
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simulation to describe the data, and also points that the differences between various parton shower

and hadronization models are significant.
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