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Several aspects of jet production in proton-proton collisions have been measured by the ATLAS
Collaboration. The measurements of the jet production cross-sections probe the dynamics of
QCD and can constrain the parton proton structure. Cross-sections for inclusive jet, three-jet and
four-jet final states are measured differentially in a variety of kinematic variables and for differ-
ent centre-of-mass energies in proton-proton collisions with the ATLAS detector. Experimental
results are compared to expectations based on next-to-leading order QCD calculations as well as
to the Monte Carlo simulations. First LHC Run-2 results are also presented. The measurement
of the jet-jet transverse energy correlations sensitive to the strong coupling constant is discussed.
The momentum-weighted sum of the charges of tracks associated to a jet is sensitive to the elec-
trical charge of the parton initiating the jet. The distribution of the so-called jet charge has been

measured in dijet events using proton-proton collision data.
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1. Introduction

At the Large Hadron Collider (LHC) [1], jet production in proton-proton (pp) collisions can
be used to probe quantum chromodynamics (QCD) in the TeV regime. In QCD, jet production
can be interpreted as the fragmentation of quarks and gluons produced in the scattering process
and its measurement provides information about the colour-exchange interaction. Therefore, the
measurement of the multi-jet production cross-sections at different centre-of-mass energies at the
LHC provides valuable inputs to the determination of the parton distribution functions (PDFs) in
the proton and the strong coupling constant ().

Jets are identified using the anti-k; algorithm [2] as implemented in the FastJet [3] software
package. Inputs to the jet algorithm can be partons in the QCD calculation, stable particles after
the hadronisation process in the Monte Carlo simulations or energy deposits in the detector.

Event shape variables, like transverse energy-energy correlations (TEEC), i.e. the energy-
weighted angular distributions of hadron jets produced in pp collisions, exhibit quadratic depen-
dence on the strong coupling constant and can be used for precise () determination.

Quarks and gluons produced in high-energy particle collisions hadronise before their electric
charge can be directly measured. However, information about the electric charge is embedded in
the properties of hadron jets. The momentum-weighted charge sum of charged-particle tracks in
a jet, jet charge, is sensitive to the electric charge of quarks and gluons. The jet charge is used in
many applications, like heavy flavour quarks tagging [4], quark/gluon discrimination [5], etc.

In this contribution, the measurement of the double-differential inclusive jet production cross-
section [6], the double-differential three-jet mass distribution [7], transverse energy-energy corre-
lation [8] in pp collisions at centre-of-mass energy /s = 7 TeV, four-jet production cross-section
[9] and jet charge distribution [10] in pp collisions at /s = 8 TeV and the inclusive jet production
cross-section [11] in pp collisions at /s = 13 TeV using data collected by the ATLAS experiment
[12]in 2011, 2012 and 2015 are presented.

2. Inclusive jet and three-jet production cross-section measurements in
proton-proton collisions at centre-of-mass energy /s = 7 TeV

The double-differential inclusive jet cross-section is measured as a function of the transverse
momentum of the jets, pr, and their absolute rapidity, |y|, at v/s =7 TeV using the data corre-
sponding to an integrated luminosity of 4.5 fb~!. The measurement is performed using jets with
, in equal steps of 0.5.
Events containing at least three jets within the |y| < 3 with pr > 50 GeV are considered

pr > 100 GeV and |y| < 3. The measurements are made in five bins of |y

for the double-differential three-jet mass distribution measurement. The leading, subleading and
sub-subleading jets are required to have pt > 150 GeV,pr > 100 GeV and pr > 50 GeV, re-
spectively. The three-jet cross-sections are measured as a function of the three-jet mass m;;; =

\ (P1+p2+ p3)2 and the summed absolute rapidity separation of the three leading jets |Y*| =
[vi — 2| + [y2 — y3| + [y1 — ¥3|, where p;(y;) are the four-momenta (rapidities) of the three leading
jets. The measurements are made in five ranges of |Y*| < 10, in equal steps of two.

The uncertainty in the jet energy scale (JES) calibration is the dominant uncertainty in these
measurements. The uncertainty in the pt of each individual jet due to the JES calibration is between
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Figure 1: Ratio of NLO pQCD predictions to the measured double-differential inclusive jet cross-section
[6], shown as a function of the jet pr in bins of the |y|, for anti-k, jets with R = 0.4.
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Figure 2: The ratio of NLO QCD predictions to data [7] as a function of m;;; in bins of |Y*| for jets
identified using the anti-k; algorithm with R = 0.4.

1% and 4% in the central region (|y| < 1.8), and increases to 5% in the forward region (1.8 < |y| <
4.5). The uncertainties due to the JES calibration are propagated to the measured cross-sections
using the MC simulation. The uncertainties due to the jet energy resolution (JER) and jet angular
resolution (JAR) are propagated to the measured cross-section using the data unfolding procedure.

The next-to-leading order (NLO) predictions by the cross-section calculator NLOJET++ [13],
corrected for hadronisation effects and underlying-event activity using PYTHIA 6 [14] Monte Carlo
simulation with PERUGIA 2011 tune [15], are compared to the measured inclusive jet and three-jet
cross-sections, as shown in Fig. 1 and 2, respectively. To estimate the uncertainty due to missing
higher-order terms in the fixed-order perturbative expansion, the renormalisation and factorisation
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scales are independently varied up and down by a factor of two. The multiple uncertainty com-
ponents of each PDF set, as provided by the various PDF analyses, are also propagated through
the theoretical calculations. The uncertainties in the cross-sections due to the strong coupling are
estimated using two additional proton PDF sets, for which different values of ¢ are assumed in
the fits, such that the effect of the strong coupling value on the PDFs is included. Non-perturbative
corrections are evaluated using leading-logarithmic parton-shower generators. The corrections are
calculated as bin-by-bin ratios of the cross-sections at the particle level, including hadronisation
and underlying-event effects, to that at parton-level after the parton shower (before the hadronisa-
tion process starts) with the underlying event simulation switched off.

The inclusive jet measurement extends over jet pr from 100 GeV to 2 TeV in the rapidity
region |y| < 3. The QCD predictions reproduce the measured cross-sections, which range over
eight orders of magnitude in the six rapidity bins. The three-jet measurements probes the m;;; up
to ~ 5 TeV and are well described by the calculations using various PDF sets.

3. Transverse energy-energy correlation and strong coupling determination in
events with at least two jets in proton-proton collisions at centre-of-mass energy
Vs ="7TeV

The data used in this analysis were recorded in
2011 at /s =7 TeV and correspond to an integrated lu-
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Figure 3: The unfolded distributions

N EAEA for transverse energy-energy correlation [8]
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The data are corrected to the particle level in order shaded band.
to take into account detector efficiencies and resolutions. This allows a direct comparison with
theoretical calculations, as well as with measurements of other experiments.

The following experimental sources of uncertainty are considered for this measurement: JES,
JER, JAR, pileup, parton shower modelling, unfolding procedure. The total experimental uncer-
tainty is about 5%, dominated by the JES and parton shower modelling components.
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The comparison of the measured TEEC spectrum to the MC predictions are shown in Figure 3.
The description of the TEEC is good in the back-to-back region cos¢ ~ —1 for both PYTHIA 6
[14] and ALPGEN+HERWIG [16]. Differences up to 10% are observed in the central part, while the
region of small angles shows differences as large as about 15%. The description by HERWIG++
[17] is poorer.

The NLO QCD calculations are performed using NLOJET++ [13]. These calculations are
subsequently corrected for non-perturbative effects such as hadronisation and the underlying event
(cf. Section 2). These calculations are used to determine the value of the strong coupling o (my).
The values of the strong coupling constant are extracted using several sets of PDF and the one
obtained using the CT10 PDF [18] is chosen to be the final result for the ¢ extraction, since its
PDF uncertainty is largest and serves as an envelope covering the variations observed with different
PDF sets.

The strong coupling constant determined from the measured TEEC distribution

o = 0.1173 +0.0010(exp) T3095 (scale) +0.0017 (PDF) + 0.0002(NPC), (3.2)
agrees very well with the world average value. Current determination is limited by the uncertainties

due to the choice of renormalisation and factorisation scales.

4. Four-jet production cross-section measurements in proton-proton collisions at
centre-of-mass energy /s = 8 TeV

This analysis studies
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of those four jets, the lead- resents the total experimental systematic uncertainty centred at one. The

patterned band represents the NLO scale and PDF uncertainties calculated

ing one must have pp >
from NJet/Sherpa centred at the nominal NJet/Sherpa values.

100 GeV, while the next
three must have pr > 64 GeV. In addition, these four jets must be well separated from one another,
such that the minimal angular distance between any pair of four leading jets AR = /Ay? + Ap? >

0.65. Cross-sections are measured differentially as a function of my4; = \/ ((p1+p2+ps+ p4)2,
where p; are the four-momenta of the four leading jets. The results of the measurement are com-
pared to NLO predictions calculated using BlackHat/Sherpa [19] and NJet/Sherpa [20]. They are
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both fixed-order calculations with no parton shower and no hadronisation. Therefore, the results are
presented at the parton-jet level, that is, using jets built from partons instead of hadrons. However,
the effect of non-perturbative correction in this analysis is expected to be small.

The total experimental uncertainty in these measurements is about 10%, dominated by the JES
and unfolding uncertainties.

The distribution of the invariant mass my; is studied in Figure 4. HEJ [21] is mostly compatible
with the measurement, but the ratio to data has a bump structure in the region of approximately 1
to 2 TeV. This feature is also shared by NJet/Sherpa, but the differences with respect to the data
are covered by the NLO uncertainties.

5. Jet charge measurements in dijet events in proton-proton collisions at
centre-of-mass energy /s = 8 TeV

Inclusive dijet events provide an useful envi- 0.25
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where Tracks is the set of tracks associated with using CT10 PDF set.

jetJ, g; is the charge of track i with associated transverse momentum piT, K is a free regularization
parameter, and p7. is the transverse momentum of the calorimeter jet.

The total experimental uncertainty in the jet charge measurements is about 3—5%, dominated
by the JES and the tracking uncertainties.

The unfolded jet charge distribution’s mean is compared to NLO POWHEG+PYTHIA 8 [22]
and LO PYTHIA 8 [23] theory predictions using the CT10 PDF set [18] as shown in Figure 5. The
calculations are generally about 10% below the data. There does not seem to be an effect from the
POWHEG NLO matrix element on the data-to-MC agreement.

6. Inclusive jet production cross-section measurements in proton-proton collisions
at centre-of-mass energy /s = 13 TeV

The inclusive-jet cross-section is measured using the first data collected by the ATLAS ex-
periment from the 2015 LHC operation at a centre-of-mass energy of /s = 13 TeV. The data
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correspond to an integrated luminosity of 78 pb~!. The measurement is performed in a kinematic
region where the performance of the ATLAS detector is well understood for the early Run-2 data-
taking.
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Figure 6: Inclusive-jet cross-sections [11] as a function of the jet pr in the |y| < 0.5 range, for anti-k,
jets with R = 0.4, shown in a range of 350 < pt < 840 GeV. The £9% uncertainty from the luminosity
measurement is not included.

The JES calibration [24] is based on the uncertainties derived for the ATLAS data /s = 8 TeV
in 2012 [25, 26, 27], completed with a series of components specific to the calibration of jets in the
early Run-2 data at /s = 13 TeV used in this measurement.

The inclusive-jet cross-section is measured differentially as a function of the jet transverse
momentum, pr, in the jet rapidity range of |y| < 0.5 and compared to NLO QCD predictions
[13] using several PDF sets and corrected for non-perturbative effects, as shown in Figure 6. The
predictions are consistent with the data, and more precise measurements over a wider kinematic
region are foreseen as more data are collected.

7. Conclusions

This contribution presents the studies of the jet production performed by the ATLAS Col-
laboration using datasets recorded in 2011, 2012 and 2015 at centre-of-mass energies of /s =
7,8 and 13 TeV. These high statistics and high precision data samples allow to perform detailed
quantitative tests of the Standard Model predictions. The multi-jet production cross-sections have
been measured as a function of different kinematic observables probing the theoretical calculations
in the TeV range. The jet charge measurements evaluate the evolution of nonperturbative jet ob-
servables to validate QCD MC predictions and tune their free model parameters. The transverse
energy-energy correlations allows for precise o, determination. The inclusive jet cross-section
measurements using first Run-2 data test perturbative QCD at this new, unexplored energy.
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