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Abstract. The production of jets, photons and gauge bosons in association with jets at
hadron colliders provides a stringent test of perturbative QCD and can be used to probe
the gluon density function of the proton. In this letter we present recent measurements
of the inclusive jet cross section in data collected at center-of-mass energies of 8 TeV
and 13 TeV. The measurements have been performed differentially in various kinematic
and angular observables and are compared with state-of-the-art predictions at NLO in
pQCD. ATLAS has performed precise measurements of the inclusive production of iso-
lated prompt photons in data collected at center-of-mass energies of 8 and 13 TeV, dif-
ferential in both rapidity and the photon transverse momentum. The measurements are
compared with NLO pQCD calculations and with several MC generators. The cross sec-
tion of photons, W and Z bosons in association with one or more jets have been measured
differentially in various observables at center-of-mass energies of 8 and 13 TeV and com-
pared with state-of-the-art pQCD calculations up to NNLO QCD and NLO EWK as well
as LO and NLO ME+PS generators. Dedicated phase spaces sensitive to emission of
massive bosons collinear with jets or the electroweak production of vector bosons are
tested.

1 Introduction

With the large data sample accumulated at the Large Hadron Collider (LHC) during the Run-1 and
Run-2 periods at center-of-mass energies of 8 TeV and 13 TeV, respectively, detailed investigations of
perturbative quantum chromodynamics (pQCD) and electroweak (EWK) effects were conducted by
the ATLAS experiment [1]. Predictions from different Monte Carlo generators based on leading-order
(LO) and next-to-leading-order (NLO) matrix elements interfaced with parton shower and hadronisa-
tion models, and fixed-order predictions at next-to-leading order (NLO) and next-to-next-to-leading
order (NNLO) are compared to the observed cross sections presented differentially in various kine-
matic and topological observables for the production of jets, photons and vector bosons in association
with jets. The Monte Carlo simulations are also used to estimate most of the contributions from back-
ground events and to unfold the data to the particle level. The unfolding procedure for all the results in
the next sections follow the Bayesian Iterative method [2], as implemented in the RooUnfold package

[3].
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2 Production of Jets

At high transverse momenta the scattering of partons can be calculated using pQCD and jet mea-
surements are directly related to the scattering of quarks and gluons. The large cross sections for
such processes allow for differential measurements in a wide kinematic range and stringent test of
the underlying theory. Jets are reconstructed with the anti-k, algorithm [4] with four-momentum
recombination as implemented in the FastJet package [5], with radius parameter R = 0.4. The jet
differential cross section results, as a function of a variety of kinematic and topological variables, are
shown with the corresponding distributions presented in the analyses, which are individually unfolded
to deconvolve detector effects such as inefficiencies and resolutions [6].

2.1 Four-jet production at 8 TeV
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Figure 1. Unfolded four-jet differential cross section as a function of mg}i“ /myj, compared to different theoretical
predictions: Pythia, Herwig++ and MadGraph+Pythia [6].

With a dataset corresponding to an inte-
grated luminosity of 20.3 fb~!, the differen-
tial cross sections for events with at least four
jets were studied as a function of momen-
tum, masses and angles [6]. The cross sec-
tions are calculated for events with at least
four jets, within the rapidity range |y| < 2.8.
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Out of those four jets, the leading one must 00 5, e, .
have pr > 100 GeV, while the next three o .
must have pr > 64 GeV, with the condition 12.20
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physics searches, and that they are also sensi-

tive to events with large separations between Figure 2. Inclgsivs:—jet c.ross—sections as a function of pr
jets, Figure 1 shows the unfolded distribution and y|, for anti-k; jets with R = 0.4 [7].
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side with the generators used for comparison against data [6]. One can see that MadGraph+Pythia
provides a very good description, with a flat ratio for all the my; cuts.

2.2 Inclusive jets at 13 TeV

Inclusive-jet cross-sections are measured using data corresponding to an integrated luminosity of 3.2
fb~! [7]. The jet cross-sections are defined using jets representing those clustered from stable par-
ticles with a proper mean lifetime (7) exceeding 10 mm, with muons and neutrinos from decaying
hadrons included in the jet clustering. Figure 2 shows the inclusive-jet cross-section result for six
jet rapidity intervals covering the jet p];t range from 100 GeV to ~ 3.2 TeV and within a jet rapidity
interval |y| < 3, together with the NLO pQCD predictions calculated using NLOJET++ 4.1.3 [8]
with the CT14 NLO PDF set [9], to which non-perturbative and electroweak corrections are applied.
The dominant systematic uncertainty for this result, which significantly extends the reach of ATLAS
previous measurement [10], arises from the jet energy calibration [7].

3 Isolated prompt photons at 8 TeV

The production of prompt photons provides a probe of pQCD in a cleaner environment compared to
jet production and moreover, through the dominant LO process gg — ¢qy, can be used to study the
gluon parton distribution function of the proton [11-15]. At LO in pQCD, two processes contribute
to prompt photon production: the direct-photon process, in which the photon originates directly from
the hard interaction, and the fragmentation-photon process, in which the photon is emitted in the
fragmentation of a high transverse momentum parton.

With an integrated luminosity of 20.2 fb~!, the differential cross section of inclusive photon
production was measured as a function of EZ, split in 4 bins of pseudorapidity covering the range
[77] < 1.37 and 1.56 < |g7| < 2.37, spanning the photon transverse energy between 25 and 1500
GeV [16]. The photon candidate, identified by combining the information from the calorimeters and
the inner tracker, is required to be isolated based on the amount of transverse energy inside a cone
of AR = 0.4 in the 17 — ¢ plane centred around the photon direction, to avoid the large contribution
of photons from neutral-hadron decays. The theoretical calculations used in the analysis consist of
LO Monte Carlo event generators and calculations at NLO or higher. JetPhox is used as the baseline
to compare the results as it is capable of calculating the double-differential inclusive prompt photon
cross section at parton level to NLO accuracy for both the direct and fragmentation photon processes.
PeTeR [17] is used as a second parton-level generator to predict the differential isolated prompt
photon cross section at NLO including the resummation of threshold logarithms at the next-to-next-
to-next-to-leading- logarithmic (NNNLL) level. It can be seen in Figure 3 that PeTeR removes the
normalisation difference seen between data and JetPhox, especially in the region || < 1.37. The un-
certainties shown, from combining the scale, PDF and electroweak uncertainties, are about 20% lower
than those from JetPhox. The PeTeR predictions match the data, within the combined measured and
theoretical uncertainties, in all of the measured phase space [16].

4 Vector bosons + jets production

The relatively large production cross sections and easily identifiable decays of the boson to charged
leptonic final states offer clean experimental signatures which can be precisely measured. Such pro-
cesses also constitute a non-negligible background for Higgs boson studies and in searches for new
phenomena. Typically in these studies, the multiplicity and kinematics of the jets are exploited to
achieve a separation of the signal of interest from the Standard Model (SM) vector boson + jets pro-
cess.
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Figure 3. Ratio of theory (PeTeR and JetPhox both using the CT10 PDF) to data for the differential cross sections

as a function of EZ, for the four 7” regions [16].

The measurements were compared to fixed-order
calculations at NLO BlackHat+Sherpa [19, 20] and at
NNLO from Z+ > 1 jet Njetti and W+ > 1 jet Njetti
[21-23] which use a new subtraction technique based
on N — jettiness [24] and relies on the theoretical for-
malism provided in soft-collinear effective theory. The
measured cross sections are also compared to predic-
tions from the generators Alpgen v2.14 [25] interfaced
to Pythia v6.426 [26] to model the parton shower (PS),
denoted as Alpgen+Py6, and to Madgraph MG5_aMC
NLO v2.2.2 generator [27], in two different schemes:
MG5_aMC+Py8 CKKWL, using matrix elements in-
cluding up to four partons at leading order, interfaced to
Pythia v8.186 [28], using the CKKWL merging scheme
[29] and with ME for up to two jets at NLO and with
parton showers beyond this generated using the FxFx
scheme [30]. The cross sections results are also com-
pared to W+ j and W+ j j+weak shower calculation pro-
vided by Pythia v8.210 and, in this case, the W boson
can either be produced by the matrix elements of the
W+ 1 jet final state or be emitted as electroweak final-

state radiation in the parton shower of a dijet event. The Sherpa + OpenLoops W+ j and W+ j j
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Figure 4. Measured cross section as a func-
tion of the Hy for inclusive Z+ > 1 jet events

[18].

calculation incorporates NLO QCD and NLO EW corrections to both of these processes [31-35].

4.1 Z+jets at 13 TeV

Measurements of the cross section for the production of a Z boson decaying to electrons or muons
associated with up to seven jets in the jet kinematic range of transverse momentum pt > 30 GeV and
rapidity |y| < 2.5 were performed using data corresponding to an integrated luminosity of 3.16 fb~!.
The invariant mass of the lepton pair was selected within 71 < my < 111 GeV and the jet and the

lepton were required to have a separation of AR({, jet) > 0.4 [18].
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Figure 4 shows the measured cross sections as a function of the Hr distribution (up to 1400 GeV)
in inclusive Z+ > 1 jet events. Sherpa 2.1 [36] and MG5_aMC+Py8 FxFx [30] describe well
the spectrum while MG5_aMC+Py8 CKKWL [29] and Alpgen+Py6 overestimate the distribution
at large values of Hy. BlackHat+Sherpa under-estimates the cross section for Hr > 300 GeV, as
observed in similar measurements at lower centre-of-mass energies, due to the missing contributions
from events with higher parton multiplicities. One can note that the agreement is recovered by adding
higher orders in perturbative QCD, as demonstrated by the good description of Ht by Njeyi NNLO
[18].

4.2 Collinear W production at 8TeV

The W boson angular distribution in events with high
transverse momentum jets was measured using data
corresponding to an integrated luminosity of 20.3 fb~!
[37]. The focus is on the contributions to W+ jets pro-
cesses from real W emission, so that the selected events
contain an isolated muon and a jet with transverse mo- 60
mentum pr > 500 GeV. In this kinematic regime, con- 4
tributions to W+ jets processes from real W boson emis-
sion are enhanced in the region of small angular separa-
tion between the W boson decay products and the clos-
est jet, with the angular separation defined as the dis-
tance between the muon and the closest jet, AR(u, jet) =
V(A¢)? + (An)?. Figure 5 shows the unfolded distri-
bution from background-subtracted data of the angular
separation between the muon and the closest jet in the
signal region for events with 500 GeV < pr (leading jet) sz
< 600 GeV [37] along with a variety of MC generators AR(u, closest jet)
and theoretical calculations. Alpgen+Pythia6 overesti-

mates the total cross-section, whereas Pythia8, which Figure 5. Unfolded distribution from
is modified to explicitly include the process of W bo- background-subtracted data of the angular
son emission, disagrees with the measurement in the separation between the muon and the closest
collinear region (AR(u, jet) < 2.4). Agreement with the jetin the signal region along with several pre-
Sherpa+OpenLoops NLO QCD+EW calculation and dictions from theory calculations for events
the W+ > 1 jet Njey calculation [23] is well within the ~ With 500 GeV < leading jet pr < 600 GeV
systematic and statistical uncertainties of the predictions [371.

and the measurement.
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5 Conclusions

Measurements of the production of jets, photons and vector bosons plus jets were presented in vari-
ous kinematic and topological observables and compared to predictions from different Monte Carlo
generators. MadGraph+Pythia provides the best description of mass variables for the four-jet results
at 8 TeV. NLO pQCD with non-perturbative and electroweak effects corrections are compared to the
inclusive jets measurement at 13 TeV. The predictions are in good agreement with data, confirming
the validity of pQCD in the measured kinematic regions. The isolated prompt photons result covers
ten orders of magnitude in cross section, with NLO QCD (PeTeR) with resummation+electroweak
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corrections describing data well within uncertainties. Vector boson+jets results provide essential in-
put for optimisation of the Monte Carlo generators and, in particular, the collinear W measurement
has implications for Monte Carlo programs that incorporate real W boson emission, a process which
is only just now being probed directly at the energy of the LHC.
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