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Abstract The inclusive cross-section for jet production
in association with a Z boson decaying into an electron–
positron pair is measured as a function of the transverse
momentum and the absolute rapidity of jets using 19.9 fb−1

of
√
s = 8 TeV proton–proton collision data collected with

the ATLAS detector at the Large Hadron Collider. The mea-
sured Z + jets cross-section is unfolded to the particle level.
The cross-section is compared with state-of-the-art Stan-
dard Model calculations, including the next-to-leading-order
and next-to-next-to-leading-order perturbative QCD calcu-
lations, corrected for non-perturbative and QED radiation
effects. The results of the measurements cover final-state
jets with transverse momenta up to 1 TeV, and show good
agreement with fixed-order calculations.
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1 Introduction

The measurement of the production cross-section of jets, a
collimated spray of hadrons, in association with a Z boson
(Z + jets), is an important process for testing the predictions
of perturbative quantum chromodynamics (pQCD). It pro-
vides a benchmark for fixed-order calculations and predic-
tions from Monte Carlo (MC) simulations, which are often
used to estimate the Z + jets background in the measure-
ments of Standard Model processes, such as Higgs boson
production, and in searches for new physics beyond the Stan-
dard Model.

Various properties of Z + jets production have been mea-
sured in proton–antiproton collisions at

√
s = 1.96 TeV at

the Tevatron [1–4]. The differential Z + jets cross-section is
measured as functions of the Z boson transverse momentum
and the jets’ transverse momenta and rapidities, and as a func-
tion of the angular separation between the Z boson and jets in
final states with different jet multiplicities. The experiments
at the Large Hadron Collider (LHC) [5] have an increased
phase space compared to previous measurements by using
proton–proton collision data at

√
s = 7, 8 and 13 TeV [6–15].

The measurements at the LHC allow state-of-the-art theoreti-
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cal Z + jets predictions to be tested. These have recently been
calculated to next-to-next-to-leading-order (NNLO) accu-
racy in pQCD [16,17].

This paper studies the double-differential cross-section of
inclusive jet production in association with a Z boson which
decays into an electron–positron pair. The cross-section is
measured as a function of absolute jet rapidity, |yjet|, and

jet transverse momentum, pjet
T , using the proton–proton (pp)

collision data at
√
s = 8 TeV collected by the ATLAS exper-

iment. The measured cross-section is unfolded to the particle
level.

The cross-section calculated at fixed order for Z + jets
production in pp collisions at

√
s = 8 TeV is dominated by

quark–gluon scattering. The Z + jets cross-section is sensi-
tive to the gluon and sea-quark parton distribution functions
(PDFs) in the proton. In the central |yjet| region the Z + jets
cross-section probes the PDFs in the low x range, where x
is the proton momentum fraction, while in the forward |yjet|
region it examines the intermediate and high x values. The
scale of the probe is set by pjet

T .
The measured cross-section is compared with the next-to-

leading-order (NLO) and NNLO Z + jets fixed-order calcu-
lations, corrected for hadronisation and the underlying event.
In addition, the data are compared with the predictions from
multi-leg matrix element (ME) MC event generators supple-
mented with parton shower simulations.

The structure of the paper is as follows. The ATLAS detec-
tor is briefly described in Sect. 2. This is followed by a
description of the data in Sect. 3 and the simulated sam-
ples in Sect. 4. The definition of the object reconstruction,
calibration and identification procedures and a summary of
the selection criteria are given in Sect. 5. The Z + jets back-
grounds are discussed in Sect. 6. The correction of the mea-
sured spectrum to the particle level is described in Sect. 7. The
experimental uncertainties are discussed in Sect. 8. The fixed-
order calculations together with parton-to-particle-level cor-
rections are presented in Sect. 9. Finally, the measured cross-
section is presented and compared with the theory predictions
in Sect. 10. The quantitative comparisons with the fixed-order
pQCD predictions are summarised in Sect. 11.

2 The ATLAS detector

The ATLAS experiment [18] at the LHC is a multipurpose
particle detector with a forward–backward symmetric cylin-
drical geometry and nearly 4π coverage in solid angle.1

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle

It consists of an inner tracking detector surrounded by a
thin superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer incorporating three
large superconducting toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |η| < 2.5. A high-granularity silicon pixel detector
covers the pp interaction region and typically provides three
measurements per track. It is followed by a silicon microstrip
tracker (SCT), which usually provides four two-dimensional
measurement points per track. These silicon detectors are
complemented by a transition radiation tracker (TRT), which
provides electron identification information.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. In the region |η| < 3.2, electromagnetic calorime-
try is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters, with
an additional thin LAr presampler covering |η| < 1.8 to
correct for energy loss in material upstream of the calorime-
ters. Hadronic calorimetry is provided by a steel/scintillator-
tile calorimeter, segmented into three barrel structures for
|η| < 1.7, and two copper/LAr hadronic endcap calorime-
ters in the range 1.5 < |η| < 3.2. The calorimetry in the
forward pseudorapidity region, 3.1 < |η| < 4.9, is provided
by the copper-tungsten/LAr calorimeters.

The muon spectrometer surrounds the calorimeters and
contains three large air-core toroidal superconducting mag-
nets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detec-
tor. The muon spectrometer includes a system of precision
tracking chambers and fast detectors for triggering.

A three-level trigger [19] was used to select events for
offline analysis. The first-level trigger is implemented in
hardware and used a subset of the detector information to
reduce the accepted rate to at most 75 kHz. This was followed
by two software-based trigger levels that together reduced the
average accepted event rate to 400 Hz.

3 Data sample

The data used for this analysis are from proton–proton colli-
sions at

√
s = 8 TeV that were collected by the ATLAS detec-

tor in 2012 during stable beam conditions. Events recorded
when any of the ATLAS subsystems were defective or non-
operational are excluded. Data were selected with a dielec-
tron trigger, which required two reconstructed electron can-
didates with transverse momenta greater than 12 GeV. Only

Footnote 1 continued
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
�R ≡ √

(�η)2 + (�φ)2.
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events with electron energy leakage of less than 1 GeV into
the hadronic calorimeter were accepted. The trigger required
that reconstructed electron candidates were identified using
the ‘loose1’ criteria [20], which are discussed in Sect. 5.1.

The integrated luminosity of the analysis data sample after
the trigger selection is 19.9 fb−1 measured with an uncer-
tainty of ±1.9% [21]. The average number of simultaneous
proton–proton interactions per bunch crossing is 20.7.

In addition, a special data sample was selected for a data-
driven study of multijet and W+ jets backgrounds. For this
purpose, the analysis data sample was enlarged by includ-
ing auxiliary events selected by a logical OR of two single-
electron triggers.

The first single-electron trigger required events with at
least one reconstructed electron candidate with a transverse
momentum greater than 24 GeV and hadronic energy leak-
age less than 1 GeV. The electron candidate satisfied the
‘medium1’ identification criteria [20], a tightened subset of
‘loose1’. The reconstructed electron track was required to be
isolated from other tracks in the event. The isolation require-
ment rejected an event if the scalar sum of reconstructed track
transverse momenta in a cone of size �R = 0.2 around the
electron track exceeded 10% of the electron track’s transverse
momentum.

The second single-electron trigger accepted events with
at least one electron candidate with a transverse momentum
greater than 60 GeV and identified as ‘medium1’. This trig-
ger reduced inefficiencies in events with high-pT electrons
that resulted from the isolation requirement used in the first
trigger.

Events selected by single-electron triggers include a large
number of background events that are normally rejected by
the Z + jets selection requirements, but these events are used
in the data-driven background studies.

4 Monte Carlo simulations

Simulated Z + jets signal events were generated using the
Sherpa v. 1.4 [22] multi-leg matrix element MC generator.
The MEs were calculated at NLO accuracy for the inclusive Z
production process, and additionally with LO accuracy for
up to five partons in the final state, using Amegic++ [23].
Sherpa MEs were convolved with the CT10 [24] PDFs.
Sherpa parton showers were matched to MEs following the
CKKW scheme [25]. The MENLOPS [26] prescription was
used to combine different parton multiplicities from matrix
elements and parton showers. Sherpa predictions were nor-
malised to the inclusive Z boson production cross-section
calculated at NNLO [27–29] and are used for the unfolding
to particle level and for the evaluation of systematic uncer-
tainties.

An additional Z + jets signal sample with up to five par-
tons in the final state at LO was generated using Alp-
gen v. 2.14 [30]. The parton showers were generated using
Pythia v. 6.426 [31] with the Perugia 2011C [32] set of
tuned parameters to model the underlying event’s contribu-
tion. The Alpgen MEs were matched to the parton showers
following the MLM prescription [30]. The proton structure
was described by the CTEQ6L1 [33] PDF. Referred to as the
Alpgen+Pythia sample, these predictions were normalised
to the NNLO cross-section. This sample is used in the analy-
sis for the unfolding uncertainty evaluation and for compar-
isons with the measurement.

The five-flavour scheme with massless quarks was used
in both the Sherpa and Alpgen+Pythia predictions.

Backgrounds from the Z → ττ , diboson (WW , WZ
and Z Z ), t t̄ and single-top-quark events are estimated using
MC simulations. The Z → ττ events were generated
using Powheg- Box v. 1.0 [34,35] interfaced to Pythia v.
8.160 [36] for parton showering using the CT10 PDFs and
the AU2 [37] set of tuned parameters. The Z → ττ pre-
diction was normalised to the NNLO cross-section [27–
29]. The WW , WZ and Z Z events were generated using
Herwig v. 6.520.2 [38] with the CTEQ6L1 PDFs and the
AUET2 [39] set of tuned parameters. The diboson predic-
tions were normalised to the NLO cross-sections [40,41].
Samples of single-top-quark events, produced via the s-,
t- and Wt-channels, and t t̄ events were generated with
Powheg- Box v. 1.0 interfaced to Pythia v. 6.426, which
used the CTEQ6L1 PDFs and the Perugia 2011C set of
tuned parameters. The prediction for single-top-quark pro-
duction in s-channel were normalised to the NNLO cal-
culations matched to the next-to-next-to-leading-logarithm
(NNLL) calculations (NNLO+NNLL) [42], while predic-
tions in t- andWt-channel are normalised to the NLO+NNLL
calculations [43,44]. The t t̄ samples were normalised to the
NNLO+NNLL calculations [45].

The Photos [46] and Tauola [47] programs were interfaced
to the MC generators, excluding Sherpa, to model electro-
magnetic final-state radiation and τ -lepton decays, respec-
tively.

Additional proton–proton interactions, generally called
pile-up, were simulated using the Pythia v. 8.160 gener-
ator with the MSTW2008 [48] PDFs and the A2 [37] set
of tuned parameters. The pile-up events were overlaid onto
the events from the hard-scattering physics processes. MC
simulated events were reweighted to match the distribution
of the average number of interactions per bunch crossing in
data.

All MC predictions were obtained from events processed
with the ATLAS detector simulation [49] that is based on
Geant 4 [50].
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5 Object definitions and event selection

The measured objects are the electrons and jets reconstructed
in ATLAS. The methods used to reconstruct, identify and cal-
ibrate electrons are presented in Sect. 5.1. The reconstruction
of jets, their calibration, and background suppression meth-
ods are discussed in Sect. 5.2. Finally, all selection require-
ments are summarised in Sect. 5.3.

5.1 Electron reconstruction and identification

Electron reconstruction in the central region, |η| < 2.5, starts
from energy deposits in calorimeter cells. A sliding-window
algorithm scans the central volume of the electromagnetic
calorimeter in order to seed three-dimensional clusters. The
window has a size of 3 × 5 in units of 0.025 × 0.025 in η–
φ space. Seeded cells have an energy sum of the constituent
calorimeter cells greater than 2.5 GeV. An electron candidate
is reconstructed if the cluster is matched to at least one track
assigned to the primary vertex, as measured in the inner detec-
tor. The energy of a reconstructed electron candidate is given
by the energy of a cluster that is enlarged to a size of 3 × 7
(5 × 5) in η–φ space in the central (endcap) electromagnetic
calorimeter in order to take into account the shape of elec-
tromagnetic shower energy deposits in different calorimeter
regions. The η and φ coordinates of a reconstructed electron
candidate are taken from the matched track. The details of
the electron reconstruction are given in Ref. [51].

A multistep calibration is used to correct the electron
energy scale to that of simulated electrons [52]. Cluster ener-
gies in data and in MC simulation are corrected for energy
loss in the material upstream of the electromagnetic calorime-
ter, energy lost outside of the cluster volume and energy
leakage beyond the electromagnetic calorimeter. The recon-
structed electron energy in data is corrected as a function
of electron pseudorapidity using a multiplicative scale factor
obtained from a comparison of Z → ee mass distributions
between data and simulation. In addition, the electron energy
in the MC simulation is scaled by a random number taken
from a Gaussian distribution with a mean value of one and
an η-dependent width, equal to the difference between the
electron energy resolution in data and MC simulation, deter-
mined in situ using Z → ee events.

A set of cut-based electron identification criteria, which
use cluster shape and track properties, is applied to recon-
structed electrons to suppress the residual backgrounds
from photon conversions, jets misidentified as electrons and
semileptonic heavy-hadron decays. There are three types
of identification criteria, listed in the order of increas-
ing background-rejection strength but diminishing electron
selection efficiency: ‘loose’, ‘medium’ and ‘tight’ [51]. The
‘loose’ criteria identify electrons using a set of thresholds
applied to cluster shape properties measured in the first

and second LAr calorimeter layers, energy leakage into the
hadronic calorimeter, the number of hits in the pixel and
SCT detectors, and the angular distance between the cluster
position in the first LAr calorimeter layer and the extrapo-
lated track. The ‘medium’ selection tightens ‘loose’ require-
ments on shower shape variables. In addition, the ‘medium’
selection sets conditions on the energy deposited in the third
calorimeter layer, track properties in the TRT detector and the
vertex position. The ‘tight’ selection tightens the ‘medium’
identification criteria thresholds, sets conditions on the mea-
sured ratio of cluster energy to track momentum and rejects
reconstructed electron candidates matched to photon conver-
sions.

Each MC simulated event is reweighted by scale factors
that make the trigger, reconstruction and identification effi-
ciencies the same in data and MC simulation. The scale fac-
tors are generally close to one and are calculated in bins of
electron transverse momenta and pseudorapidity [20,51].

5.2 Jet reconstruction, pile-up suppression and quality
criteria

Jets are reconstructed using the anti-kt algorithm [53] with
a radius parameter R = 0.4, as implemented in the Fast-
Jet software package [54]. Jet reconstruction uses topo-
logically clustered cells from both the electromagnetic
and hadronic calorimeters [55]. The topological clustering
algorithm groups cells with statistically significant energy
deposits as a method to suppress noise. The energy scale of
calorimeter cells is initially established for electromagnetic
particles. The local cell weighting (LCW) [56] calibration
is applied to topological clusters to correct for the differ-
ence between the detector responses to electromagnetic and
hadronic particles, energy losses in inactive material and out-
of-cluster energy deposits. The LCW corrections are derived
using the MC simulation of the detector response to single
pions.

The jet energy scale (JES) calibration [57] corrects the
energy scale of reconstructed jets to that of simulated
particle-level jets. The JES calibration includes origin cor-
rection, pile-up correction, MC-based correction of the jet
energy and pseudorapidity (MCJES), global sequential cali-
bration (GSC) and residual in situ calibration.

The origin correction forces the four-momentum of the jet
to point to the hard-scatter primary vertex rather than to the
centre of the detector, while keeping the jet energy constant.

Pile-up contributions to the measured jet energies are
accounted for by using a two-step procedure. First, the recon-
structed jet energy is corrected for the effect of pile-up by
using the average energy density in the event and the area of
the jet [58]. Second, a residual correction is applied to remove
the remaining dependence of the jet energy on the number of
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reconstructed primary vertices, NPV, and the expected aver-
age number of interactions per bunch crossing, 〈μ〉.

The MCJES corrects the reconstructed jet energy to the
particle-level jet energy using MC simulation. In addition, a
correction is applied to the reconstructed jet pseudorapidity
to account for the biases caused by the transition between dif-
ferent calorimeter regions and the differences in calorimeter
granularity.

Next, the GSC corrects the jet four-momenta to reduce
the response’s dependence on the flavour of the parton that
initiates the jet. The GSC is determined using the number of
tracks assigned to a jet, the pT-weighted transverse distance
in the η–φ space between the jet axis and all tracks assigned to
the jet (track width), and the number of muon track segments
assigned to the jet.

Finally, the residual in situ correction makes the jet
response the same in data and MC simulation as a func-
tion of detector pseudorapidity by using dijet events (η-
intercalibration), and as a function of jet transverse momen-
tum by using well-calibrated reference objects in Z/γ and
multijet events.

Jets originating from pile-up interactions are suppressed
using the jet vertex fraction (JVF) [58]. The JVF is calculated
for each jet and each primary vertex in the event as a ratio of
the scalar sum of pT of tracks, matched to a jet and assigned
to a given vertex, to the scalar sum of pT of all tracks matched
to a jet.

Applying jet quality criteria suppresses jets from non-
collision backgrounds that arise from proton interactions
with the residual gas in the beam pipe, beam interactions
with the collimator upstream of the ATLAS detector, cosmic
rays overlapping in time with the proton–proton collision
and noise in the calorimeter. Jet quality criteria are used to
distinguish jets by using the information about the quality of
the energy reconstruction in calorimeter cells, the direction of
the shower development and the properties of tracks matched
to jets. There are four sets of selection criteria that establish
jet quality: ‘looser’, ‘loose’, ‘medium’ and ‘tight’. They are
listed in the order of increasing suppression of non-collision
jet background but decreasing jet selection efficiency. The
‘medium’ jet selection is used in the paper due to its high
background rejection rate together with about 100% jet selec-
tion efficiency in the pjet

T > 60 GeV region [57].

5.3 Event selection

Events are required to have a primary vertex with at least three
assigned tracks that have a transverse momentum greater than
400 MeV. When several reconstructed primary vertices sat-
isfy this requirement, the hard-scatter vertex is taken to be
the one with the highest sum of the squares of the transverse
momenta of its assigned tracks.

Each event is required to have exactly two reconstructed
electrons, each with transverse momentum greater than
20 GeV and an absolute pseudorapidity less than 2.47,
excluding the detector transition region, 1.37 < |ηe| < 1.52,
between barrel and endcap electromagnetic calorimeters.
The electrons are required to have opposite charges, be iden-
tified using the ‘medium’ [51] criteria and be matched to
electron candidates that were selected by the trigger. The
‘medium’ identification ensures the electrons originate from
the hard-scatter vertex. The electron-pair invariant mass,mee,
is required to be in the 66 GeV < mee < 116 GeV range.

Jets are required to have a transverse momentum greater
than 25 GeV and an absolute jet rapidity less than 3.4. Jets
with pjet

T < 50 GeV, |ηdet| < 2.4, where ηdet is recon-
structed relative to the detector centre, and |JVF| < 0.25 are
considered to be from pile-up. Jets originating from pile-up
are removed from the measurement. MC simulations poorly
describe the effects of high pile-up in the pjet

T < 50 GeV
and |yjet| > 2.4 region, so this region is not included in
the measurement. Jets reconstructed within �R = 0.4 of
selected electrons are rejected in order to avoid overlap. Jets
are required to satisfy the ‘medium’ [57] quality criteria. In
addition, jets in regions of the detector that are poorly mod-
elled are rejected in data and MC simulations in order to avoid
biasing the measured jet energy [57]. Each jet that meets the
selection requirements is used in the measurement.

As a result, 1,486,415 events with two electrons and at
least one jet were selected for the analysis.

6 Backgrounds

The majority of irreducible backgrounds in this measure-
ment are studied using MC samples that simulate Z → ττ ,
diboson, t t̄ and single top-quark production. The Z → ττ

process is a background if both τ -leptons decay into an elec-
tron and neutrino. Diboson production constitutes a back-
ground to the Z + jets signal if the W and/or Z boson decays
into electrons. Since the top-quark decays predominantly via
t → Wb, the t t̄ and single top-quark constitute a background
to the Z + jets signal when W bosons decay into an electron
or jets are misidentified as electrons.

Multijet production constitutes a background to the
Z + jets signal when two jets are misidentified as electrons.
The W+ jets background is due to an electron from W boson
decay and a jet misidentified as electron. A combined back-
ground from multijet and W+ jets events is studied using a
data-driven technique, thus providing a model-independent
background estimate.

A background-enriched data sample is used for the com-
bined multijet and W+ jets background control region. Its
selection requires two reconstructed electrons with at least
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one electron that satisfies the ‘medium’ identification criteria,
but not the ‘tight’ ones. This allows selection of events with
at least one jet misidentified as an electron. No identification
criteria are applied to the second reconstructed electron, in
order to allow for the possibility ofW+ jets events with a gen-
uine electron from W boson decay, and multijet events with
a jet misidentified as another electron. Both selected elec-
trons are required to have the same charge to suppress the
Z + jets signal events. The combined multijet and W+ jets
background template is constructed by subtracting the MC
simulated Z + jets signal events and Z → ττ , diboson, t t̄
and single-top-quark background events in the control region
from data.

The purity of the template is calculated as the fraction of
multijet and W+ jets events in the data control region. The
purity is about 98% in the tails of the mee distribution and is
about 80% near the mee peak at 91 GeV. The template purity
is above 90% in all |yjet| and pjet

T bins.
The combined multijet and W+ jets background template

is normalised to data using the invariant mass distribution
of reconstructed electron pairs. A maximum-likelihood fit
is used to adjust the normalisation of the combined multijet
and W+ jets background template relative to the measured
Z + jets distribution. The normalisations of MC simulated
samples are fixed in the fit: the Z → ττ , diboson, t t̄ and
single-top-quark distributions are normalised by their fixed-
order cross-sections, whereas the normalisation of the MC
simulated Z + jets signal events is scaled to data to give the
same total number of events near the peak of the Z mass spec-
trum in the 90 GeV < mee < 92 GeV range. The combined
multijet and W+ jets background is fit to data in an extended
mee region, 60 GeV < mee < 140 GeV, excluding the bins
under the Z peak within the 80 GeV < mee < 100 GeV
region. The extended mee region is used for the normalisa-
tion extraction only, as it allows more background events in
the tails of the Z mass spectrum. The normalisation of the
multijet and W+ jets background template, calculated in the
fit, is used to adjust the templates, obtained in the |yjet| and

pjet
T bins, to the Z + jets signal region.

The total number of jets in Z + jets events are shown as a
function of |yjet| and pjet

T bins in Fig. 1. Data are compared
with the sum of signal MC events and all backgrounds.

The Sherpa Z + jets simulation, normalised to the NNLO
cross-section, is lower than data by about 10% in the pjet

T <

200 GeV region. These differences are mostly covered by the
variations within electron and jet uncertainties introduced
in Sect. 8. In the pjet

T > 200 GeV region, agreement with
data is within the statistical uncertainties.

The Alpgen+Pythia predictions are in agreement with
data within 10% for jets with transverse momenta below
100 GeV. However, the level of disagreement increases as

a function of the jet transverse momenta, reaching 30% in
the 400 GeV < pjet

T < 1050 GeV region.
The dominant background in the measurement is from

t t̄ events. It is 0.3–0.8% in the 25 GeV < pjet
T < 50 GeV

region and 1–2.5% in the 50 GeV < pjet
T < 100 GeV region,

with the largest contribution in the central rapidity region. In
the 100 GeV < pjet

T < 200 GeV region, this background is

approximately 3%, while in the 200 GeV < pjet
T < 1050 GeV

region it is 1.8–8%, increasing for forward rapidity jets.
The combined multijet and W+ jets background and the

diboson background are similar in size. The contributions of
these backgrounds are 0.5–1%.

The Z → ττ and single-top-quark backgrounds are below
0.1%.

7 Unfolding of detector effects

The experimental measurements are affected by the detector
resolution and reconstruction inefficiencies. In order to com-
pare the measured cross-sections with the theoretical Z + jets
predictions at the particle level, the reconstructed spectrum
is corrected for detector effects using the iterative Bayesian
unfolding method [59]. The unfolding is performed using the
Sherpa Z + jets simulation.

The particle-level phase space in the MC simulation is
defined using two dressed electrons and at least one jet. For
the dressed electron, the four-momenta of any photons within
a cone of �R = 0.1 around its axis are added to the four-
momentum of the electron. Electrons are required to have
|η| < 2.47 and pT > 20 GeV. The electron pair’s invariant
mass is required to be within the range 66 GeV < mee <

116 GeV.
Jets at the particle level are built by using the anti-kt jet

algorithm with a radius parameter R = 0.4 to cluster stable
final-state particles with a decay length of cτ > 10 mm,
excluding muons and neutrinos. Jets are selected in the
|yjet| < 3.4 and pjet

T > 25 GeV region. Jets within �R = 0.4
of electrons are rejected.

The closest reconstructed and particle-level jets are con-
sidered matched if �R between their axes satisfies �R <

0.4.
The input for the unfolding is the transfer matrix, which

maps reconstructed jets to the particle-level jets in the |yjet|–
pjet

T plane, taking into account the bin-to-bin migrations that

arise from limited detector resolution. An additional pjet
T bin,

17 GeV < pjet
T < 25 GeV, is included in the reconstructed

and particle-level jet spectra to account for the migrations
from the low pjet

T range. This bin is not reported in the mea-
surement.
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(a) (b)

(c) (d)

(e) (f)

Fig. 1 The total number of jets in Z + jets events as a function of |yjet|
in pjet

T bins for the integrated luminosity of 19.9 fb−1. Data are presented
with markers. The filled areas correspond to the backgrounds stacked.
All backgrounds are added to the Z + jetsSherpa andAlpgen+Pythia

predictions. Lower panels show ratios of MC predictions to data. The
grey band shows the sum in quadrature of the electron and jet uncer-
tainties. The statistical uncertainties are shown with vertical error bars.
In the lower panels the total data + MC statistical uncertainty is shown
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Given the significant amount of migration between jet
transverse momentum bins, the unfolding is performed in all
|yjet| and pjet

T bins simultaneously. The migration between
adjacent |yjet| bins is found to be small.

The transfer matrix is defined for matched jets. There-
fore, the reconstructed jet spectrum must be corrected to
account for matching efficiencies prior to unfolding. The
reconstruction-level matching efficiency is calculated as the
fraction of reconstructed jets matching particle-level jets.
This efficiency is 80–90% in the 25 GeV < pjet

T < 100 GeV

region and is above 99% in the pjet
T > 100 GeV region. The

particle-level jet matching efficiency is calculated as the frac-
tion of particle-level jets matching reconstructed jets. This
efficiency is 45–55% in all bins of the measurement due to
the inefficiency of the Z boson reconstruction.

The backgrounds are subtracted from data prior to unfold-
ing. The unfolded number of jets in data, NP

i , in each bin i
of the measurement is obtained as

NP
i = 1

EP
i

∑

j

Ui jER
j N

R
j , (1)

where NR
j is the number of jets reconstructed in bin j after

the background subtraction, Ui j is an element of the unfold-
ing matrix, and ER

j and EP
i are the reconstruction-level and

particle-level jet matching efficiencies, respectively.
The transfer matrix and the matching efficiencies are

improved using three unfolding iterations to reduce the
impact of the particle-level jet spectra mis-modelling on the
unfolded data.

8 Experimental uncertainties

8.1 Electron uncertainties

The electron energy scale has associated statistical uncertain-
ties and systematic uncertainties arising from a possible bias
in the calibration method, the choice of generator, the pre-
sampler energy scale, and imperfect knowledge of the mate-
rial in front of the EM calorimeter. The total energy-scale
uncertainty is calculated as the sum in quadrature of these
components. It is varied by ±1σ in order to propagate the
electron energy scale uncertainty into the measured Z + jets
cross-sections.

The electron energy resolution has uncertainties associ-
ated to the extraction of the resolution difference between
data and simulation using Z → ee events, to the knowledge
of the sampling term of the calorimeter energy resolution and
to the pile-up noise modelling. These uncertainties are evalu-
ated in situ using the Z → ee events, and the total uncertainty
is calculated as the sum in quadrature of the different uncer-

tainties. The scale factor for electron energy resolution in MC
simulation is varied by ±1σ in the total uncertainty in order
to propagate this uncertainty into the Z + jets cross-section
measurements.

The uncertainties in calculations of the electron trigger,
reconstruction and identification efficiencies are propagated
into the measurements by ±1σ variations of the scale factors,
used to reweight the MC simulated events, within the total
uncertainty of each efficiency [20,51].

For each systematic variation a new transfer matrix and
new matching efficiencies are calculated, and data unfold-
ing is performed. The deviation from the nominal unfolded
result is assigned as the systematic uncertainty in the mea-
surements.

8.2 Jet uncertainties

The uncertainty in the jet energy measurement is described
by 65 uncertainty components [57]. Of these, 56 JES uncer-
tainty components are related to detector description, physics
modelling and sample sizes of the Z/γ and multijet MC sam-
ples used for JES in situ measurements. The single-hadron
response studies are used to describe the JES uncertainty in
high-pT jet regions, where the in situ studies have few events.
The MC non-closure uncertainty takes into account the dif-
ferences in the jet response due to different shower mod-
els used in MC generators. Four uncertainty components are
due to the pile-up corrections of the jet kinematics, and take
into account mis-modelling of NPV and 〈μ〉 distributions, the
average energy density and the residual pT dependence of the
NPV and 〈μ〉 terms. Two flavour-based uncertainties take into
account the difference between the calorimeter responses to
the quark- and gluon-initiated jets. One uncertainty compo-
nent describes the correction for the energy leakage beyond
the calorimeter (‘punch-through’ effect). All JES uncertain-
ties are treated as bin-to-bin correlated and independent of
each other.

A reduced set of uncertainties, which combines the uncer-
tainties of the in situ methods into six components with a
small loss of correlation information, is used in this measure-
ment. The JES uncertainties are propagated into the measure-
ments in the same way as done for electron uncertainties.

The uncertainty that accounts for the difference in JVF
requirement efficiency between data and MC simulation
is evaluated by varying the nominal JVF requirement in
MC simulation to represent a few percent change in effi-
ciency [60]. The unfolding transfer matrix and the matching
efficiencies are re-derived, and the results of varying the JVF
requirement are propagated to the unfolded data. The devi-
ations from the nominal results are used as the systematic
uncertainty.

Pile-up jets are effectively suppressed by the selection
requirements. The jet yields in events with low 〈μ〉 and
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high 〈μ〉 are compared with the jet yields in events without
any requirements on 〈μ〉. These jet yields agree with each
other within the statistical uncertainties. The same result is
achieved by comparing the jet yields in events that have low
or high numbers of reconstructed primary vertices with the
jet yields in events from the nominal selection. Consequently,
no additional pile-up uncertainty is introduced.

The jet energy resolution (JER) uncertainty accounts for
the mis-modelling of the detector jet energy resolution by
the MC simulation. To evaluate the JER uncertainty in the
measured Z + jets cross-sections, the energy of each jet in
MC simulation is smeared by a random number taken from
a Gaussian distribution with a mean value of one and a
width equal to the quadratic difference between the varied
resolution and the nominal resolution [61]. The smearing is
repeated 100 times and then averaged. The transfer matrix
determined from the averaged smearing is used for unfolding.
The result is compared with the nominal measurement and
the symmetrised difference is used as the JER uncertainty.

The uncertainty that accounts for the mis-modelling of the
‘medium’ jet quality criteria is evaluated using jets, selected
with the ‘loose’ and ‘tight’ criteria. The data-to-MC ratios
of the reconstructed Z + jets distributions, obtained with dif-
ferent jet quality criteria, is compared with the nominal. An
uncertainty of 1%, which takes the observed differences into
account, is assigned to the measured Z + jets cross-section
in all bins of |yjet| and pjet

T .

8.3 Background uncertainties

The uncertainties in each background estimation are propa-
gated to the measured Z + jets cross-sections.

The data contamination by the Z → ττ , diboson, t t̄ and
single-top-quark backgrounds is estimated using simulated
spectra scaled to the corresponding total cross-sections. Each
of these background cross-sections has an uncertainty. The
normalisation of each background is independently varied
up and down by its uncertainty and propagated to the final
result. The MC simulation of the dominant t t̄ background
describes the shapes of the jet pjet

T and yjet distributions in
data to within a few percent [62], such that possible shape
mis-modellings of the jet kinematics in t t̄ events are covered
by the uncertainty in the total t t̄ cross-section. The shape
mis-modellings in other backgrounds have negligible effect
on the final results. Therefore, no dedicated uncertainties due
to the background shape mis-modelling are assigned.

The uncertainties in the combined multijet and W+ jets
background arise from assumptions about the template shape
and normalisation. The shape of the template depends on the
control region selection and the control region contamina-
tions by the other backgrounds. The template normalisation
depends on the mee range, used to fit the template to the mea-

sured Z + jets events, due to different amounts of background
contamination in the tails of the mee distribution.

To evaluate the template shape uncertainty due to the con-
trol region selection, a different set of electron identification
criteria is used to derive a modified template. The selection
requires two reconstructed electrons with at least one elec-
tron that satisfies the ‘loose’ identification criteria, but not
the ‘medium’ ones. The difference between the nominal and
modified templates is used to create a symmetric template
to provide up and down variations of this systematic uncer-
tainty.

To estimate the template shape uncertainty due to the con-
trol region contaminations by the other backgrounds, the
Z → ττ , diboson, t t̄ and single-top-quark cross-sections
are varied within their uncertainties. The dominant change
in the template shape is due to t t̄ cross-section variation,
while the contributions from the variation of the other back-
ground cross-sections are small. The templates varied within
the t t̄ cross-section uncertainties are used to propagate this
uncertainty into the measurement.

The uncertainty in the multijet and W+ jets background
template normalisation to the measured Z + jets events is
evaluated by fitting the template in the 66 GeV < mee <

140 GeV and 60 GeV < mee < 116 GeV regions, excluding
the bins under the Z boson peak within the 80 GeV < mee <

100 GeV region, and in the 60 GeV < mee < 140 GeV
region, excluding the bins within the 70 GeV < mee <

110 GeV. As a result, the normalisation varies up and down
depending on the number of background events in both tails
of themee distribution. The templates with the largest change
in the normalisation are used to propagate this uncertainty
into the measurement.

The data unfolding is repeated for each systematic varia-
tion of the backgrounds. The differences relative to the nom-
inal Z + jets cross-section are used as the systematic uncer-
tainties.

8.4 Unfolding uncertainty

The accuracy of the unfolding procedure depends on the qual-
ity of the description of the measured spectrum in the MC
simulation used to build the unfolding matrix. Two effects
are considered in order to estimate the influence of MC mod-
elling on the unfolding results: the shape of the particle-level
spectrum and the parton shower description.

The impact of the particle-level shape mis-modelling on
the unfolding is estimated using a data-driven closure test. For
this test, the particle-level (|yjet|, pjet

T ) distribution in Sherpa
is reweighted using the transfer matrix, such that the shape
of the matched reconstructed (|yjet|, pjet

T ) distribution agrees
with the measured spectrum corrected for the matching effi-
ciency. The reweighted reconstructed (|yjet|, pjet

T ) distribu-
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tions are then unfolded using the nominal Sherpa trans-
fer matrix. The results are compared with the reweighted
particle-level (|yjet|, pjet

T ) spectrum and the relative differ-
ences are assigned as the uncertainty.

The impact of the differences in the parton shower
description between Sherpa and Alpgen+Pythia on the
unfolding results is estimated using the following test.
The Alpgen+Pythia particle-level (|yjet|, pjet

T ) spectrum is
reweighted using the Alpgen+Pythia transfer matrix, such
that its reconstruction-level distribution agrees with the one
in Sherpa. The original reconstructed (|yjet|, pjet

T ) distribu-
tion in Sherpa is then unfolded using the reweighted Alp-
gen+Pythia transfer matrix. The results are compared with
the original particle-level (|yjet|, pjet

T ) spectrum in Sherpa
and the differences are assigned as the uncertainty.

Both unfolding uncertainties are symmetrised at the cross-
section level.

8.5 Reduction of statistical fluctuations in systematic
uncertainties

The systematic uncertainties suffer from fluctuations of a
statistical nature.

The statistical components in the electron and jet uncer-
tainties are estimated using toy MC simulations with 100
pseudo-experiments. Each Z + jets event in the systemati-
cally varied configurations is reweighted by a random num-
ber taken from a Poisson distribution with a mean value of
one. As a result, 100 replicas of transfer matrix and match-
ing efficiencies are created for a given systematic uncertainty
variation, and are used to unfold the data. The replicas of
unfolded spectra are then divided by the nominal Z + jets
distributions to create an ensemble of systematic uncertainty
spectra. The statistical component in the systematic uncer-
tainties is calculated as the RMS across all replicas in an
ensemble.

The pseudo-experiments are not performed for the JER
systematic uncertainty. The statistical errors in the JER sys-
tematic uncertainty are calculated, considering the unfolded
data in the nominal and JER varied configurations to be inde-
pendent of each other.

Each component of the unfolding uncertainty is derived
using 100 pseudo-experiments to calculate the statistical
error.

To reduce the statistical fluctuations, the bins are com-
bined iteratively starting from both the right and left sides of
each systematic uncertainty spectrum until their significance
satisfies σ > 1.5. The result with the most bins remaining
is used as the systematic uncertainty. A Gaussian kernel is
then applied to regain the fine binning and smooth out any
additional statistical fluctuations.

If up and down systematic variations within a bin result in
uncertainties with the same sign, then the smaller uncertainty
is set to zero.

8.6 Statistical uncertainties

Statistical uncertainties are derived using toy MC simulations
with 100 pseudo-experiments performed in both data and
MC simulation. The data portion of the statistical uncertainty
is evaluated by unfolding the replicas of the data using the
nominal transfer matrix and matching efficiencies. The MC
portion is calculated using the replicas of the transfer matrix
and matching efficiencies to unfold the nominal data. To cal-
culate the total statistical uncertainty in the measurement,
the Z + jets distributions, obtained from pseudo-experiments
drawn from the data yields, are unfolded using the transfer
matrices and efficiency corrections, calculated using pseudo-
experiments in the MC simulation. The covariance matrices
between bins of the measurement are computed using the
unfolded results. The total statistical uncertainties are calcu-
lated using the diagonal elements of the covariance matrices.

8.7 Summary of experimental uncertainties

The Z + jets cross-section measurement has 39 systematic
uncertainty components. All systematic uncertainties are
treated as being uncorrelated with each other and fully cor-
related among |yjet| and pjet

T bins.
The systematic uncertainties in the electron energy scale,

electron energy resolution, and electron trigger, reconstruc-
tion and identification efficiencies are found to be below 1%.

The JES in situ methods uncertainty is 2–5% in most bins
of the measurement. The η-intercalibration uncertainty is
below 1% in the |yjet| < 1.0 and pjet

T < 200 GeV regions, but
it increases with |yjet|, reaching 6–14% in the most forward
rapidity bins. The η-intercalibration uncertainty is below
1.5% for jets with pjet

T > 200 GeV. The flavour-based JES
uncertainties are below 3%. The pile-up components of the
JES uncertainty are 0.5–1.5%. Other components of the JES
uncertainty are below 0.2%.

The JVF uncertainty is below 1%.
The JER is the dominant source of uncertainty in the

Z + jets cross-section in the 25 GeV < pjet
T < 50 GeV region

with a 3–10% contribution. In the 50 GeV < pjet
T < 100 GeV

region the JER uncertainty is 1–3%, and below 1% for jets
with higher transverse momenta.

The jet quality uncertainty is set constant at 1%, as dis-
cussed in Sect. 8.2.

The unfolding uncertainty due to the shape of the particle-
level spectrum is 2–5% in the first pjet

T bin, 25 GeV < pjet
T <

50 GeV. In the 50 GeV < pjet
T < 200 GeV region, this

uncertainty is about 1.5% for central jets below |yjet| = 2,

123



Eur. Phys. J. C (2019) 79 :847 Page 11 of 47 847

while for forward jets this uncertainty increases to 5%. In the
pjet

T > 200 GeV region, this uncertainty is below 1.5%. The
unfolding uncertainty due to the parton shower description
is 0.7% in the 400 GeV < pjet

T < 1050 GeV region, while
for jets with smaller transverse momenta this uncertainty is
negligible.

The t t̄ background uncertainty is 0.02–0.6% in all bins
of the measurement. The Z → ττ , diboson and single-top-
quark background uncertainties are below 0.05%.

The multijet and W+ jets background uncertainty is 0.1–
1.2% depending on |yjet| and pjet

T . The uncertainty in the
background template normalisation is asymmetric due to dif-
ferent background contributions in the tails of the mee dis-
tribution in the background normalisation evaluation proce-
dure. This uncertainty is +0.1

−0.4% in the low pjet
T bins, increasing

to +0.4
−1.2% in the high pjet

T bins. The uncertainty in the multijet
and W+ jets background control region selection increases
from 0.03% to 0.6% as a function of pjet

T . The contribution
of the t t̄ cross-section variation to the multijet and W+ jets
background uncertainty is below 0.1%.

The statistical uncertainties are 0.5–4% in the pjet
T <

100 GeV region, 2–14% in the 100 GeV < pjet
T < 300 GeV

region, 8–39% in the 300 GeV < pjet
T < 400 GeV region and

11–18% in the last pjet
T bin, 400 GeV < pjet

T < 1050 GeV.
The smallest statistical uncertainty corresponds to central
rapidity regions, while the largest uncertainty corresponds to
forward rapidity regions.

The experimental uncertainties are shown in Fig. 2. The
largest total systematic uncertainty of 7–12% is in the
25 GeV < pjet

T < 50 GeV region, where the uncertainty
increases from central rapidity jets to the forward rapid-
ity jets, and up to 15% for the forward rapidity jets in
the 100 GeV < pjet

T < 200 GeV region. The total sys-

tematic uncertainty decreases with increasing pjet
T . In the

400 GeV < pjet
T < 1050 GeV region the total systematic

uncertainty is 2–5%. The luminosity uncertainty of 1.9% is
not shown and not included in the total uncertainty and its
components.

9 Fixed-order predictions and theoretical uncertainties

9.1 Fixed-order calculations

Theoretical Z + jets predictions at NLO are calculated using
MCFM [40] interfaced to APPLgrid [63] for fast convolution
with PDFs. The renormalisation and factorisation scales, μR

and μF, are set to

μR = μF =
√
m2

ee + p2
T,Z + ∑

pT, partons

2
,

where mee is the electron pair’s invariant mass, pT,Z is the
transverse momentum of the Z boson and

∑
pT, partons is the

sum of the transverse momenta of the partons.
The NLO Z + jets predictions are obtained using the

CT14 NLO [64], NNPDF3.1 [65], JR14 NLO [66], HERA-
PDF2.0 [67], MMHT2014 [68], ABMP16 [69] and ATLAS-
epWZ16 [70] PDF sets. The PDFs are determined by various
groups using the experimental data and are provided with the
uncertainties. The PDF uncertainties in the Z + jets cross-
sections are calculated at the 68% confidence level accord-
ing to the prescription recommended by the PDF4LHC
group [71].

The following variations of factorisation and renor-
malisation scales are performed to assess the uncertainty
due to missing higher-order terms: {μR/2, μF}, {2μR, μF},
{μR, μF/2}, {μR, 2μF}, {μR/2, μF/2}, {2μR, 2μF}. The
envelope of the cross-sections calculated with different scales
is used as the uncertainty.

The uncertainty due to the strong coupling is estimated
using additional PDF sets, calculated with αS(m2

Z ) = 0.116
and αS(m2

Z ) = 0.120. The resulting uncertainty is scaled
to the uncertainty of the world average αS(m2

Z ) = 0.118 ±
0.0012, as recommended by the PDF4LHC group [71].

The state-of-the-art NNLO Z + jets cross-section is cal-
culated by the authors of Ref. [16] using NNLOJET [72].
The NNLO predictions are convolved with the CT14 PDF.
The renormalisation and factorisation scales are set similarly
to those in NLO calculations.

9.2 Non-perturbative correction

The fixed-order predictions are obtained at the parton level.
Bringing fixed-order predictions to the particle level for com-
parisons with the measured Z + jets cross-sections requires
a non-perturbative correction (NPC) that accounts for both
the hadronisation and underlying-event effects.

The NPCs are studied using several MC generators to
account for differences in the modelling of hadronisation
and the underlying event. The studies are done using the
leading-logarithm parton shower MC generators Pythia v.
8.210 with the A14 [73] underlying-event tune and Her-
wig++ v. 2.7.1 with the UE-EE5 tune [74], and the multi-
leg matrix element MC generators Sherpa v. 1.4.5 with the
CT10 PDF, Sherpa v. 2.2.0 with NNPDF 2.3 [75] and Mad-
Graph v. 2.2.3 [76], supplemented with parton showers from
Pythia v. 8.210 with the A14 tune.

The NPCs are calculated using the ratios of Z + jets cross-
sections obtained at the particle level to those at the par-
ton level. The correction derived using Sherpa v. 1.4.5 is
the nominal one in this analysis. The envelope of the non-
perturbative corrections, calculated with other MC gener-
ators, is used as the systematic uncertainty. The NPCs in
different MC generators are shown in Fig. 3. The nominal
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Fig. 2 Experimental uncertainties in the measured double-differential
Z + jets production cross-section as a function of |yjet| in pjet

T bins.
The jet energy scale, jet energy resolution, unfolding, ‘other’ and total
systematic uncertainties are shown with different colours overlaid. The
jet energy scale uncertainty is the sum in quadrature of the jet energy
scale uncertainty components. The unfolding uncertainty is the sum

in quadrature of two unfolding uncertainties. The ‘other’ systematic
uncertainty is the sum in quadrature of the electron uncertainties, back-
ground uncertainties, JVF and jet quality uncertainties. The total sys-
tematic uncertainty is the sum in quadrature of all systematic uncer-
tainty components except for the luminosity uncertainty of 1.9%. The
total statistical uncertainties are shown with vertical error bars
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Fig. 3 The non-perturbative correction for the Z + jets production cross-section as a function of |yjet| in pjet
T bins. The spread of predictions

represents the uncertainty
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correction for jets with low transverse momenta, 25 GeV <

pjet
T < 50 GeV, in the central rapidity regions, |yjet| < 1.5, is

small, but it increases to 5% in the forward rapidity bins. The
nominal correction for jets with higher transverse momenta
is below 2%. These corrections together with uncertainties
are provided in HEPData [77].

9.3 QED radiation correction

The fixed-order Z + jets cross-section predictions must be
corrected for the QED radiation in order to be compared
with data. The correction is determined as the ratio of two
Z + jets cross-sections, one calculated using dressed elec-
trons after QED final-state radiation (FSR), with all pho-
tons clustered within a cone of �R = 0.1 around the elec-
tron axis, and the other calculated using Born-level electrons
at the lowest order in the electromagnetic coupling αQED

prior to QED FSR radiation. The baseline correction is cal-
culated using the Sherpa MC samples, while the correc-
tion calculated using Alpgen+Pythia is used to estimate
the uncertainty. The uncertainty is calculated as the width
of the envelope of corrections obtained with these two MC
generators. The results are shown in Fig. 4. The QED cor-
rection is largest in the 25 GeV < pjet

T < 50 GeV region. It is
about 5% for jets in the central absolute rapidity regions. In
the pjet

T > 50 GeV regions the QED correction is 1.5–2.5%,
decreasing as a function of jet transverse momentum. The
QED corrections calculated using Alpgen+Pythia are in
good agreement with those from Sherpa. These corrections
together with uncertainties are provided in HEPData.

9.4 Summary of theoretical uncertainties

The total theoretical uncertainties are calculated as the sum in
quadrature of the effects of the PDF, scale, and αS uncertain-
ties, and the uncertainties due to non-perturbative and QED
radiation effects.

The uncertainties for the Z + jets cross-section calculated
at NLO using the CT14 PDF as a function of |yjet| in pjet

T bins
are shown in Fig. 5. The total uncertainties are dominated
by the scale and NPC uncertainties in the pjet

T < 100 GeV
region, where they reach ±15% and −10%, respectively. In
the pjet

T > 100 GeV region, the scale uncertainty alone domi-
nates, as the NPC uncertainty decreases for high jet transverse
momenta. The total uncertainty in this region is 10–20%.
Other uncertainties are below 5%.

The NNLO uncertainties are shown in Fig. 6. The scale
uncertainty at NNLO is significantly reduced. This uncer-
tainty is below 1% in the 25 GeV < pjet

T < 50 GeV bin,

increasing to 5% in the 400 GeV < pjet
T < 1050 GeV bin.

In the pjet
T < 200 GeV region, the negative part of the total

uncertainty is dominated by the NPC uncertainty and its abso-

lute value reaches 7–15% depending on the jet rapidity. The
positive part of the total uncertainty is within 5%, with about
equal contributions from PDF, scale and αS uncertainties. In
the pjet

T > 200 GeV region, both the negative and positive
parts of the total uncertainty are within 6% in most bins.

The uncertainty in the QED correction is below 0.5% and
is negligible in the fixed-order theory predictions.

10 Results

The double-differential Z + jets cross-section as a function
of |yjet| and pjet

T is calculated as

d2σ

dpjet
T d|yjet|

= 1

L
NP
i

�pjet
T �|yjet|

,

whereL is the integrated luminosity, NP
i is the number of jets

in data at the particle level as given in Eq. (1), and �pjet
T and

�|yjet| are the widths of the jet transverse momentum and
absolute jet rapidity ranges for bin i , respectively. The back-
grounds are subtracted before data unfolding is performed to
obtain NP

i .
The measured Z + jets cross-section covers five orders

of magnitude and falls steeply as a function of |yjet| and

pjet
T . A summary of measured cross-sections, together with

the systematic and statistical uncertainties, is provided
in Appendix A. The measured cross-sections with the full
breakdown of all uncertainties are provided in HEPData.

The comparisons with the theoretical predictions are
shown in Figs. 7, 8, 9, 10, 11 and 12. The fixed-order theo-
retical predictions are corrected for the non-perturbative and
QED radiation effects. The NLO predictions are lower than
the data by approximately 5–10%. However, this difference
is covered by the uncertainties. The NNLO calculations com-
pensate for the NLO-to-data differences in most bins of the
measurement and show better agreement with the central val-
ues of the cross-sections in data. The Sherpa v. 1.4 and Alp-
gen+Pythia MC-to-data ratios are approximately constant
across all |yjet| bins, but a dependence on pjet

T is observed.
The Sherpa v. 1.4 predictions are lower than the data by
about 10% in the 25 GeV < pjet

T < 200 GeV region, but

in the pjet
T > 200 GeV region they agree within a few per-

cent. The Alpgen+Pythia predictions agree with data in the
25 GeV < pjet

T < 100 GeV region, but exceed the data as a

function of pjet
T , the largest difference being about 20% in

the highest pjet
T bin, 400 GeV < pjet

T < 1050 GeV.
Additionally, data is compared to the Sherpa v. 2.2 pre-

diction. In this prediction, the matrix elements are calcu-
lated with NLO accuracy for the inclusive Z production
process up to two additional partons in the final state, and
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Fig. 4 The correction for QED radiation effects for the Z + jets production cross-section as a function of |yjet| in pjet
T bins. The spread of predictions

represents the uncertainty
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Fig. 5 The uncertainties in NLO pQCD predictions as a function of
|yjet| in pjet

T bins. Total pQCD uncertainty is the sum in quadrature of
the PDF, scale and αS uncertainties. Total theory uncertainty is the sum

in quadrature of the total pQCD uncertainty and the uncertainties from
the non-perturbative and QED radiation corrections. The CT14 PDF is
used in the calculations
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Fig. 6 The uncertainties in NNLO pQCD predictions as a function of
|yjet| in pjet

T bins. Total pQCD uncertainty is the sum in quadrature of
the PDF, scale and αS uncertainties. Total theory uncertainty is the sum

in quadrature of the total pQCD uncertainty and the uncertainties from
the non-perturbative and QED radiation corrections. The CT14 PDF is
used in the calculations

123



847 Page 18 of 47 Eur. Phys. J. C (2019) 79 :847

| [
fb

/G
eV

]
je

t
/d

|y
je

t

T
/d

p
σ2 d

600
700
800
900

1000

2000 <50 GeVjet

T
25 GeV<p

D
at

a
M

E
+P

S

0.8

1

1.2

D
at

a
N

LO

0.8

1

1.2

|
jet

|y
0 0.5 1 1.5 2

D
at

a
N

N
LO

0.8

1

1.2

ATLAS
-1=8 TeV, 19.9 fbs

ee) + jets→Z(

=0.4Rtanti-k

Data

ME+PS

SHERPA 1.4

ALPGEN+PY6

SHERPA 2.2

Fixed-order QCD

NP k× QED k×

CT14 PDF

MCFM 6.8

NNLOJET

Fig. 7 The double-differential Z + jets production cross-section as a
function of |yjet| in the 25 GeV < pjet

T < 50 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data

with LO accuracy in the final states with up to four partons.
Sherpa v. 2.2 MEs are convolved with the NNPDF 3.0 [65]
PDFs. The MEs are merged with Sherpa parton shower
using the ME+PS@NLO [78] prescription. This prediction
shows a good agreement with data in all bins of the measure-
ment.

The ratios between the measured Z + jets production
cross-sections and the NLO predictions, calculated with var-
ious PDF sets, are shown in Figs. 13, 14 and 15. The cal-
culations with MMHT2014 and NNPDF3.1 predict 1–2%
larger cross-sections compared to those using the CT14 PDF.
The cross-sections calculated with ATLAS-epWZ16 PDF
are larger by 2–3%. The ABMP16 and HERAPDF2.0 cross-
section predictions in the |yjet| < 2.0 and pjet

T < 100 GeV
regions are 3–5% larger than those from the CT14 PDF, while
in other bins of the measurement their predictions are up
to 5% lower than those obtained with the CT14 PDF. The
JR14 PDF predictions are 2–5% lower than those from the
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Fig. 8 The double-differential Z + jets production cross-section as a
function of |yjet| in the 50 GeV < pjet

T < 100 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data

CT14 PDF in the 25 GeV < pjet
T < 200 GeV region and

higher by 2% in the pjet
T > 200 GeV region. The differences

between the cross-sections calculated at NLO accuracy with
various PDF sets are covered by the theoretical uncertain-
ties. In the NNLO calculations, the difference between CT14
PDF and NNPDF3.1 predictions is 2–5%, which is compa-
rable to the size of the theoretical uncertainties, as shown
in Fig. 16.

11 Quantitative data and theory comparison

The fixed-order pQCD predictions at NNLO accuracy, cor-
rected for electroweak and non-perturbative effects, are quan-
titatively compared with the measured cross-section using a
χ2 function that accounts for both the experimental and the-
oretical uncertainties
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Fig. 9 The double-differential Z + jets production cross-section as a
function of |yjet| in the 100 GeV < pjet

T < 200 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data
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Fig. 10 The double-differential Z + jets production cross-section as a
function of |yjet| in the 200 GeV < pjet

T < 300 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data

in calculations of non-perturbative and electroweak effects as
well as from the αS(mZ ) uncertainty. All experimental and
theoretical systematic uncertainties are assumed to be inde-
pendent of each other, and fully correlated across the bins
of the measurement. The negligible correlations of statistical
uncertainties are not included in the χ2 tests presented here.

The minimisation of Eq. (2), for the case of symmetric sys-
tematic uncertainties, results in a system of linear equations
for the shifts of systematic uncertainties, βρ . The asymme-
tries in systematic uncertainties are accounted for using an
iterative procedure. Here, the influences �l;ρ are recalculated
as

�l;ρ → �l;ρ + �l;ρβρ,

where �l;ρ = 1
2

(
�+
l;ρ − �−

l;ρ
)

and �l;ρ = 1
2

(
�+
l;ρ + �−

l;ρ
)

,

after each iteration using the shifts βρ from the previous itera-
tion. The �+

l;ρ and �−
l;ρ are positive and negative components
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Fig. 11 The double-differential Z + jets production cross-section as a
function of |yjet| in the 300 GeV < pjet

T < 400 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data

of systematic uncertainties, respectively. The χ2 values at the
minimum provide a measure of the probability of compati-
bility between the measurements and the predictions.

Table 1 shows a summary of the calculated χ2
uncorr, the first

term in Eq. (2), together with χ2
corr, the sum of squared shifts

of nuisance parameters, for each pjet
T bin separately. A good

agreement between measurements and theory is seen for the
fits in individual pjet

T bins in the pjet
T > 50 GeV range, with

not so good agreement in the 25 < pjet
T < 50 GeV range.

The level of agreement between data and predictions is very
similar for different PDF sets.

In addition to fits of the predictions to measured cross-
sections in the individual pjet

T bins, all measured data points

are fitted simultaneously. Several ranges of pjet
T are consid-

ered. The results of the global fits are presented in Table 2.
Very good agreement between measurement and calculation
is observed when using the pjet

T > 50 GeV bins, while not so
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Fig. 12 The double-differential Z + jets production cross-section as a
function of |yjet| in the 400 GeV < pjet

T < 1050 GeV range. The data are
compared with the Sherpa v. 1.4, Sherpa v. 2.2 and Alpgen+Pythia
parton shower MC generator predictions and with the fixed-order theory
predictions. The fixed-order theory predictions are corrected for the non-
perturbative and QED radiation effects. The fixed-order calculations are
performed using the CT14 PDF. The total statistical uncertainties are
shown with error bars. The total uncertainties in the measurement and
in the fixed-order theory predictions are represented with shaded bands.
The total uncertainty in the measurement is the sum in quadrature of
the statistical and systematic uncertainties except for the luminosity
uncertainty of 1.9%. The total uncertainty in the fixed-order theory
predictions is the sum in quadrature of the effects of the PDF, scale, and
αS uncertainties, and the uncertainties from the non-perturbative and
QED radiation corrections. Lower panels show the ratios of predictions
to data

good agreement is observed when the 25 < pjet
T < 50 GeV

bin is included in the global fit.
The results of the χ2 tests strongly depend on what is

assumed about the correlation of systematic uncertainties. In
general, the correlations of uncertainties related to detector
measurements are carefully studied and well known [57,79].
In contrast, the assumption of 100% correlations of uncer-
tainties resulting from simple comparisons of two (or more)
different MC simulations (two-point systematic uncertain-
ties) are less justified. In order to investigate the impact of
these assumptions on the results of χ2 tests performed in
this section, the uncertainties that are derived from compar-
isons of two different MC models, namely uncertainties in
the jet flavour composition and jet flavour response, were
split into two subcomponents [80,81]. The first subcompo-
nent is derived by multiplying the original nuisance parame-
ter with a linear function of pjet

T and jet absolute rapidity and
the second subcomponent is constructed such that the sum
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Fig. 13 Ratio of the measured Z + jets production cross-section and
the NLO QCD predictions, obtained using MCFM, corrected for the
non-perturbative and QED radiation effects as a function of |yjet| and

pjet
T bins. Theoretical predictions are calculated using various PDF sets.

The coloured error bars represent the sum in quadrature of the effects

of the PDF, scale, and αS uncertainties, and the uncertainties from the
non-perturbative and QED radiation corrections. The grey band shows
the sum in quadrature of the statistical and systematic uncertainties in
the measurement except for the luminosity uncertainty of 1.9%
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Fig. 14 Ratio of the measured Z + jets production cross-section and
the NLO QCD predictions, obtained using MCFM, corrected for the
non-perturbative and QED radiation effects as a function of |yjet| and

pjet
T bins. Theoretical predictions are calculated using various PDF sets.

The coloured error bars represent the sum in quadrature of the effects

of the PDF, scale, and αS uncertainties, and the uncertainties from the
non-perturbative and QED radiation corrections. The grey band shows
the sum in quadrature of the statistical and systematic uncertainties in
the measurement except for the luminosity uncertainty of 1.9%

in quadrature of both subcomponents is equal to the original
nuisance parameter. These decorrelations did not result in a
large improvement in the χ2 values.

12 Conclusions

The double-differential Z + jets cross-section, with the Z
boson decaying into an electron–positron pair, is measured

using proton–proton collision data with an integrated lumi-
nosity 19.9 fb−1 collected by the ATLAS experiment at the
LHC in 2012 at

√
s = 8 TeV centre-of-mass energy. The

measurement is performed as a function of the absolute jet
rapidity and the jet transverse momentum.

The measured cross-section is corrected for detector
effects and the results are provided at the particle level.
The measurements are compared with theory predictions,
calculated using the multi-leg matrix element MC genera-
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Fig. 15 Ratio of the measured Z + jets production cross-section and
the NLO QCD predictions, obtained using MCFM, corrected for the
non-perturbative and QED radiation effects as a function of |yjet| and

pjet
T bins. Theoretical predictions are calculated using various PDF sets.

The coloured error bars represent the sum in quadrature of the effects

of the PDF, scale, and αS uncertainties, and the uncertainties from the
non-perturbative and QED radiation corrections. The grey band shows
the sum in quadrature of the statistical and systematic uncertainties in
the measurement except for the luminosity uncertainty of 1.9%
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Fig. 16 Ratio of the measured Z + jets production cross-section and
the NNLO QCD predictions, obtained using NNLOJET, corrected for
the non-perturbative and QED radiation effects as a function of |yjet| and

pjet
T bins. Theoretical predictions are calculated using various PDF sets.

The coloured error bars represent the sum in quadrature of the effects

of the PDF, scale, and αS uncertainties, and the uncertainties from the
non-perturbative and QED radiation corrections. The grey band shows
the sum in quadrature of the statistical and systematic uncertainties in
the measurement except for the luminosity uncertainty of 1.9%

tors Sherpa and Alpgen+Pythia, supplemented with par-
ton shower simulations. Sherpa v. 1.4 and Alpgen+Pythia
describe well the shape of the Z + jets distribution as a func-
tion of |yjet|, but not so well as a function of pjet

T . Sherpa v.
2.2 is in good agreement with data in all bins of the measure-
ment.

The parton-level fixed-order Z + jets predictions, cor-
rected for hadronisation, underlying-event and QED radi-
ation effects, agree with the data within the uncertainties.

The uncertainties in the measured cross-sections are about
half of the theoretical uncertainties in the NLO calculations in
most bins of the measurement and are approximately similar
to the uncertainties in the NNLO calculations.

The measured double-differential Z + jets cross-section
provides a precision input to constrain the parton distribution
functions.
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Table 1 Values of χ2
uncorr and χ2

corr evaluated for theory predictions
corrected for non-perturbative and electroweak effects and measured
Z + jets cross-sections. The total χ2 is equal to the sum of χ2

uncorr and

χ2
corr. The fits are performed individually in each pjet

T bin. The predic-
tions are calculated using several NNLO QCD PDF sets and one NLO
QCD PDF set, CT14nlo

CT14nlo CT14 NNPDF3.1 MMHT2014 ABMP16
pjet

T range (GeV) nbins χ2
uncorr χ2

corr χ2
uncorr χ2

corr χ2
uncorr χ2

corr χ2
uncorr χ2

corr χ2
uncorr χ2

corr

25 < pjet
T < 50 12 31.5 14.7 32.2 15.6 33.6 15.7 32.7 15.9 31.8 13.8

50 < pjet
T < 100 17 23.6 2.6 24.2 2.3 27.1 2.3 26.3 2.1 24.9 2.5

100 < pjet
T < 200 17 24.9 3.6 24.8 2.5 26.1 1.8 27.2 2.8 22.6 1.5

200 < pjet
T < 300 7 3.1 0.9 2.9 0.7 3.6 0.1 4.5 0.5 2.7 0.2

300 < pjet
T < 400 6 2.7 0.1 2.7 0.1 2.9 0.1 3.2 0.0 2.5 0.3

400 < pjet
T < 1050 4 1.9 0.4 1.9 0.4 1.9 0.5 2.0 0.3 1.7 0.8

Table 2 Values of χ2 evaluated
from the comparison of theory
predictions corrected for
non-perturbative and
electroweak effects with the
measured Z + jets
cross-sections. The fits are
performed globally in all bins of
the measurement within several
pjet

T ranges. The predictions are
calculated using several
NNLO QCD PDF sets and one
NLO QCD PDF set, CT14nlo

pjet
T range (GeV) CT14nlo CT14 NNPDF3.1 MMHT2014 ABMP16

pjet
T > 25 GeV

χ2
uncorr 25 < pjet

T < 50 38.9 40.5 42.3 41.3 38.7

50 < pjet
T < 100 32.1 33.0 37.5 39.2 31.6

100 < pjet
T < 200 26.4 27.8 31.0 31.7 27.8

200 < pjet
T < 300 6.3 6.3 5.1 5.6 4.1

300 < pjet
T < 400 2.9 3.0 2.9 3.1 2.5

400 < pjet
T < 1050 2.2 2.4 2.2 2.3 1.7

χ2
corr 21.2 19.8 19.3 18.7 17.8

χ2/nbins 129.9/63 132.6/63 140.0/63 141.9/63 124.3/63

pjet
T > 50 GeV

χ2
uncorr 50 < pjet

T < 100 24.4 24.8 26.9 27.1 24.8

100 < pjet
T < 200 24.4 24.6 26.6 27.7 22.7

200 < pjet
T < 300 4.4 4.2 4.4 4.7 3.4

300 < pjet
T < 400 2.7 2.8 3.0 3.1 2.5

400 < pjet
T < 1050 3.6 4.0 3.8 3.9 2.9

χ2
corr 6.5 4.7 4.3 5.1 4.1

χ2/nbins 66.1/51 65.2/51 69.0/51 71.6/51 60.4/51

pjet
T > 100 GeV

χ2
uncorr 100 < pjet

T < 200 24.8 25.0 25.9 26.6 22.4

200 < pjet
T < 300 3.2 3.3 4.1 4.4 3.3

300 < pjet
T < 400 2.7 2.8 3.0 3.1 2.6

400 < pjet
T < 1050 3.4 3.8 3.6 3.6 3.3

χ2
corr 4.9 3.7 2.7 4.1 2.3

χ2/nbins 39.0/34 38.5/34 39.3/34 41.8/34 33.8/34
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Appendix

A Tables of measured cross-sections

Table 3 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 25 GeV < pjet

T < 50 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

(fb/GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 1643.603 0.42 0.51 + 6.70 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.04 + 0.30

− 6.80 − 0.08 − 0.27 − 0.44 + 0.14 − 0.01 − 3.04 − 0.49

0.2–0.4 1595.690 0.34 0.60 + 6.72 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.16 + 0.30

− 6.70 − 0.08 − 0.27 − 0.44 + 0.14 − 0.01 − 3.02 − 0.49

0.4–0.6 1587.440 0.37 0.60 + 7.01 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.17 + 0.30

− 7.14 − 0.08 − 0.27 − 0.44 + 0.14 − 0.01 − 3.14 − 0.49

0.6–0.8 1569.884 0.38 0.60 + 7.02 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.19 + 0.30

− 7.24 − 0.08 − 0.27 − 0.44 + 0.14 − 0.01 − 3.25 − 0.49

0.8–1.0 1520.883 0.36 0.59 + 6.98 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.33 + 0.30

− 7.04 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.25 − 0.49

1.0–1.2 1393.139 0.38 0.64 + 8.49 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.60 + 0.76

− 8.32 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.35 − 0.49

1.2–1.4 1377.328 0.47 0.57 + 11.78 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.69 + 0.76

− 11.50 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.29 − 0.69

1.4–1.6 1228.213 0.42 0.60 + 12.01 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.65 + 1.44

− 11.69 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.22 − 1.14

1.6–1.8 987.654 0.48 0.64 + 12.09 + 0.08 + 0.23 + 0.31 − 0.16 + 0.01 + 3.37 + 1.42

− 11.95 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.10 − 1.25
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Table 3 continued

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

(fb/GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

1.8–2.0 944.560 0.45 0.65 + 10.24 + 0.08 + 0.23 + 0.40 − 0.16 + 0.01 + 3.38 + 1.58

− 10.02 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.09 − 1.25

2.0–2.2 871.035 0.49 0.85 + 10.30 + 0.08 + 0.23 + 0.40 − 0.16 + 0.01 + 3.65 + 1.96

− 10.18 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.41 − 1.74

2.2–2.4 749.498 0.54 0.80 + 11.14 + 0.08 + 0.23 + 0.40 − 0.16 + 0.01 + 4.23 + 2.57

− 10.92 − 0.08 − 0.27 − 0.33 + 0.14 − 0.01 − 3.95 − 2.33

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 + 0.00 + 0.01 + 1.63 + 2.95 + 0.00 − 3.83 + 0.47 + 2.84 + 0.06 + 0.14 + 1.00

− 0.01 − 0.01 − 1.68 − 3.04 − 0.02 + 3.83 − 0.72 − 2.84 − 0.05 − 0.38 − 1.00

0.2–0.4 + 0.00 + 0.01 + 1.65 + 3.04 + 0.00 − 3.89 + 0.47 + 2.55 + 0.06 + 0.14 + 1.00

− 0.01 − 0.01 − 1.60 − 3.05 − 0.02 + 3.89 − 0.72 − 2.55 − 0.05 − 0.39 − 1.00

0.4–0.6 + 0.00 + 0.01 + 1.59 + 3.08 + 0.00 − 4.17 + 0.46 + 2.86 + 0.06 + 0.15 + 1.00

− 0.01 − 0.01 − 1.72 − 3.23 − 0.02 + 4.17 − 0.67 − 2.86 − 0.05 − 0.39 − 1.00

0.6–0.8 + 0.00 + 0.01 + 1.62 + 3.26 + 0.00 − 3.74 + 0.46 + 3.22 + 0.05 + 0.15 + 1.00

− 0.01 − 0.01 − 1.82 − 3.46 − 0.02 + 3.74 − 0.67 − 3.22 − 0.05 − 0.40 − 1.00

0.8–1.0 + 0.00 + 0.01 + 1.80 + 3.54 + 0.00 − 2.88 + 0.46 + 3.48 + 0.05 + 0.15 + 1.00

− 0.01 − 0.01 − 1.88 − 3.61 − 0.02 + 2.88 − 0.56 − 3.48 − 0.05 − 0.39 − 1.00

1.0–1.2 + 0.00 + 0.01 + 1.97 + 3.93 + 0.00 − 5.18 + 0.46 + 3.32 + 0.05 + 0.16 + 1.00

− 0.01 − 0.01 − 1.81 − 3.87 − 0.02 + 5.18 − 0.56 − 3.32 − 0.05 − 0.41 − 1.00

1.2–1.4 + 0.00 + 0.01 + 2.04 + 4.49 + 0.00 − 8.88 + 0.46 + 4.47 + 0.05 + 0.17 + 1.00

− 0.01 − 0.01 − 1.78 − 4.14 − 0.02 + 8.88 − 0.56 − 4.47 − 0.05 − 0.41 − 1.00

1.4–1.6 + 0.00 + 0.01 + 2.00 + 4.37 + 0.00 − 9.07 + 0.71 + 4.67 + 0.05 + 0.18 + 1.00

− 0.01 − 0.01 − 1.74 − 4.02 − 0.02 + 9.07 − 0.69 − 4.67 − 0.05 − 0.42 − 1.00

1.6–1.8 + 0.00 + 0.01 + 1.83 + 3.60 + 0.00 − 10.46 + 0.71 + 2.32 + 0.06 + 0.17 + 1.00

− 0.01 − 0.01 − 1.62 − 3.51 − 0.02 + 10.46 − 0.69 − 2.32 − 0.05 − 0.43 − 1.00

1.8–2.0 + 0.00 + 0.01 + 1.90 + 3.38 + 0.00 − 8.31 + 0.55 + 2.32 + 0.05 + 0.16 + 1.00

− 0.01 − 0.01 − 1.66 − 3.23 − 0.02 + 8.31 − 0.55 − 2.32 − 0.05 − 0.43 − 1.00

2.0–2.2 + 0.00 + 0.01 + 2.05 + 3.56 + 0.00 − 6.74 + 0.55 + 5.01 + 0.05 + 0.17 + 1.00

− 0.01 − 0.01 − 1.94 − 3.60 − 0.02 + 6.74 − 0.55 − 5.01 − 0.05 − 0.43 − 1.00

2.2–2.4 + 0.00 + 0.01 + 2.70 + 3.91 + 0.00 − 7.48 + 0.55 + 4.42 + 0.05 + 0.18 + 1.00

− 0.01 − 0.01 − 2.50 − 3.85 − 0.02 + 7.48 − 0.55 − 4.42 − 0.05 − 0.42 − 1.00

123
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Table 4 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 50 GeV < pjet

T < 100 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

(fb/GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 349.964 0.56 0.80 + 3.75 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.67 + 0.31

− 3.71 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.61 − 0.26

0.2–0.4 352.217 0.71 0.80 + 3.68 + 0.03 + 0.15 + 0.24 v0.25 + 0.00 + 2.56 + 0.31

− 3.77 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.70 − 0.26

0.4–0.6 338.924 0.74 0.81 + 3.78 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.52 + 0.31

− 3.99 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.86 − 0.26

0.6–0.8 328.606 0.72 0.93 + 3.99 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.75 + 0.31

− 4.15 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.86 − 0.26

0.8–1.0 303.475 0.69 0.87 + 4.05 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.98 + 0.31

− 3.89 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.76 − 0.26

1.0–1.2 274.407 0.71 1.05 + 3.85 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.74 + 0.31

− 4.09 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.83 − 0.96

1.2–1.4 261.553 0.81 0.84 + 4.14 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.86 + 1.25

− 4.31 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.86 − 0.96

1.4–1.6 233.170 0.75 1.02 + 4.48 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 2.82 + 1.25

− 4.38 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.74 − 0.96

1.6–1.8 192.405 0.92 1.16 + 5.11 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.09 + 2.10

− 4.80 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.92 − 1.97

1.8–2.0 174.081 0.90 1.18 + 5.75 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.38 + 2.61

− 5.14 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 3.05 − 2.27

2.0–2.2 145.578 0.94 1.11 + 5.92 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.48 + 2.80

− 5.31 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 3.02 − 2.36

2.2–2.4 117.333 1.08 1.37 + 5.99 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.56 + 2.78

− 5.18 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.83 − 2.23

2.4–2.6 98.813 1.31 1.42 + 5.65 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.32 + 2.56

− 5.25 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.87 − 2.20

2.6–2.8 75.900 1.47 1.67 + 6.65 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.21 + 2.88

− 6.11 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.85 − 2.20

2.8–3.0 58.038 1.59 2.21 + 6.49 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.08 + 2.88

− 6.76 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.85 − 3.79

3.0–3.2 44.324 1.58 2.56 + 7.78 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.08 + 4.36

− 7.26 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.72 − 3.79

3.2–3.4 32.909 2.09 2.91 + 8.34 + 0.03 + 0.15 + 0.24 − 0.25 + 0.00 + 3.08 + 4.91

− 9.23 − 0.08 − 0.21 − 0.29 + 0.19 − 0.05 − 2.72 − 6.55
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Table 4 continued

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 + 0.00 + 0.00 + 1.02 + 0.81 + 0.00 − 1.47 − 0.46 + 1.28 + 0.17 + 0.15 + 1.00

− 0.03 − 0.02 − 0.92 − 0.77 − 0.02 + 1.47 + 0.49 − 1.28 − 0.15 − 0.42 − 1.00

0.2–0.4 + 0.00 + 0.00 + 1.02 + 0.81 + 0.00 − 1.47 − 0.46 + 1.28 + 0.16 + 0.15 + 1.00

− 0.03 − 0.02 − 0.92 − 0.77 − 0.02 + 1.47 + 0.49 − 1.28 − 0.15 − 0.42 − 1.00

0.4–0.6 + 0.00 + 0.00 + 1.07 + 0.81 + 0.00 − 1.60 − 0.46 + 1.43 + 0.16 + 0.15 + 1.00

− 0.03 − 0.02 − 0.92 − 0.77 − 0.02 + 1.60 + 0.49 − 1.43 − 0.15 − 0.43 − 1.00

0.6–0.8 + 0.00 + 0.00 + 1.07 + 1.28 + 0.00 − 1.47 − 0.46 + 1.41 + 0.16 + 0.16 + 1.00

− 0.03 − 0.02 − 1.08 − 1.44 − 0.02 + 1.47 + 0.49 − 1.41 − 0.14 − 0.43 − 1.00

0.8–1.0 + 0.00 + 0.00 + 1.07 + 1.50 + 0.00 − 1.21 − 0.46 + 1.07 + 0.15 + 0.17 + 1.00

− 0.03 − 0.02 − 1.08 − 1.44 − 0.02 + 1.21 + 0.49 − 1.07 − 0.14 − 0.45 − 1.00

1.0–1.2 + 0.00 + 0.00 + 1.01 + 1.49 + 0.00 − 1.21 − 0.46 + 1.07 + 0.15 + 0.19 + 1.00

− 0.03 − 0.02 − 1.19 − 1.44 − 0.02 + 1.21 + 0.49 − 1.07 − 0.14 − 0.46 − 1.00

1.2–1.4 + 0.00 + 0.00 + 1.01 + 1.54 + 0.00 − 1.21 − 0.46 + 1.07 + 0.14 + 0.21 + 1.00

− 0.03 − 0.02 − 1.19 − 1.94 − 0.02 + 1.21 + 0.49 − 1.07 − 0.13 − 0.49 − 1.00

1.4–1.6 + 0.00 + 0.00 + 1.01 + 1.78 + 0.00 − 1.42 − 0.46 + 1.73 + 0.13 + 0.37 + 1.00

− 0.03 − 0.02 − 1.05 − 1.69 − 0.02 + 1.42 + 0.40 − 1.73 − 0.12 − 0.60 − 1.00

1.6–1.8 + 0.00 + 0.00 + 1.34 + 2.01 + 0.00 − 1.42 − 0.46 + 1.73 + 0.13 + 0.19 + 1.00

− 0.03 − 0.02 − 1.05 − 1.69 − 0.02 + 1.42 + 0.40 − 1.73 − 0.12 − 0.51 − 1.00

1.8–2.0 + 0.00 + 0.00 + 1.34 + 2.25 + 0.00 − 1.89 − 0.34 + 1.73 + 0.12 + 0.20 + 1.00

− 0.03 − 0.02 − 1.05 − 1.66 − 0.02 + 1.89 + 0.40 − 1.73 − 0.11 − 0.55 − 1.00

2.0–2.2 + 0.00 + 0.00 + 1.40 + 1.91 + 0.00 − 1.89 − 0.34 + 2.16 + 0.11 + 0.20 + 1.00

− 0.03 − 0.02 − 0.92 − 1.66 − 0.02 + 1.89 + 0.40 − 2.16 − 0.10 − 0.56 − 1.00

2.2–2.4 + 0.00 + 0.00 + 1.40 + 1.91 + 0.00 − 0.76 − 0.34 + 2.83 + 0.11 + 0.21 + 1.00

− 0.03 − 0.02 − 0.92 − 1.66 − 0.02 + 0.76 + 0.40 − 2.83 − 0.10 − 0.58 − 1.00

2.4–2.6 + 0.00 + 0.00 + 0.87 + 1.91 + 0.00 − 0.76 − 0.34 + 2.83 + 0.11 + 0.23 + 1.00

− 0.03 − 0.02 − 0.92 − 1.82 − 0.02 + 0.76 + 0.40 − 2.83 − 0.10 − 0.64 − 1.00

2.6–2.8 + 0.00 + 0.00 + 0.87 + 2.25 + 0.00 − 0.76 − 0.34 + 4.23 + 0.10 + 0.24 + 1.00

− 0.03 − 0.02 − 0.92 − 1.82 − 0.02 + 0.76 + 0.40 − 4.23 − 0.10 − 0.67 − 1.00

2.8–3.0 + 0.00 + 0.00 + 0.87 + 2.25 + 0.00 − 0.76 − 0.34 + 4.08 + 0.10 + 0.25 + 1.00

− 0.03 − 0.02 − 0.92 − 1.82 − 0.02 + 0.76 + 0.40 − 4.08 − 0.09 − 0.69 − 1.00

3.0–3.2 + 0.00 + 0.00 + 0.87 + 2.25 + 0.00 − 0.76 − 0.34 + 4.94 + 0.09 + 0.26 + 1.00

− 0.03 − 0.02 − 0.92 − 1.82 − 0.02 + 0.76 + 0.40 − 4.94 − 0.09 − 0.70 − 1.00

3.2–3.4 + 0.00 + 0.00 + 0.87 + 2.25 + 0.00 − 0.76 − 0.34 + 5.32 + 0.09 + 0.25 + 1.00

− 0.03 − 0.02 − 0.92 − 1.82 − 0.02 + 0.76 + 0.40 − 5.32 − 0.09 − 0.70 − 1.00
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Table 5 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 100 GeV < pjet

T < 200 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

(fb/GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 45.769 1.28 1.29 + 2.58 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.54 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 2.11 − 0.67

0.2–0.4 46.342 1.22 1.39 + 2.58 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.54 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 2.11 − 0.67

0.4–0.6 43.964 1.25 1.47 + 2.58 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.21 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.93 − 0.67

0.6–0.8 40.076 1.40 1.67 + 2.58 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.15 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.93 − 0.67

0.8–1.0 37.981 1.40 1.38 + 2.50 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.15 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.93 − 0.67

1.0–1.2 32.122 1.63 1.68 + 2.74 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.44 + 0.50

− 3.08 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.82 − 0.67

1.2–1.4 31.772 1.33 1.53 + 2.99 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.87 + 0.50

− 3.09 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.82 − 0.67

1.4–1.6 27.737 1.34 1.85 + 3.19 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.87 + 0.50

− 3.15 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.82 − 0.67

1.6–1.8 21.873 1.85 2.01 + 3.16 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.87 + 0.50

− 3.10 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.82 − 0.67

1.8–2.0 17.806 1.88 2.00 + 3.33 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.98 + 0.50

− 3.29 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 0.67

2.0–2.2 13.820 2.26 2.26 + 3.33 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 1.98 + 0.50

− 3.30 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 0.67

2.2–2.4 10.613 2.55 2.81 + 3.98 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.23 + 0.50

− 4.38 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 2.96

2.4–2.6 8.152 3.12 2.94 + 5.72 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.23 + 4.14

− 4.41 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 2.96

2.6–2.8 5.663 3.22 3.91 + 5.73 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.23 + 4.14

− 4.45 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 2.96

2.8–3.0 3.248 3.91 4.78 + 9.42 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.23 + 8.54

− 9.46 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 7.71

3.0–3.2 2.169 5.43 5.73 + 9.48 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.47 + 8.54

− 9.46 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 7.71

3.2–3.4 1.234 7.36 9.27 + 15.87 − 0.04 + 0.02 + 0.11 − 0.29 + 0.06 + 2.47 + 15.33

− 13.57 + 0.00 − 0.08 − 0.15 + 0.38 + 0.00 − 1.95 − 12.42

123



Eur. Phys. J. C (2019) 79 :847 Page 29 of 47 847

Table 5 continued

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.2 + 0.00 + 0.00 + 0.83 + 1.51 + 0.00 − 0.36 − 0.04 + 0.14 + 0.19 + 0.18 + 1.00

− 0.06 − 0.03 − 1.13 − 2.20 − 0.06 + 0.36 + 0.00 − 0.14 − 0.18 − 0.43 − 1.00

0.2–0.4 + 0.00 + 0.00 + 0.83 + 1.51 + 0.00 − 0.36 − 0.04 + 0.14 + 0.18 + 0.18 + 1.00

− 0.06 − 0.03 − 1.13 − 2.20 − 0.06 + 0.36 + 0.00 − 0.14 − 0.17 − 0.44 − 1.00

0.4–0.6 + 0.00 + 0.00 + 0.83 + 1.51 + 0.00 − 0.36 − 0.04 + 0.14 + 0.19 + 0.17 + 1.00

− 0.06 − 0.03 − 1.13 − 1.84 − 0.06 + 0.36 + 0.00 − 0.14 − 0.17 − 0.43 − 1.00

0.6–0.8 + 0.00 + 0.00 + 0.83 + 1.51 + 0.00 − 0.36 − 0.04 + 0.14 + 0.18 + 0.20 + 1.00

− 0.06 − 0.03 − 1.13 − 1.73 − 0.06 + 0.36 + 0.00 − 0.14 − 0.17 − 0.47 − 1.00

0.8–1.0 + 0.00 + 0.00 + 0.83 + 1.37 + 0.00 − 0.36 − 0.04 + 0.14 + 0.17 + 0.17 + 1.00

− 0.06 − 0.03 − 1.13 − 1.73 − 0.06 + 0.36 + 0.00 − 0.14 − 0.16 − 0.46 − 1.00

1.0–1.2 + 0.00 + 0.00 + 0.83 + 1.37 + 0.00 − 0.36 − 0.04 + 1.13 + 0.18 + 0.18 + 1.00

− 0.06 − 0.03 − 0.92 − 1.45 − 0.06 + 0.36 + 0.00 − 1.13 − 0.16 − 0.48 − 1.00

1.2–1.4 + 0.00 + 0.00 + 0.83 + 1.37 + 0.00 − 0.36 − 0.04 + 1.13 + 0.17 + 0.19 + 1.00

− 0.06 − 0.03 − 0.92 − 1.45 − 0.06 + 0.36 + 0.00 − 1.13 − 0.15 − 0.53 − 1.00

1.4–1.6 + 0.00 + 0.00 + 0.83 + 1.70 + 0.00 − 0.36 − 0.04 + 1.13 + 0.17 + 0.52 + 1.00

− 0.06 − 0.03 − 0.92 − 1.45 − 0.06 + 0.36 + 0.00 − 1.13 − 0.16 − 0.79 − 1.00

1.6–1.8 + 0.00 + 0.00 + 0.83 + 1.70 + 0.00 − 0.36 − 0.04 + 1.13 + 0.16 + 0.24 + 1.00

− 0.06 − 0.03 − 0.92 − 1.45 − 0.06 + 0.36 + 0.00 − 1.13 − 0.15 − 0.60 − 1.00

1.8–2.0 + 0.00 + 0.00 + 1.17 + 1.70 + 0.00 − 0.36 − 0.04 + 1.13 + 0.15 + 0.26 + 1.00

− 0.06 − 0.03 − 0.92 − 1.66 − 0.06 + 0.36 + 0.00 − 1.13 − 0.14 − 0.68 − 1.00

2.0–2.2 + 0.00 + 0.00 + 1.17 + 1.70 + 0.00 − 0.36 − 0.04 + 1.13 + 0.15 + 0.26 + 1.00

− 0.06 − 0.03 − 0.92 − 1.66 − 0.06 + 0.36 + 0.00 − 1.13 − 0.14 − 0.70 − 1.00

2.2–2.4 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.15 + 0.25 + 1.00

− 0.06 − 0.03 − 0.92 − 1.66 − 0.06 + 0.36 + 0.00 − 1.13 − 0.14 − 0.70 − 1.00

2.4–2.6 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.15 + 0.32 + 1.00

− 0.06 − 0.03 − 0.92 − 1.66 − 0.06 + 0.36 + 0.00 − 1.13 − 0.14 − 0.87 − 1.00

2.6–2.8 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.17 + 0.44 + 1.00

− 0.06 − 0.03 − 0.92 − 1.66 − 0.06 + 0.36 + 0.00 − 1.13 − 0.16 − 1.04 − 1.00

2.8–3.0 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.18 + 0.40 + 1.00

− 0.06 − 0.03 − 0.92 − 4.65 − 0.06 + 0.36 + 0.00 − 1.13 − 0.17 − 1.07 − 1.00

3.0–3.2 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.18 + 0.46 + 1.00

− 0.06 − 0.03 − 0.92 − 4.65 − 0.06 + 0.36 + 0.00 − 1.13 − 0.17 − 1.09 − 1.00

3.2–3.4 + 0.00 + 0.00 + 1.17 + 2.57 + 0.00 − 0.36 − 0.04 + 1.13 + 0.15 + 0.41 + 1.00

− 0.06 − 0.03 − 0.92 − 4.65 − 0.06 + 0.36 + 0.00 − 1.13 − 0.13 − 1.07 − 1.00
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Table 6 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 200 GeV < pjet

T < 300 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

(fb/GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 5.561 2.50 2.63 + 3.55 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 4.33 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 3.10 − 0.77

0.4–0.8 4.889 2.36 2.93 + 3.55 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 4.33 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 3.10 − 0.77

0.8–1.2 4.260 3.18 3.41 + 3.54 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 4.33 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 3.10 − 0.77

1.2–1.6 3.055 3.61 3.17 + 3.55 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 4.35 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 3.10 − 0.77

1.6–2.0 1.780 4.43 4.42 + 3.56 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 4.38 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 3.10 − 0.77

2.0–2.4 0.831 6.45 7.17 + 3.60 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 6.26 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 5.37 − 0.77

2.4–3.4 0.136 9.48 11.75 + 3.58 − 0.05 + 0.12 + 0.10 − 0.18 − 0.06 + 2.62 + 0.39

− 6.25 + 0.04 + 0.00 − 0.01 + 0.18 + 0.05 − 5.37 − 0.77

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.09 + 0.28 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.08 − 0.54 − 1.00

0.4–0.8 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.10 + 0.25 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.09 − 0.55 − 1.00

0.8–1.2 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.11 + 0.21 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.10 − 0.57 − 1.00

1.2–1.6 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.14 + 0.27 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.13 − 0.71 − 1.00

1.6–2.0 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.17 + 0.39 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.16 − 0.84 − 1.00

2.0–2.4 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.22 + 0.65 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.20 − 1.19 − 1.00

2.4–3.4 + 0.04 + 0.15 +0.36 + 1.40 + 0.20 − 0.58 − 0.04 + 1.40 + 0.32 + 0.42 + 1.00

+ 0.00 + 0.00 −0.75 − 2.08 − 0.06 + 0.58 + 0.09 − 1.40 − 0.29 − 1.12 − 1.00
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Table 7 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 300 GeV < pjet

T < 400 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

[fb/GeV] (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 1.190 5.83 6.75 + 5.95 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.33 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

0.4–0.8 1.083 5.52 5.50 + 5.94 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.30 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

0.8–1.2 0.946 6.68 6.87 + 5.95 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.34 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

1.2–1.6 0.628 8.15 8.34 + 5.96 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.43 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

1.6–2.0 0.322 11.56 11.42 + 5.97 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.46 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

2.0–3.0 0.032 26.98 24.63 + 6.01 + 0.74 + 0.56 + 0.00 + 0.00 + 0.76 + 4.03 + 1.41

− 2.64 + 0.00 + 0.00 + 0.51 + 0.72 + 0.00 − 1.63 + 0.00

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.10 + 0.30 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.09 − 0.65 − 1.00

0.4–0.8 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.11 + 0.23 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.10 − 0.55 − 1.00

0.8–1.2 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.12 + 0.30 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.11 − 0.68 − 1.00

1.2–1.6 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.19 + 0.45 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.17 − 0.95 − 1.00

1.6–2.0 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.26 + 0.51 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.24 − 1.00 − 1.00

2.0–3.0 +0.68 +0.46 + 2.42 + 2.24 + 0.54 − 1.16 + 0.79 + 0.08 + 0.69 + 0.63 + 1.00

+0.00 +0.00 − 0.13 + 0.00 + 0.00 + 1.16 + 0.00 − 0.08 − 0.63 − 1.25 − 1.00

123
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Table 8 The measured double-differential Z + jets production cross-
sections as a function of |yjet| in the 400 GeV < pjet

T < 1050 GeV range.
δstat

data and δstat
MC are the statistical uncertainties in data and MC simulation,

respectively. δsys
tot is the total systematic uncertainty and includes the fol-

lowing components: uncertainties due to electron reconstruction (δel
rec),

identification (δel
ID) and trigger (δel

trig) efficiencies; electron energy scale

(δel
scale) and energy resolution (δel

res) uncertainties; sum in quadrature
of the uncertainties from JES in situ methods (δJES

in situ); sum in quadra-
ture of the uncertainties from JES η-intercalibration methods (δJES

η-int); an

uncertainty of the measured single-hadron response (δJES
hadron); MC non-

closure uncertainty (δJES
closure); sum in quadrature of the uncertainties due

to pile-up corrections of the jet kinematics (δJES
pile-up); sum in quadra-

ture of the flavour-based uncertainties (δJES
flavour); punch-through uncer-

tainty (δJES
pthrough); JER uncertainty (δJER); JVF uncertainty (δJVF); sum

in quadrature of the unfolding uncertainties (δunf); sum in quadrature
of the uncertainties due to MC generated backgrounds normalisation
(δbg

MC); sum in quadrature of the uncertainty due to combined multijet

and W+ jets backgrounds (δbg
mult); uncertainty due to jet quality selec-

tion (δqual). All uncertainties are given in %. The luminosity uncertainty
of 1.9% is not shown and not included in the total uncertainty and its
components

|yjet| d2σ

d|yjet|dpjet
T

δstat
data δstat

MC δ
sys
tot δel

rec δel
ID δel

trig δel
scale δel

res δJES
in situ δJES

η−int

[fb/GeV] (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 0.110 6.84 8.88 + 2.79 − 0.34 + 0.00 + 0.00 − 0.82 − 0.41 + 2.01 + 0.22

− 5.82 + 0.00 − 0.26 − 0.43 + 0.00 + 0.00 − 4.74 − 0.50

0.4–0.8 0.076 9.45 9.66 + 2.76 − 0.34 + 0.00 + 0.00 − 0.82 − 0.41 + 2.01 + 0.22

− 5.81 + 0.00 − 0.26 − 0.43 + 0.00 + 0.00 − 4.74 − 0.50

0.8–1.2 0.058 11.67 11.68 + 2.78 − 0.34 + 0.00 + 0.00 − 0.82 − 0.41 + 2.01 + 0.22

− 5.83 + 0.00 − 0.26 − 0.43 + 0.00 + 0.00 − 4.74 − 0.50

1.2–2.6 0.012 12.84 13.36 + 2.84 − 0.34 + 0.00 + 0.00 − 0.82 − 0.41 + 2.01 + 0.22

− 5.90 + 0.00 − 0.26 − 0.43 + 0.00 + 0.00 − 4.74 − 0.50

|yjet| δJES
hadron δJES

closure δJES
pile-up δJES

flavour δJES
pthrough δJER δJVF δunf δ

bg
MC δ

bg
mult δqual

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.0–0.4 +0.00 +0.00 +0.10 + 0.33 + 0.13 − 0.14 + 0.01 + 1.47 + 0.15 + 0.59 + 1.00

−0.36 −0.33 −0.91 − 2.13 − 0.58 + 0.14 − 0.32 − 1.47 − 0.14 − 0.84 − 1.00

0.4–0.8 +0.00 +0.00 +0.10 + 0.33 + 0.13 − 0.14 + 0.01 + 1.47 + 0.18 + 0.42 + 1.00

−0.36 −0.33 −0.91 − 2.13 − 0.58 + 0.14 − 0.32 − 1.47 − 0.16 − 0.71 − 1.00

0.8–1.2 +0.00 +0.00 +0.10 + 0.33 + 0.13 − 0.14 + 0.01 + 1.47 + 0.21 + 0.54 + 1.00

−0.36 −0.33 −0.91 − 2.13 − 0.58 + 0.14 − 0.32 − 1.47 − 0.20 − 0.86 − 1.00

1.2–2.6 +0.00 +0.00 +0.10 + 0.33 + 0.13 − 0.14 + 0.01 + 1.47 + 0.37 + 0.73 + 1.00

−0.36 −0.33 −0.91 − 2.13 − 0.58 + 0.14 − 0.32 − 1.47 − 0.34 − 1.24 − 1.00

References

1. CDF Collaboration, Measurement of Inclusive Jet Cross Sections
in Z/γ ∗(→ e+e−)+jets Production in p p̄ Collisions at

√
s =

1.96 TeV. Phys. Rev. Lett 100, 102001 (2008). arXiv:0711.3717
[hep-ex]

2. D0 Collaboration, Measurement of differential cross section of
Z/γ ∗ + jets + X events in p p̄ collisions at

√
s = 1.96 TeV.

Phys. Lett. B 678, 45 (2009). arXiv:0903.1748 [hep-ex]
3. D0 Collaboration, Measurement of Z/γ ∗ + jets + X angular dis-

tributions in p p̄ collisions at
√
s = 1.96 TeV. Phys. Lett. B 682,

370 (2010). arXiv:0907.4286 [hep-ex]
4. CDF Collaboration, Measurement of differential production cross

sections for Z/γ ∗ bosons in association with jets in p p̄ collisions at√
s = 1.96 TeV. Phys. Rev. D 91, 012002 (2015). arXiv:1409.4359

[hep-ex]
5. L. Evans, P. Bryant, LHC Machine, JINST 3, S08001 (2008)
6. ATLAS Collaboration, Measurement of the production cross sec-

tion for Z/γ ∗ in association with jets in pp collisions at
√
s =

7 TeV with the ATLAS detector. Phys. Rev. D 85, 032009 (2012).
arXiv:1111.2690 [hep-ex]

7. ATLAS Collaboration, Measurement ofthe production cross sec-
tion of jets in association with a Z boson in pp collisions at√
s = 7 TeV with the ATLAS detector. JHEP 07, 032 (2013).

arXiv:1304.7098 [hep-ex]
8. ATLAS Collaboration, Measurements of the production cross sec-

tion of a Z boson in association with jets in pp collisions at√
s = 13 TeV with the ATLAS detector. Eur. Phys. J. C 77 , 361

(2017). arXiv:1702.05725 [hep-ex]
9. CMS Collaboration, Rapidity distributions in exclusive Z + jet

and γ + jet events in pp collisions at
√
s = 7 TeV. Phys. Rev. D

88, 112009 (2013). arXiv:1310.3082 [hep-ex]
10. CMS Collaboration, Measurements of jet multiplicity and differ-

ential production cross sections of Z + jets events in proton-
proton collisions at

√
s = 7 TeV. Phys. Rev. D 91, 052008 (2015).

arXiv:1408.3104 [hep-ex]

123

http://arxiv.org/abs/0711.3717
http://arxiv.org/abs/0903.1748
http://arxiv.org/abs/0907.4286
http://arxiv.org/abs/1409.4359
http://arxiv.org/abs/1111.2690
http://arxiv.org/abs/1304.7098
http://arxiv.org/abs/1702.05725
http://arxiv.org/abs/1310.3082
http://arxiv.org/abs/1408.3104


Eur. Phys. J. C (2019) 79 :847 Page 33 of 47 847

11. CMS Collaboration, Measurements of the differential production
cross sections for a Z boson in association with jets in pp collisions
at

√
s = 8 TeV. JHEP 04, 022 (2017). arXiv:1611.03844 [hep-ex]

12. CMS Collaboration, Measurement of differential cross sections
for Z boson production in association with jets in proton-proton
collisions at

√
s = 13 TeV. Eur. Phys. J. C 78, 965 (2018).

arXiv:1804.05252 [hep-ex]
13. CMS Collaboration, Measurement of differential cross sections for

Z boson pair production in association with jets at
√
s = 8T eV and

13 TeV. Phys. Lett. B 789, 19 (2019). arXiv:1806.11073 [hep-ex]
14. LHCb Collaboration, Study of forward Z + jet production in pp

collisions at
√
s = 7 TeV. JHEP 01, 033 (2014). arXiv:1310.8197

[hep-ex]
15. LHCb Collaboration, Measurement of forward W and Z boson

production in association with jets in proton–proton collisions at√
s = 8 TeV. JHEP 05 , 131 (2016). arXiv:1605.00951 [hep-ex]

16. A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss,
T.A. Morgan, Precise QCD predictions for the production of a
Z Boson in association with a hadronic jet. Phys. Rev. Lett 117,
022001 (2016). arXiv:1507.02850 [hep-ph]

17. R. Boughezal et al., Z -Boson production in association with a jet
at next-to-next-to-leading order in perturbative QCD. Phys. Rev.
Lett 116, 152001 (2016). arXiv:1512.01291 [hep-ph]

18. ATLAS Collaboration, The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3, S08003 (2008)

19. ATLAS Collaboration, Performance of the ATLAS Trigger System
in 2010. Eur. Phys. J. C 72, 1849 (2012). arXiv:1110.1530 [hep-ex]

20. ATLAS Collaboration, Performance of the ATLAS Electron and
Photon Trigger in p−pCollisions at

√
s = 7 TeV in 2011, ATLAS-

CONF-2012-048, 2012. https://cds.cern.ch/record/1450089
21. ATLAS Collaboration, Luminosity determination in pp collisions

at
√
s = 8 TeV using the ATLAS detector at the LHC. Eur. Phys.

J. C 76, 653 (2016). arXiv:1608.03953 [hep-ex]
22. T. Gleisberg et al., Event generation with SHERPA 1.1. JHEP 02,

007 (2009). arXiv:0811.4622 [hep-ph]
23. F. Krauss, R. Kuhn, G. Soff, AMEGIC++ 1.0, a matrix element

generator in C++. JHEP 02, 044 (2002). arXiv:hep-ph/0109036
[hep-ph]

24. H.-L. Lai et al., New parton distributions for collider physics. Phys.
Rev. D 82, 074024 (2010). arXiv:1007.2241 [hep-ph]

25. S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD matrix elements
+ parton showers. JHEP 11, 063 (2001). arXiv:hep-ph/0109231
[hep-ph]

26. K. Hamilton, P. Nason, Improving NLO-parton shower matched
simulations with higher order matrix elements. JHEP 06, 039
(2010). arXiv:1004.1764 [hep-ph]

27. C. Anastasiou, L. Dixon, K. Melnikov, F. Petriello, High-precision
QCD at hadron colliders: electroweak gauge boson rapidity distri-
butions at next-to-next-to leading order. Phys. Rev. D 69, 094008
(2004). arXiv:hep-ph/0312266 [hep-ph]

28. K. Melnikov, F. Petriello, Electroweak gauge boson production at
hadron colliders through O(α2

s ). Phys. Rev. D 74, 114017 (2006).
arXiv:hep-ph/0609070

29. F.P.R. Gavin, Y. Li, S. Quackenbush, FEWZ 2.0: A code for
hadronic Z production at next-to-next-to-leading order. Comput.
Phys. Commun. 182, 2388 (2011). arXiv:1011.3540 [hep-ph]

30. M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau, A.D. Polosa,
ALPGEN, a generator for hard multiparton processes in hadronic
collisions. JHEP 07, 001 (2003). arXiv:hep-ph/0206293 [hep-ph]

31. T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and
manual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175

32. P.Z. Skands, Tuning Monte Carlo generators: the Perugia tunes.
Phys. Rev. D 82, 074018 (2010). arXiv:1005.3457 [hep-ph]

33. J. Pumplin et al., New generation of parton distributions with
uncertainties from global QCD analysis. JHEP 07, 012 (2002).
arXiv:hep-ph/0201195 [hep-ph]

34. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations
with parton shower simulations: the POWHEG method. JHEP 11,
070 (2007). arXiv:0709.2092 [hep-ph]

35. S. Alioli, P. Nason, C. Oleari, E. Re, NLO vector-boson produc-
tion matched with shower in POWHEG. JHEP 0807, 060 (2008).
arXiv:0805.4802 [hep-ph]

36. T. Sjöstrand, S. Mrenna, P.Z. Skands, A brief introduction
to PYTHIA 8.1. Comput. Phys. Commun. 178, 852 (2008).
arXiv:0710.3820 [hep-ph]

37. ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-
PHYS-PUB-2012-003 (2012). http://cds.cern.ch/record/1474107

38. G. Corcella et al., HERWIG 6: an event generator for hadron emis-
sion reactions with interfering gluons (including supersymmetric
processes). JHEP 01, 010 (2001). arXiv:hep-ph/0011363

39. ATLAS Collaboration, New ATLAS event generator tunes to
2010 data, ATL-PHYS-PUB-2011-008 (2011). https://cds.cern.ch/
record/1345343

40. J.M. Campbell, R.K. Ellis, MCFM for the TeVatron and the LHC.
Nucl. Phys. Proc. Suppl 205–206, 10 (2010). arXiv:1007.3492
[hep-ph]

41. J.M. Campbell, R.K. Ellis, Update on vector boson pair pro-
duction at hadron colliders. Phys. Rev. D 60, 113006 (2006).
arXiv:hep-ph/9905386

42. N. Kidonakis, Next-to-next-to-leading logarithm resummation for
s-channel single top quark production. Phys. Rev. D 81, 054028
(2010). arXiv:1001.5034 [hep-ph]

43. N. Kidonakis, Next-to-next-to-leading-order collinear and soft
gluon corrections for t-channel single top quark production. Phys.
Rev. D 83, 091503 (2011). arXiv:1103.2792 [hep-ph]

44. N. Kidonakis, Two-loop soft anomalous dimensions for single top
quark associated production with a W− or H−. Phys. Rev. D 82,
054018 (2010). arXiv:1005.4451 [hep-ph]

45. M. Czakon, A. Mitov, Top++: a program for the calculation of the
top-pair cross-section at hadron colliders. Comput. Phys. Commun.
185, 2930 (2014). arXiv:1112.5675 [hep-ph]

46. P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for
QED corrections in Z and W decays. Eur. Phys. J. C 45, 97 (2006).
arXiv:hep-ph/0506026 [hep-ph]

47. S. Jadach, Z. Was, R. Decker, J.H. Kühn, The τ decay library
TAUOLA, version 2.4. Comput. Phys. Commun. 76, 361 (1993)

48. A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distribu-
tions for the LHC. Eur. Phys. J. C 63, 1072 (2009). arXiv:0901.0002
[hep-ph]

49. ATLAS Collaboration, The ATLAS Simulation Infrastructure. Eur.
Phys. J. C 70, 823 (2010). arXiv:1005.4568 [physics.ins-det]

50. S. Agostinelli et al., Geant4—a simulation toolkit. Nucl. Instrum.
Methods A 506, 250 (2003)

51. ATLAS Collaboration, Electron efficiency measurements with the
ATLAS detector using 2012 LHC proton–proton collision data.
Eur. Phys. J. C 77, 195 (2017). arXiv:1612.01456 [hep-ex]

52. ATLAS Collaboration, Electron performance measurements with
the ATLAS detector using the 2010 LHC proton–proton collision
data, Eur. Phys. J. C 72, 1909 (2012). arXiv:1110.3174 [hep-ex]

53. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-
rithm. JHEP 04, 063 (2008). arXiv:0802.1189 [hep-ph]

54. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual. Eur. Phys.
J. C 72, 1896 (2012). arXiv:1111.6097 [hep-ph]

55. ATLAS collaboration, Topological cell clustering in the ATLAS
calorimeters and its performance in LHC Run 1. Eur. Phys. J. C
77, 490 (2017). arXiv:1603.02934 [hep-ex]

56. ATLAS Collaboration, Local Hadronic Calibration, ATL-LARG-
PUB-2009-001-2 (2008). https://cds.cern.ch/record/1112035

57. ATLAS Collaboration, Jet energy measurement and its systematic
uncertainty in proton–proton collisions at

√
s = 7 TeV with the

ATLAS detector. Eur. Phys. J. C 75, 17 (2015). arXiv:1406.0076
[hep-ex]

123

http://arxiv.org/abs/1611.03844
http://arxiv.org/abs/1804.05252
http://arxiv.org/abs/1806.11073
http://arxiv.org/abs/1310.8197
http://arxiv.org/abs/1605.00951
http://arxiv.org/abs/1507.02850
http://arxiv.org/abs/1512.01291
http://arxiv.org/abs/1110.1530
https://cds.cern.ch/record/1450089
http://arxiv.org/abs/1608.03953
http://arxiv.org/abs/0811.4622
http://arxiv.org/abs/hep-ph/0109036
http://arxiv.org/abs/1007.2241
http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/1004.1764
http://arxiv.org/abs/hep-ph/0312266
http://arxiv.org/abs/hep-ph/0609070
http://arxiv.org/abs/1011.3540
http://arxiv.org/abs/hep-ph/0206293
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/1005.3457
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/0709.2092
http://arxiv.org/abs/0805.4802
http://arxiv.org/abs/0710.3820
http://cds.cern.ch/record/1474107
http://arxiv.org/abs/hep-ph/0011363
https://cds.cern.ch/record/1345343
https://cds.cern.ch/record/1345343
http://arxiv.org/abs/1007.3492
http://arxiv.org/abs/hep-ph/9905386
http://arxiv.org/abs/1001.5034
http://arxiv.org/abs/1103.2792
http://arxiv.org/abs/1005.4451
http://arxiv.org/abs/1112.5675
http://arxiv.org/abs/hep-ph/0506026
http://arxiv.org/abs/0901.0002
http://arxiv.org/abs/1005.4568
http://arxiv.org/abs/1612.01456
http://arxiv.org/abs/1110.3174
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1603.02934
https://cds.cern.ch/record/1112035
http://arxiv.org/abs/1406.0076


847 Page 34 of 47 Eur. Phys. J. C (2019) 79 :847

58. ATLAS Collaboration, Performance of pile-up mitigation tech-
niques for jets in pp collisions at

√
s = 8 TeV using the ATLAS

detector. Eur. Phys. J. C 76, 581 (2016). arXiv:1510.03823 [hep-ex]
59. G. D’Agostini, A multidimensional unfolding method based on

Bayes’ theorem. Nucl. Instrum. Methods A 362, 487 (1995)
60. ATLAS Collaboration, Pile-up subtraction and suppression for jets

in ATLAS, ATLAS-CONF-2013-083 (2013). https://cds.cern.ch/
record/1570994

61. ATLAS Collaboration, Jet energy resolution in proton–proton col-
lisions at

√
s = 7 TeV recorded in 2010 with the ATLAS detector.

Eur. Phys. J. C 73, 2306 (2013). arXiv:1210.6210 [hep-ex]
62. ATLAS Collaboration, Measurement of the t t̄ production cross-

section using e μ events with b-tagged jets in pp collisions at√
s = 7 and 8 TeV with the ATLAS detector. Eur. Phys. J. C 74,

3109 (2014). arXiv:1406.5375 [hep-ex]
63. T. Carli et al., A posteriori inclusion of parton density func-

tions in NLO QCD final-state calculations at hadron collid-
ers: the APPLGRID Project. Eur. Phys. J. C 66, 503 (2010).
arXiv:0911.2985 [hep-ph]

64. T.-J. Hou et al., Reconstruction of Monte Carlo replicas from Hes-
sian parton distributions. JHEP 03, 099 (2017). arXiv:1607.06066
[hep-ph]

65. R.D. Ball et al., Parton distributions for the LHC run II. JHEP 04,
040 (2015). arXiv:1410.8849 [hep-ph]

66. P. Jimenez-Delgado, E. Reya, Delineating parton distributions
and the strong coupling. Phys. Rev. D 89, 074049 (2014).
arXiv:1403.1852 [hep-ph]

67. H1 and ZEUS Collaborations, Combination of measurements
of inclusive deep inelastic e± p scattering cross sections and
QCD analysis of HERA data. Eur. Phys. J. C 75, 580 (2015).
arXiv:1506.06042 [hep-ex]

68. L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne, Par-
ton distributions in the LHC era: MMHT 2014 PDFs. Eur. Phys. J.
C 75, 204 (2015). arXiv:1412.3989 [hep-ph]

69. S. Alekhin, J. Bluemlein, S. Moch, R. Placakyte, Parton distribution
functions, αs and heavy-quark masses for LHC run II. Phys. Rev.
D 96, 014011 (2017). arXiv:1701.05838 [hep-ph]

70. ATLAS Collaboration, Precision measurement and interpretation
of inclusive W+, W− and Z/γ ∗ production cross sections with the
ATLAS detector. Eur. Phys. J. C 77, 367 (2017). arXiv:1612.03016
[hep-ex]

71. J. Butterworth et al., PDF4LHC recommendations for LHC run II.
J. Phys. G 43, 023001 (2016). arXiv:1510.03865 [hep-ph]

72. R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover,
A. Huss, Precise predictions for the angular coefficients in Z-boson
production at the LHC. JHEP 11, 003 (2017). arXiv:1708.00008
[hep-ph]

73. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-
PHYS-PUB-2014-021 (2014). https://cds.cern.ch/record/1966419

74. M.H. Seymour, A. Siodmok, Constraining MPI models using σe f f
and recent TeVatron and LHC underlying event data. JHEP 10, 113
(2013). arXiv:1307.5015 [hep-ph]

75. R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys. B
867, 244 (2013). arXiv:1207.1303 [hep-ph]

76. J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, Mad-
Graph 5: going beyond. JHEP 06, 128 (2011). arXiv:1106.0522
[hep-ph]

77. The Durham High-Energy Physics Database. https://www.hepdata.
net

78. S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix ele-
ments + parton showers: The NLO case. JHEP 04, 027 (2013).
arXiv:1207.5030 [hep-ph]

79. ATLAS Collaboration, Jet energy scale measurements and their
systematic uncertainties in proton–proton collisions at

√
s =

13 TeV with the ATLAS detector. Phys. Rev. D 96, 072002 (2017).
arXiv: 1703.09665 [hep-ex]

80. ATLAS Collaboration, Measurement of the inclusive jet cross-
sections in proton–proton collisions at

√
s = 8 TeV with the

ATLAS detector. JHEP 09, 020 (2017). arXiv:1706.03192 [hep-
ex]

81. ATLAS Collaboration, Measurement of inclusive jet and dijet
cross-sections in proton–proton collisions at

√
s = 13 TeV with the

ATLAS detector. JHEP 05, 195 (2018). arXiv:1711.02692 [hep-ex]
82. ATLAS Collaboration, ATLAS Computing Acknowledgements,

ATL-GEN-PUB-2016-002 (2016). https://cds.cern.ch/record/
2202407

123

http://arxiv.org/abs/1510.03823
https://cds.cern.ch/record/1570994
https://cds.cern.ch/record/1570994
http://arxiv.org/abs/1210.6210
http://arxiv.org/abs/1406.5375
http://arxiv.org/abs/0911.2985
http://arxiv.org/abs/1607.06066
http://arxiv.org/abs/1410.8849
http://arxiv.org/abs/1403.1852
http://arxiv.org/abs/1506.06042
http://arxiv.org/abs/1412.3989
http://arxiv.org/abs/1701.05838
http://arxiv.org/abs/1612.03016
http://arxiv.org/abs/1510.03865
http://arxiv.org/abs/1708.00008
https://cds.cern.ch/record/1966419
http://arxiv.org/abs/1307.5015
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/1106.0522
https://www.hepdata.net
https://www.hepdata.net
http://arxiv.org/abs/1207.5030
http://arxiv.org/abs/1703.09665
http://arxiv.org/abs/1706.03192
http://arxiv.org/abs/1711.02692
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407


Eur. Phys. J. C (2019) 79 :847 Page 35 of 47 847

ATLAS Collaboration

G. Aad101, B. Abbott128, D. C. Abbott102, O. Abdinov13,*, A. Abed Abud70a,70b, K. Abeling53, D. K. Abhayasinghe93,
S. H. Abidi167, O. S. AbouZeid40, N. L. Abraham156, H. Abramowicz161, H. Abreu160, Y. Abulaiti6, B. S. Acharya66a,66b,n,
B. Achkar53, S. Adachi163, L. Adam99, C. Adam Bourdarios132, L. Adamczyk83a, L. Adamek167, J. Adelman121,
M. Adersberger114, A. Adiguzel12c,ai, S. Adorni54, T. Adye144, A. A. Affolder146, Y. Afik160, C. Agapopoulou132,
M. N. Agaras38, A. Aggarwal119, C. Agheorghiesei27c, J. A. Aguilar-Saavedra140a,ah,140f, F. Ahmadov79, W. S. Ahmed103,
X. Ai15a, G. Aielli73a,73b, S. Akatsuka85, T. P. A. Åkesson96, E. Akilli54, A. V. Akimov110, K. Al Khoury132,
G. L. Alberghi23a,23b, J. Albert176, M. J. Alconada Verzini88, S. Alderweireldt36, M. Aleksa36, I. N. Aleksandrov79,
C. Alexa27b, D. Alexandre19, T. Alexopoulos10, A. Alfonsi120, M. Alhroob128, B. Ali142, G. Alimonti68a, J. Alison37,
S. P. Alkire148, C. Allaire132, B. M. M. Allbrooke156, B. W. Allen131, P. P. Allport21, A. Aloisio69a,69b, A. Alonso40,
F. Alonso88, C. Alpigiani148, A. A. Alshehri57, M. Alvarez Estevez98, D. Álvarez Piqueras174, M. G. Alviggi69a,69b,
Y. Amaral Coutinho80b, A. Ambler103, L. Ambroz135, C. Amelung26, D. Amidei105, S. P. Amor Dos Santos140a,
S. Amoroso46, C. S. Amrouche54, F. An78, C. Anastopoulos149, N. Andari145, T. Andeen11, C. F. Anders61b, J. K. Anders20,
A. Andreazza68a,68b, V. Andrei61a, C. R. Anelli176, S. Angelidakis38, A. Angerami39, A. V. Anisenkov122a,122b,
A. Annovi71a, C. Antel61a, M. T. Anthony149, M. Antonelli51, D. J. A. Antrim171, F. Anulli72a, M. Aoki81,
J. A. Aparisi Pozo174, L. Aperio Bella36, G. Arabidze106, J. P. Araque140a, V. Araujo Ferraz80b, R. Araujo Pereira80b,
C. Arcangeletti51, A. T. H. Arce49, F. A. Arduh88, J-F. Arguin109, S. Argyropoulos77, J.-H. Arling46, A. J. Armbruster36,
A. Armstrong171, O. Arnaez167, H. Arnold120, A. Artamonov111,*, G. Artoni135, S. Artz99, S. Asai163, N. Asbah59,
E. M. Asimakopoulou172, L. Asquith156, K. Assamagan29, R. Astalos28a, R. J. Atkin33a, M. Atkinson173, N. B. Atlay19,
H. Atmani132, K. Augsten142, G. Avolio36, R. Avramidou60a, M. K. Ayoub15a, A. M. Azoulay168b, G. Azuelos109,ax,
M. J. Baca21, H. Bachacou145, K. Bachas67a,67b, M. Backes135, F. Backman45a,45b, P. Bagnaia72a,72b, M. Bahmani84,
H. Bahrasemani152, A. J. Bailey174, V. R. Bailey173, J. T. Baines144, M. Bajic40, C. Bakalis10, O. K. Baker183,
P. J. Bakker120, D. Bakshi Gupta8, S. Balaji157, E. M. Baldin122a,122b, P. Balek180, F. Balli145, W. K. Balunas135, J. Balz99,
E. Banas84, A. Bandyopadhyay24, Sw. Banerjee181,i, A. A. E. Bannoura182, L. Barak161, W. M. Barbe38, E. L. Barberio104,
D. Barberis55a,55b, M. Barbero101, T. Barillari115, M-S. Barisits36, J. Barkeloo131, T. Barklow153, R. Barnea160,
S. L. Barnes60c, B. M. Barnett144, R. M. Barnett18, Z. Barnovska-Blenessy60a, A. Baroncelli60a, G. Barone29, A. J. Barr135,
L. Barranco Navarro45a,45b, F. Barreiro98, J. Barreiro Guimarães da Costa15a, S. Barsov138, R. Bartoldus153, G. Bartolini101,
A. E. Barton89, P. Bartos28a, A. Basalaev46, A. Bassalat132,aq, R. L. Bates57, S. J. Batista167, S. Batlamous35e,
J. R. Batley32, B. Batool151, M. Battaglia146, M. Bauce72a,72b, F. Bauer145, K. T. Bauer171, H. S. Bawa31,l, J. B. Beacham49,
T. Beau136, P. H. Beauchemin170, F. Becherer52, P. Bechtle24, H. C. Beck53, H. P. Beck20,r, K. Becker52, M. Becker99,
C. Becot46, A. Beddall12d, A. J. Beddall12a, V. A. Bednyakov79, M. Bedognetti120, C. P. Bee155, T. A. Beermann76,
M. Begalli80b, M. Begel29, A. Behera155, J. K. Behr46, F. Beisiegel24, A. S. Bell94, G. Bella161, L. Bellagamba23b,
A. Bellerive34, P. Bellos9, K. Beloborodov122a,122b, K. Belotskiy112, N. L. Belyaev112, D. Benchekroun35a, N. Benekos10,
Y. Benhammou161, D. P. Benjamin6, M. Benoit54, J. R. Bensinger26, S. Bentvelsen120, L. Beresford135, M. Beretta51,
D. Berge46, E. Bergeaas Kuutmann172, N. Berger5, B. Bergmann142, L. J. Bergsten26, J. Beringer18, S. Berlendis7,
N. R. Bernard102, G. Bernardi136, C. Bernius153, T. Berry93, P. Berta99, C. Bertella15a, I. A. Bertram89, G. J. Besjes40,
O. Bessidskaia Bylund182, N. Besson145, A. Bethani100, S. Bethke115, A. Betti24, A. J. Bevan92, J. Beyer115, R. Bi139,
R. M. Bianchi139, O. Biebel114, D. Biedermann19, R. Bielski36, K. Bierwagen99, N. V. Biesuz71a,71b, M. Biglietti74a,
T. R. V. Billoud109, M. Bindi53, A. Bingul12d, C. Bini72a,72b, S. Biondi23a,23b, M. Birman180, T. Bisanz53, J. P. Biswal161,
D. Biswas181, A. Bitadze100, C. Bittrich48, K. Bjørke134, K. M. Black25, T. Blazek28a, I. Bloch46, C. Blocker26,
A. Blue57, U. Blumenschein92, G. J. Bobbink120, V. S. Bobrovnikov122a,122b, S. S. Bocchetta96, A. Bocci49, D. Boerner46,
D. Bogavac14, A. G. Bogdanchikov122a,122b, C. Bohm45a, V. Boisvert93, P. Bokan53,172, T. Bold83a, A. S. Boldyrev113,
A. E. Bolz61b, M. Bomben136, M. Bona92, J. S. Bonilla131, M. Boonekamp145, H. M. Borecka-Bielska90, A. Borisov123,
G. Borissov89, J. Bortfeldt36, D. Bortoletto135, V. Bortolotto73a,73b, D. Boscherini23b, M. Bosman14, J. D. Bossio Sola103,
K. Bouaouda35a, J. Boudreau139, E. V. Bouhova-Thacker89, D. Boumediene38, S. K. Boutle57, A. Boveia126, J. Boyd36,
D. Boye33b,ar, I. R. Boyko79, A. J. Bozson93, J. Bracinik21, N. Brahimi101, G. Brandt182, O. Brandt32, F. Braren46,
U. Bratzler164, B. Brau102, J. E. Brau131, W. D. Breaden Madden57, K. Brendlinger46, L. Brenner46, R. Brenner172,
S. Bressler180, B. Brickwedde99, D. L. Briglin21, D. Britton57, D. Britzger115, I. Brock24, R. Brock106, G. Brooijmans39,
W. K. Brooks147b, E. Brost121, J. H. Broughton21, P. A. Bruckman de Renstrom84, D. Bruncko28b, A. Bruni23b, G. Bruni23b,
L. S. Bruni120, S. Bruno73a,73b, B. H. Brunt32, M. Bruschi23b, N. Bruscino139, P. Bryant37, L. Bryngemark96, T. Buanes17,
Q. Buat36, P. Buchholz151, A. G. Buckley57, I. A. Budagov79, M. K. Bugge134, F. Bührer52, O. Bulekov112, T. J. Burch121,
S. Burdin90, C. D. Burgard120, A. M. Burger129, B. Burghgrave8, K. Burka84, J. T. P. Burr46, J. C. Burzynski102,

123



847 Page 36 of 47 Eur. Phys. J. C (2019) 79 :847

V. Büscher99, E. Buschmann53, P. J. Bussey57, J. M. Butler25, C. M. Buttar57, J. M. Butterworth94, P. Butti36,
W. Buttinger36, A. Buzatu158, A. R. Buzykaev122a,122b, G. Cabras23a,23b, S. Cabrera Urbán174, D. Caforio56, H. Cai173,
V. M. M. Cairo153, O. Cakir4a, N. Calace36, P. Calafiura18, A. Calandri101, G. Calderini136, P. Calfayan65, G. Callea57,
L. P. Caloba80b, S. Calvente Lopez98, D. Calvet38, S. Calvet38, T. P. Calvet155, M. Calvetti71a,71b, R. Camacho Toro136,
S. Camarda36, D. Camarero Munoz98, P. Camarri73a,73b, D. Cameron134, R. Caminal Armadans102, C. Camincher36,
S. Campana36, M. Campanelli94, A. Camplani40, A. Campoverde151, V. Canale69a,69b, A. Canesse103, M. Cano Bret60c,
J. Cantero129, T. Cao161, Y. Cao173, M. D. M. Capeans Garrido36, M. Capua41a,41b, R. Cardarelli73a, F. C. Cardillo149,
G. Carducci41a,41b, I. Carli143, T. Carli36, G. Carlino69a, B. T. Carlson139, L. Carminati68a,68b, R. M. D. Carney45a,45b,
S. Caron119, E. Carquin147b, S. Carrá46, J. W. S. Carter167, M. P. Casado14,d, A. F. Casha167, D. W. Casper171,
R. Castelijn120, F. L. Castillo174, V. Castillo Gimenez174, N. F. Castro140a,140e, A. Catinaccio36, J. R. Catmore134,
A. Cattai36, J. Caudron24, V. Cavaliere29, E. Cavallaro14, M. Cavalli-Sforza14, V. Cavasinni71a,71b, E. Celebi12b,
F. Ceradini74a,74b, L. Cerda Alberich174, K. Cerny130, A. S. Cerqueira80a, A. Cerri156, L. Cerrito73a,73b, F. Cerutti18,
A. Cervelli23a,23b, S. A. Cetin12b, Z. Chadi35a, D. Chakraborty121, S. K. Chan59, W. S. Chan120, W. Y. Chan90,
J. D. Chapman32, B. Chargeishvili159b, D. G. Charlton21, T. P. Charman92, C. C. Chau34, S. Che126, A. Chegwidden106,
S. Chekanov6, S. V. Chekulaev168a, G. A. Chelkov79,aw, M. A. Chelstowska36, B. Chen78, C. Chen60a, C. H. Chen78,
H. Chen29, J. Chen60a, J. Chen39, S. Chen137, S. J. Chen15c, X. Chen15b,av, Y. Chen82, Y-H. Chen46, H. C. Cheng63a,
H. J. Cheng15a,15d, A. Cheplakov79, E. Cheremushkina123, R. Cherkaoui El Moursli35e, E. Cheu7, K. Cheung64,
T. J. A. Chevalérias145, L. Chevalier145, V. Chiarella51, G. Chiarelli71a, G. Chiodini67a, A. S. Chisholm36,21, A. Chitan27b,
I. Chiu163, Y. H. Chiu176, M. V. Chizhov79, K. Choi65, A. R. Chomont72a,72b, S. Chouridou162, Y. S. Chow120, M. C. Chu63a,
X. Chu15a, J. Chudoba141, A. J. Chuinard103, J. J. Chwastowski84, L. Chytka130, K. M. Ciesla84, D. Cinca47, V. Cindro91,
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