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Electroweak boson production in ATLAS

1. Introduction

The measurements of the production of W and Z/y* bosons at the LHC allow precise tests of
most recent higher-order perturbative quantum chromodynamics (pQCD) and electroweak (EW)
predictions. The large production cross sections and leptonic decay modes provide clean experi-
mental signatures which can be precisely measured using the ATLAS detector [1]. The predictions
of vector boson cross sections in hadronic interactions depend on the parton distribution functions
(PDF). Therefore, these measurements allow to test and to constrain models of parton dynamics at
the LHC. The correct modeling of vector boson production is important in many physics analyses
at the LHC for which they constitute an important background (Higgs boson measurements, new
physics searches). Moreover, the measurement of triple-differential Drell-Yan cross section pre-
sented here is a crucial ingredient for a precise measurement of the effective weak mixing angle at
the LHC.

2. Triple-differential cross section of Drell-Yan events at 8 TeV

The presence of vector and axial-vector couplings of electroweak bosons to fermions in the
Drell-Yan [2] processes g§ — Z/y* — {14~ leads to a forward-backward asymmetry Agg in polar

angle 0 between the lepton and the incoming quark in the dilepton rest frame. This polar angle

eff
lept®

stringent test of the Standard Model. A previous extraction of the effective weak mixing angle

depends on the effective electroweak mixing angle, sin 6°" , whose precise knowledge provides a
in leptonic Z boson decays from Apg measurement has been performed by ATLAS using 7 TeV
data [3]. This result has a large uncertainty due to limited knowledge of the PDFs. Here we report
on the measurements of the triple-differential Drell-Yan cross section [8], d’c Jdmyd|yp|d cos 6%,
as a function of dilepton invariant mass my, dilepton rapidity |ys|, and cos 6*, where the lepton
decay angle is defined in the Collins-Soper (CS) reference frame [4]. These cross section measure-
ments are designed to be simultaneously sensitive to sin Oféfrft and to the PDFs, giving the potential
to reduce the PDF-induced uncertainty in the extracted value of the effective weak mixing angle.
The measurements of triple-differential cross sections are performed in the electron and muon
decay channels for the central rapidity region |ys| < 2.4 and in the electron channel only for the
high rapidity region 1.2 < |y,| < 3.6. The measured cross sections cover the kinematic range
46 < myp < 200 GeV,
forward (cos 0* > 0) or backward (cos 6* < 0) and are used to extract the Agg in bins of mys and

[Vee as:

yee| < 3.6 and —1 < cos 0* < 1. The cross sections are classified as either

d*0(cos0* > 0) —d*o(cos 6* < 0)

App = .
7 B (cos 0% > 0) + d(cos 0% < 0)

2.1

The measurement consists of 504 bins for the central rapidity electron and muon channels, and
150 bins in the high rapidity electron channel. The bins are chosen as a compromise between the
sensitivity to the underlying physics, the statistical precision, and the detector resolution effects.
The contributions of electroweak and top quark backgrounds are estimated using MC simulation,
whereas the contribution of events where a jet is faking a final state electron or muon is determined
using a combination of data-driven methods and MC simulation.
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Figure 1: Forward-backward asymmetry, Arg, determined from the combined (top) and the high rapidity
electron (bottom) Born-level fiducial cross section. The kinematic region is labelled in each plot. The data
are shown as solid markers and the error bars represent the total experimental uncertainty. The prediction
from POWHEG including NNLO QCD and NLO EW K-factors is shown as the solid line and the hatched
band represents the statistical and PDF uncertainties in the prediction [8].
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The central rapidity measurement channels are combined. Their combination achieves an ex-
perimental precision of better than 0.5%, excluding the uncertainty in the luminosity measurement
of 1.9%. The statistical uncertainty is of the order of 0.5%. The fiducial cross sections are compared
to a theoretical prediction calculated using POWHEG+PYTHIA 8 with the CT10 PDF set, including
next-to-next-to-leading order (NNLO) QCD and next-to-leading order (NLO) EW my,-dependent
K-factors. The measured cross sections were used to determine the Apg asymmetry as a function
of myy and |yg|. Figure 1 shows the measured Agg compared to the predictions which are found
to describe the observed behaviour well. These results can be used for a coherent determination of
effective weak mixing angle and the PDFs.

3. Vector boson production in association with jets.

The study of vector boson production in association with jets at the LHC is of a great im-
portance. The clean signatures in the leptonic decay channels make these events easy to identify
and allow the vector boson kinematics to be well reconstructed. Such events are widely used for
the calibration of the detector. Besides, W /Z+jets events are backgrounds to many new physics
searches. Therefore, it is extremely important to test the most advanced event generators that are
used to model such events. This becomes possible with large samples of pp data available from
ATLAS. In the recent years, numerous theoretical predictions have become available including cal-
culations for up to five additional jets at NLO and calculation for one additional jet at NNLO, as
well as different merging approaches for NLO predictions, and various parton shower approaches.

3.1 Z boson production in association with jets at 13 TeV

The measurement of Z boson production in association with up to seven jets is reported here
using 13 TeV data recorded in 2015 with ATLAS [9]. The Z boson is reconstructed using both
electron and muon decay channels. The cross sections are measured as a function of inclusive and
exclusive jet multiplicities and multiplicity ratios, the transverse momentum of the leading jet p]Tet
and its rapidity yje, the scalar sum Hr of the transverse momenta of all selected leptons and jets,
and several other differential distributions involving jets. The jets are reconstructed with the anti-
kr algorithm [5] with distance parameter R = 0.4. For this analysis, they are required to be with

I~ 30 GeV and |yju| < 2.5.

Figure 2 shows the comparison of measured cross sections with the various theoretical cal-
culations for inclusive jet multiplicity and as a function of Hr for inclusive Z+>1 jet events. The
predictions of jet multiplicity are in agreement with the observed cross sections, except for SHERPA
2.2, ALPGEN+PY6 and MG5_AMC+PY8 FXFX for high jet multiplicity where a non-negligible
fraction of the jets is produced by the parton shower. The predictions from SHERPA 2.2, ALP-
GEN+PY6 and MG5_AMC+PY8 FXFX describe the Ht distribution well. The prediction from
MG5_AMC+PyY8 CKKWL overestimates the contribution at large values of Hr. The fixed-order
NLO prediction from BLACKHAT+SHERPA also underestimates the cross section at high Ht due
to the missing contributions from events with higher parton multiplicities. But the agreement is
recovered by adding higher orders in pQCD, as demonstrated by the good description of Ht by
Njewi NNLO [13].
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Figure 2: Measured cross section as a function of the inclusive jet multiplicity (left) and Ht (right) for Z+jets
events. The data are compared to the predictions from BLACKHAT+SHERPA, SHERPA 2.2, ALPGEN+PY®6,
MG5_AMC+PY8 CKKWL, and MG5_AMC+PY8 FxFX. The error bars correspond to the statistical
uncertainty, and the hatched bands to the data statistical and systematic uncertainties (including luminosity)
added in quadrature [9].

3.2 W boson production in association with jets at 8 TeV

The measurement of W boson production in association with up to seven jets is performed
using 8 TeV ATLAS data, recorded in 2012 [10]. The cross sections are measured as a function of
jet multiplicity and eight kinematical observables which are reconstructed from jets and leptonic
decay products of the W boson, allowing to test pQCD under various conditions. The data are
measured for W, W', W~ production and the cross section ratio W /W . Differential cross section
measurements of W' and W~ production and their ratio are sensitive to the PDFs for up and down
quarks.

This measurement is performed in the electron decay channel (W — ev). The W candidates
are selected by requiring p$ > 30 GeV, missing transverse momentum EM > 30 GeV, and W
transverse mass m) > 60 GeV, in order to reduce the backgrounds. The jets are reconstructed
with the anti-k algorithm [5] with distance parameter R = 0.4. They are required to be with

fet > 30 GeV and |yji| < 4.4. To suppress the background from 77 events, events with at least
one b-tagged jet are rejected [6]. The electroweak and top quark backgrounds are estimated using
MC, whereas the multijet background is determined using a data-driven method. The multijet
background is the largest for events with less than four jets, whereas for five jets and above, tf
dominates.

Figure 3 shows the comparison of measured cross sections with the various theoretical calcu-
lations for inclusive jet multiplicity and Ht. Overall the data agree well for jet multiplicities. At
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higher multiplicities, the leading order (LO) SHERPA predictions start to diverge from the data,
while the NLO SHERPA predictions provide a much better description of the data. For Hr, the
LO predictions of SHERPA and ALPGEN, which both include multiple jets in the matrix element
calculation describe the data best. The BLACKHAT+SHERPA predictions underestimate the data
at large Hr, due to additional jet emissions are missing. The exclusive sums approach in BLACK-
HAT+SHERPA achieves a similar agreement with data as NNLO. In both cases, the description of
data is worse after inclusion of forward jets, comparing to Z+jets in Figure 2.
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Figure 3: Measured cross section as a function of the inclusive jet multiplicity (left) and Hr (right) for
W+jets events [10].

3.3 Electroweak production of dijets in association with a Z boson at 13 TeV

At the LHC, events containing a Z boson and at least two jets (Zjj) are produced via initial-
state QCD radiation in Drell-Yan process (dominant QCD-Zj;) and via much rarer process of
t-channel electroweak gauge boson exchange (EW-Z j), including the vector-boson fusion (VBF)
process. The kinematic properties of Zjj events allow some discrimination between the QCD and
EW production mechanisms. In particular, due to emission of virtual W boson from the quark,
two jets in EW production are harder and are more separated in terms of rapidity, leading to larger
dijet mass. Moreover, EW-Zjj events are less likely to contain additional hadronic activity in the
rapidity interval between two jets.

Here we report the results of measured fiducial cross sections for inclusive QCD+EW Z jj and
EW Zjj productions 13 TeV data, recorded in 2015 [11]. The Z boson is reconstructed using
both the electron and muon decay channels, by requiring p% > 30 GeV and 81 < my, < 101 GeV.
Jets are reconstructed with anti-kt algorithm and are required to have p%l 2 55(45) GeV and
|y| < 4.4. The measurements are performed in six phase spaces with different sensitivity to EW
production. In addition to the baseline fiducial region, the QCD-enhanced region is defined by
requiring a presence of at least one additional jet in the rapidity interval between two leading jets.
In contrast, the two EW-enhanced regions are defined by applying jet veto in this interval and by
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requiring the dijet invariant mass to be m;; > 250(1000) GeV. Other two regions are defined from
baseline as the following: high-pr region with increased cuts on pr of jets p# (2) 5 85(75) GeV,
and high-mass region with m;; > 1 TeV.

For the purpose of measurement of EW-Zj j cross section, the modeled QCD-Zjj component
is corrected to data using QCD-enhanced region as shown in Figure 4 (left). For the QCD-Z;j
simulations, three event generators are considered: ALPGEN, SHERPA and MG5_AMC. None of
them describes m;; data well. In particular, SHERPA and MG5_AMC generators overestimate the
data by 120% and 80% respectively, for m;; = 2 TeV, well outside the modeling uncertainties.

Figure 4 (right) shows a summary of the fiducial cross sections for this measurement com-
pared to equivalent results at 8 TeV and to theoretical predictions. As can be noticed, at higher
dijet invariant masses (> 1 TeV), predictions from SHERPA (QCD-Zjj) + POWHEG (EW-Zj ) and
MGS5_AMC (QCD-Zjj) + POWHEG (EW-Zjj) are found to significantly overestimate the ob-
served Zjj production rates in data. ALPGEN (QCD-Zjj) + POWHEG (EW-Zjj) provides a better
description of the m;; shape.
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Figure 4: Left: detector-level comparisons of the dijet invariant mass distribution between data and simu-
lation in the QCD-enriched region, for the dielectron and dimuon channel combined. Right: fiducial cross
sections for a leptonically decaying Z boson and at least two jets (solid data points) and EW-Zj j production
(open data points) at 13 TeV [11] (circles) compared to equivalent results at 8 TeV [12].

4. Summary

This report summarizes the recent results of single vector boson studies using ATLAS de-
tector at the LHC. These results include the measurements of triple-differential Drell-Yan cross
section, resulting into the measurement of forward-backward asymmetry Agg, that can be used
for a coherent determination of effective weak mixing angle and the PDFs. We also report on the
measurements of vector boson production cross sections in association with jets, including the mea-
surement of EW-Zjj cross section. These measurements provide a powerful test of most advanced
event generators and of our understanding of pQCD.
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