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Measurements of W and Z boson production in proton—proton collisions constitute benchmark
tests of the Standard Model at the LHC. Covering various phase spaces, they may be sensitive
to new physics and provide important input to parton distribution functions and the modeling
of QCD and electroweak radiation. Here, four differential cross-section measurements by the
ATLAS Collaboration are highlighted: high-precision W* cross-sections from low-pileup data,
a first measurement of charged-current Drell-Yan production at high transverse masses, cross-
sections of W bosons produced in association with high-pr jets, and a Z+jets measurement using
a novel machine-learning based unfolding. Together, these measurements underline the excellent
performance of the ATLAS detector and the validity of the Standard Model to high precision
in various kinematic phase spaces, and provide valuable potential for improving PDFs and the
modeling of QCD as well as limits on effective field theory parameters.
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1. Introduction

Measurements of W- and Z-boson production in proton—proton collisions, e.g. via the Drell-Yan
process g¢ — Z — €€ or q4° — W — {v, are ideal candidates for precision physics at the
LHC, as they are generally characterized by large statistics, small background contribution, and
clean final states. Cross-section measurements of W/Z bosons, inclusive or in association with
jets, are valuable tests of state-of-the-art theory predictions, potentially sensitive to new physics.
They also offer opportunities to improve parton distribution functions (PDFs) or modeling of QCD
and electroweak radiation. Four recent measurements by ATLAS [1] are highlighted: precision W
cross-sections at low pileup [2], cross-sections of W boson production in association with high pt
jets [3], W cross-sections at high transverse masses [4] and, finally, a Z+jets measurement using a
machine-learning based unfolding technique [5].

2. Analysis strategy and event selection

All four measurements presented are based on proton—proton collision data taken with the ATLAS
detector during the LHC Run-2. The measurements use an analysis strategy similar to what is
typical of W and Z cross-section measurements. Only leptonic decays of W and Z bosons are
selected with £ = (e, u). The neutrino in the W-boson decay is not observed but assessed using the
magnitude of the missing transverse momentum, ErTniSS. Thus, for W boson measurements, not the

full invariant mass m¢¢ is reconstructed, but the transverse mass m%v = \/2p$2p¥(1 — cos Adey,)

where pf} (py) denotes the transverse momentum of the charged lepton (neutrino) and A¢y, the
azimuthal angle between them. In all four measurements, differential unfolded cross-sections are
provided. Background contributions from top, diboson, multijet and V +jets processes are estimated
using Monte-Carlo simulations or data-driven methods and are subtracted from the data. While in
the three W measurements presented iterative Bayesian unfolding [6] is used to correct for detector
effects, OmniFold [7] is used in the Z measurement. Experimental systematic uncertainties, e.g.
those related to the measurement of leptons, jets and ErTniSS, as well as theoretical uncertainties and

Table 1: Summary of the ATLAS measurements [2—5] discussed. The dataset used, final-state selections and
main observables are indicated, where ¢ refers to an electron or muon and 1D/2D to single/double differential
distributions.

Measurement (Dataset) Selection Observables

Inclusive W at low pile-up [2] 1 ¢ with pr > 25 GeV; EF™ > 25 pt. n, (1D & 2D)

Vs =5.02/13 TeV, L = 0.26/0.34 fb!  GeV; m}Y > 50 GeV

W+high-pr jets [3] 1 € with p7 > 30 GeV, E‘TniSS > 30 Various jet and W Kkine-
s =13TeV, L = 140 fb~! GeV; leading jet pr > 500 GeV matics (1D)

W at high m)Y [4] 1 ¢ with py > 65 GeV; EF > 85 m)Y (1D) & m)¥ ®n¢ (2D)
Vs =13TeV, L = 140 fb~! GeV, m?’ > 200 GeV

Z+jets (OmniFold) [5] 2 u with pr > 25 GeV; 81 < 24 observables (simulta-
Vs =13TeV, L = 139 fb~! My < 101 GeV; pi* > 200 GeV  neous, unbinned)
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potential biases in the unfolding are estimated on all cross-sections. Details on the exact analysis
strategies can be found in the respective papers [2—5] while Table 1 gives an overview of the datasets,
selections, and cross-section observables.

3. High-precisions W cross-sections at low pileup

Differential W* and W~ cross-sections, including their asymmetry, were measured by the ATLAS
Collaboration in special runs at low pileup, with an average number of collisions per bunch crossing
of two [2]. Born-level single- and double-differential cross-sections in pt and n of the lepton are
measured separately in the electron and muon channel and combined in the end. The cross-sections
are measured to an experimental precision better than 0.5% in the bulk phase space, benefiting
particularly from the increased EITniss precision at low pileup. The luminosity uncertainty adds
an additional normalization uncertainty of about 1%.
with NNLO SM predictions using different PDF sets, an example of this is shown in Figure 1a.
Additionally, in Ref. [2] a PDF profiling fit is included which indicates good constraining power on

Overall, the data is in good agreement

various quark PDFs using the cross-sections measured here.
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Figure 1: (a) Differential W*-boson cross-section as a function of lepton pseudorapidity, measured in low-

pileup data and compared to fixed-order NNLO predictions using different PDF sets [2]. (b) Differential

cross-section for W production plus high-pr jets as a function of the angular separation ARy, (¢, j etl.loo)

compared to NLO Monte-Carlo and NNLO fixed-order predictions [3].

4. W bosons in association with high-pt jets

A measurement of cross-sections for a W-boson produced in association with at least one jet with
prt > 500 GeV is discussed next [3]. The measurement targets particularly the collinear phase space,
defined by a small angular separation ARy (¢, jet}OO) < 2.6 between the charged lepton from the
W-boson decay and the nearest jet with pt > 100 GeV. This phase space, populated by dijet events
radiating a W-boson and events with a W-boson produced in association with several jets, serves
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as an excellent data sample to probe perturbative and parton-shower descriptions and theoretical
treatments of collinear electroweak radiation. In addition to inclusive cross-sections, differential
cross-sections as a function of various W and jet kinematics are provided for both the collinear
and AR-inclusive region. The results are compared to NLO multi-leg merged MC generators as
well as an NNLO fixed-order calculation of W+1 jet production, an example of this is shown in
Figure 1b. While both MC generators provide an excellent agreement with the data, it is apparent
that the scale uncertainty in Sherpa is significantly larger than the measurement precision. The
fixed-order prediction from MCFM has comparable precision but underestimates the data at high
ARmin(f,jetl! 00y,

5. W-boson production at high transverse masses

The ATLAS Collaboration performed a first-ever measurement of W cross-sections above the

resonant region with m¥v > 200 GeV [4]. Single-differential cross-sections up to 5 TeV as well

\\
T

separately for W* and W™ as well the charge asymmetry. The cross-sections are measured separately

as double-differential cross-sections in m¥ and ¢ up to m¥v =2 TeV and |¢| < 2.4 are given
in an electron channel and a muon channel; their ratio is compatible with one across the whole
spectrum, underlining lepton flavor universality up to 5 TeV. The e-u-combined cross-sections are
compared to SM predictions from two MC generators and fixed-order NNLO predictions using
different PDF sets, all including NLO electroweak corrections. Figure 2a shows the ratios of the
double-differential W+ cross-sections to the various theory predictions, which describe the data
well overall. Measurement uncertainties range between ~ 2 — 15%, increasing with m¥v, and are
typically smaller than the PDF uncertainty which indicates good PDF constraining potential. Given
that high transverse masses are explored, valuable sensitivity at high Bjorken-x is expected. Finally,
this measurement at high transverse masses demonstrates excellent sensitivity to new physics and
constrains four effective field theory parameters, particularly providing world-leading limits of
[-0.0042,0.0021] TeV~2 on the four-fermion Wilson coefficient ci,q.

6. Simultaneous, unbinned cross-section measurement of 24 Z+jets observables

Finally, a special Z+jets measurement shall be highlighted here [5] where the data is published in
form of an unbinned particle-level dataset, opposed to typically differential-cross sections using
a small number of observables in predetermined bins. The machine-learning based OmniFold
unfolding technique is used, which is based on an iterative multi-stage reweighting process and
features a simultaneous, unbinned unfolding of here twenty-four Z and jet observables, including
pt, /Y, ¢ of muons and jets, p?” , and jet masses. A particle-level dataset of events is published,
which allows for flexible re-use in a variety of contexts and for instance for observables not originally
foreseen to be constructed. By summing up the data-derived weights for all events in a certain
bin, fiducial cross-sections are obtained, including fully-propagated experimental and theoretical
uncertainties. These are compared to state-of-the-art MC generators representing a valuable test of
QCD, an example of this is shown in Figure 2b. The differential measurements are significantly
more precise than the predictions underlining the opportunity to improve MC generators using this
Z+jets measurement.
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Figure 2: (a) Ratio of double-differential W*-boson cross-sections to various predictions using different
PDF sets as a function of mTW and lepton pseudorapidity [4]. (b) Z+jets cross-section differential in the
dilepton pt obtained with the OmniFold unfolding technique compared to Monte Carlo predictions [5].

7. Conclusions

Four recent measurements of differential W and Z cross-sections by the ATLAS Collaboration were
presented. Overall, they underline the excellent potential of W and Z measurements at the LHC in
helping our understanding of the Standard Model. High-precision W* cross-sections using special
runs at low pileup as well as a first-ever measurement of W* cross-sections above the resonant region
demonstrate both good sensitivity to constrain PDFs. By exploring the high-mass W-boson tail
excellent sensitivity to new physics is demonstrated and world-leading limits on the effective field
theory parameter cf,q are obtained. Additionally, two measurements of vector bosons in association
with jets demonstrated their potential to improve the modeling of QCD and EW radiation: W
cross-sections in association with high-pr jets, focusing on the collinear phase space, as well as a
Z+jets measurement using a novel simultaneous, unbinned unfolding method.
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