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Abstract

Measurements of th&/* — ¢*v andZ — ¢*¢~ production cross sections (whefé =

e*, u*) in proton—proton collisions at/s = 13 TeV are presented using data recorded by the
ATLAS experiment at the Large Hadron Collider, correspogdb a total integrated lumin-
osity of 81 pbl. The total inclusiveV*-boson production cross sections times the single-
lepton-flavour branching ratios asés’. = 11.78+0.02 (stat)0.32 (sys)-0.59 (lumi) nb and
oWt =8.75+0.02 (staty 0.24 (sys) 0.44 (lumi) nb forw* andW-, respectively. The total
inclusiveZ-boson production cross section times leptonic branchitig,rwithin the invari-
ant mass window 6& m,, < 116 GeV, iss'?* = 1.97+0.01 (stat}:0.04 (sys}0.10 (lumi) nb.
TheW*, W~, andZ-boson production cross sections and cross-section natihs a fidu-

cial region defined by the detector acceptance are also meshslihe cross-section ratios
benefit from significant cancellation of experimental utaiaties, resulting inr{}f,t/a{}\‘}, =
1.295+ 0.003 (stat} 0.010 (sys) andd, /ofid = 10.31+ 0.04 (stat)+ 0.20 (sys). Theoret-
ical predictions, based on calculations accurate to reerekt-to-leading order for quantum
chromodynamics and to next-to-leading order for electadkygrocesses and which employ
different parton distribution function sets, are comparedd¢sd¢imeasurements.
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1 Introduction

Measurements of electroweak vector-boson production @gohacolliders provide a benchmark for the
understanding of quantum chromodynamic (QCD) and eleetabwW(EW) processes. Predictions are
available up to next-to-next-to-leading-order (NNLO) @@y in QCD and include EW corrections
at next-to-leading-order (NLO) accuracy].[ The cross-section predictions depend on the parton dis-
tribution functions (PDFs) and are thus sensitive to theedgythg dynamics of strongly interacting
particles. Therefore, measurements\Wsf and Z-bosort production dfer a unique opportunity to test
models of parton dynamics at the Large Hadron Collider's@)HR] new higher centre-of-mass energy
of /s=13TeV.

This paper describes measurements of the inclusive plioductoss sections times leptonic branching
ratios for theW* — e*v, W* — u*v, Z — e'e, andZ — u*u~ processes. Measurements of the
cross-section ratios &W* to W~ production and ofV* to Z production are also presented. All measure-
ments are performed with proton—protoppj collision data corresponding to an integrated luminosity
of 81 pb!, collected aty/s = 13 TeV with the ATLAS detectord]. The data were collected during the
period of June 13 to July 16, 2015, at which point the LHC datad 6.5 TeV beams with 50 ns bunch
spacing. The peak delivered instantaneous luminositylwad.7 x 1033 cm1 st and the mean number
of ppinteractions per bunch crossing (hard scattering andygilevents) wagu) = 19.

2 Methodology of cross-section measurement and predictions

The total production cross section for t#* boson times the branching ratio for decays into a single-
lepton flavour* = e*, u* (015 ,o\on, andolot ) can be expressed as a ratio of the numbers of background-
subtracted data everitsto the product of the integrated luminosity of the déteaan acceptance factéy,

and a correction factdC: N

- (1)
The cross sections are defined similarly for hboson in the dilepton invariant mass range<66n, <

116 GeV (7-‘Z°t). The acceptance factdk is expressed as the fraction of decays satisfying the fiducia
acceptance (geometric and kinematic requirements) at tihreeMCarlo generator level. The correction
factor C is the ratio of the total number of generated events whicls iz final selection requirements
after reconstruction to the total number of generated sweithin the fiducial acceptance. This factor,
defined before the decay leptons emit photons via final-stat@tion (Born-level FSR), includes the
efficiencies for triggering on, reconstructing, and identifytheW* andZ-boson decay products within
the acceptance, and also accounts for the sligh¢rgince between the fiducial and reconstructed phase
spaces. The production cross sections defined without treptance factors{°t - A) are referred to as
the fiducial cross sections{%., o4, o4 andoi9). For thew=*-boson measurement, the fiducial phase
space is defined by the lepton transverse momerpfpm 25 GeV, the lepton pseudorapidityy,| < 2.5,

the neutrino transverse momentysh > 25 GeV, and thaV=-boson transverse massy > 50 GeV.

O_tot

! Throughout this papeE/y*-boson production is denoted simply Byboson production.

2 ATLAS uses a right-handed coordinate system with its oragithe nominal interaction point (IP) in the centre of theededr
and thez-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and #haxis points
upward. Cylindrical coordinates,(¢) are used in the transverse plapeyeing the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar adgien = — Intan@/2).

Smy = \/Zp.”r Py [1 - cos @, — ¢,)] with azimuthal angle of the charged leptpnand azimuthal angle of the neutrigg.



Predicted cross section x BR(W — ¢v, Z — £¢) [nb] Measured cross section x BR(W — ¢#v, Z — ¢£¢) [nb]

(value+ PDF + scale+ other) (value + stat+ syst+ lumi)
Channel Fiducial Total Fiducial Total
w- 340592+ 004+ 006 | 854'321+011+0.12 348+ 0.01+0.07+017 875+ 0.02+0.24+ 0.44
wH 442213+ 005+ 008 | 1154032 +015+0.16 451+001+009+023 | 1178+0.02+0.32+ 059
wH 782921+ 009+ 013 | 2008933+ 0.26+0.28 7.99+001+016+040 | 2055+0.03+0.55+ 1.03
z 0.74j8:8§ +0.01+0.01 1.89+ 0.05+ 0.03+ 0.03 0.775+ 0.003+ 0.006+ 0.039 | 1.97+0.01+0.04+0.10
I Predicted ratio (value+ PDF) | Measured ratio (value+ stat+ syst)
W /W~ 130+ 0.01 - 1.295+ 0.003+ 0.010 -
W=/Z 1054+ 0.12 - 1031+ 0.04+0.20 -

Table 1: The predicted fiduciat™ and totaloc'® cross sections fo-, W*, W#, andZ-boson production and the
fiducial ratiosW* /W~ andW=*/Z. The CT14nnlo PDF is used for the predictions. In the first arical columns,

the error labelled as “other” represents the uncertaintysiand in the beam energy. Also shown are the measured
values for the combined electron and muon channels obtairtbis paper as discussed in Sectibn

Similarly, Z-boson production is measured in the fiducial phase spamﬁeddjypf} > 25 GeV,|n¢| < 2.5,
and 66< my, < 116 GeV.

Theoretical predictions of the fiducial and total crossisestare computed using DYNNLO 1.8,[5]

for the central value andefvz 3.1 [1, 6-8] for all variations reflecting systematic uncertaintidsgreby
providing full NNLO QCD calculations. The NLO EW correctigrare calculated withdgwz 3.1 forZ
bosons and with the Monte Carlo programn&[9, 10] for W* bosons. The calculation is done in 1Gg
EW scheme1l]. The cross sections are calculated for vector-boson ddody leptons at Born level, to
match the definition of th€ factor used in Eql for the determination of the measured cross sections in
the data. Thus, from complete NLO EW corrections the follmpiomponents are included: virtual QED
and weak corrections, initial-state radiation (ISR) arterifierence between ISR and FSE] For the
Z-boson production, all the predictions include the<66, < 116 GeV requirement. The NNLO PDFs
CT14nnlo [L3], NNPDF3.0 [L4], MMHT14nnlo68CL [15], ABM12 [16], HERAPDF2.0nnlo 17], and
ATLAS-epWZ12nnlo L8] are used in the comparisons to data, although CT14nnlceis as the baseline
for the predictions. The central values of the fiducial arteltoross-section predictions are provided in
Tablel. The statistical uncertainties resulting from these eat@dns are negligible.

The systematic uncertainties in the predictions are damihby the imperfect knowledge of the proton
parton distribution functions. These uncertainties artaiokd from the sum in quadrature of the eigen-
vectors of the respective PDF sets. The CT14nnlo unceagasifitescaled from 90% to 68% confidence
level (CL)) are used in Tablé. The QCD scale uncertainties are defined by the symmetriseziope

of variations in which the renormalisatiopy) and factorisation() scales are changed by factors of
two with an additional constraint of.® < ur/ur < 2. The dynamic scaley, and fixed scaleny, are
used as the central values for tAeboson andV* boson predictions, respectively. A significant com-
ponent of these scale uncertainties originates from thiststal precision of the integration method used
to evaluate the variations. The other systematic unceidainnder consideration (labelled as “other” in
Tablel) are as follows. The uncertainties due to the strong cogmlonstant are estimated following the
prescription given with the CT14nnlo PDF, varying by +0.001 to correspond to 68% CL. The beam
energy is assumed to be known to 1% (from R&$][with an additional uncertainty to take into account
the extrapolation of this uncertainty to 13 TeV). The urai@ties related to the limitations of NNLO cal-



culations are estimated by comparing the predictions tatked with DYNNLO 1.5 and with Ewz 3.1;
these diferences are found to ke0.2% per process and hence are neglected.

Table1 also shows the predictions for the fiducial cross-sectitiogald, /o4 andolid, /o9 and their

corresponding CT14nnlo PDF uncertainties calculated lasdarrelated, eigenvector by eigenvector, in
the ratios. The QCD scale variations are not considerechtoratios since the higher-order corrections
are expected tofect both thaAV* andZ bosons in a similar manner but the exact correlationfiicdit to
evaluate. The remaining theoretical uncertainties etatlia the fiducial cross sections mentioned above
largely cancel in the ratio and are also neglected.

The acceptance factofsare also calculated with DYNNLO 1.5 for the central value &adz 3.1 for
variations accounting for systematic uncertainties. mbetertainties are derived from the envelope of
the PDF variations of CT14nnlo, NNPDF3.0, MMHT14nnlo68@nd ABM12. Calculations of the ac-
ceptance factors obtained from either the signal MontedCairhulation used in this analysisd¥HEeG

+ Pytria 8 [20-23], fully described in Sectior8) or from Fewz fall within this envelope. In addition,
uncertainties due to parton showers and the hadronisaéscrigtion are taken from a previous public-
ation [24], after checking their validity for the 13 TeV result, andrealerived as the fference in the
acceptances calculated withvwies-Box v1 but using dierent models for parton shower and hadronisa
tion descriptions, namely thesrlwic [25] or Pytria [26] programs.

3 Simulation samples

Monte Carlo simulations are used to evaluate the selecfitriemcy for signal events and the contribu-
tion of several background processes to the analysed tatdsef the samples are processed with the
Geant4-based simulatior2[/] of the ATLAS detector 28]. Nearly all of the processes of interest, specific-
ally events containingyV* or Z bosons 29|, are generated with theoRues-Box v2 Monte Carlo program
interfaced to the Pruia 8.186 parton shower model. The CT10 PDF 86} [s used in the matrix element
and the AZNLO B1] set of generator-parameter values (tune) is used, with SDETEQ6L1 B2, for

the modelling of non-perturbativefects. The EvtGen v.1.2.0 progra®3] is used for properties of the
bottom and charm hadron decays, amadi8s++ version 3.52 34, 35] is used for QED emissions from
electroweak vertices and charged leptons. Samples ofuagkgair ¢t) and single-top-quark production
are generated with theoRueG-Box v2 generator, which uses the four-flavour scheme foNth® matrix
element calculations together with the fixed four-flavourFdet CT10f4. For all top-quark processes,
top-quark spin correlations are preserved. The parton shdragmentation, and underlying event are
simulated using Praia 6.428 with the CTEQ6L1 PDF sets and the corresponding Per2@l2 tune
(P2012) B6]. The top-quark mass is setto 172.5 GeV. The EviGen v1.2@0rpm is used for properties
of the bottom and charm hadron decays. Diboson processesinauntated using thessrea v2.1.1 gen-
erator B7]. Multiple overlaid pp collisions are simulated with the soft QCD processesxatiRX v.8.186
using the A2 tune38] and the MSTW2008LO PDF3R]. The Monte Carlo events are reweighted so that
the (u) distribution matches the observed pile-up distributiothi@ data. For the comparison to data in
the distributions, the single-boson Monte Carlo simulsgiare normalised to the cross sections measured
by this analysis. In the evaluation of the single-boson EMdkgeounds for the cross-section calculations,
simulations are instead normalised to the results of highder QCD calculations, with uncertainties of
5%. The remaining simulations are also normalised to thdigtiens of higher-order QCD calculations,
with uncertainties of 6% for the diboson and top-quark psses.



4 Event selection

Electron and muon candidate events are selected usingetsigghich require at least one electron or
muon with transverse momentum thresholdgpef= 24 GeV or 20 GeV, respectively, with loose isola-
tion requirements. To recover possibi@aency losses at high momenta, additional electron and muon
triggers which do not make any isolation requirements arkided with thresholds gy = 60 GeV and

50 GeV, respectively.

Electron candidates are required to hae> 25 GeV and to pass “medium” likelihood-based identi-
fication requirements4, 41] optimised for the 2015 operating conditions, within theufichl region of

Il < 2.47, excluding candidates in the transition region betwaerbtrrel and endcap electromagnetic
calorimeters, B7 < || < 1.52. Muons are reconstructed figf < 2.4 with pr > 25 GeV and must pass
“medium” identification requirementstP] also optimised for the 2015 operating conditions. At least
one of the lepton candidates is required to match the leptanttiggered the event. The electrons and
muons must also satisfgr-dependent cone-based isolation requirements, usingttaatking detector
and calorimeter information (described in Re#3,[44], respectively). The isolation requirements are
tuned so that the lepton isolatioffieiency is at least 90% for afpr > 25 GeV, increasing to 99% at
60 GeV.

Jets are reconstructed from energy deposits in the calt@imsing the antik algorithm @5] with radius
parameteR = 0.4. All jets [46], with energies calibrated at the electromagnetic scalestrinavepr >

20 GeV andr| < 4.5. The missing transverse momentum (with magnifﬁ@"és), which in thew*-boson
analysis acts as a proxy for the transverse momentum of theime is defined as the negative of the
global vector sum of all identified physics objects (eleatanuons, jets) as well as specific “soft terms”
accounting for unclassified soft tracks and calorimetergnelusters.

The event selection for thé/*-boson signature requires exactly one identified electromaon. The
event is required to ha ?‘Ss > 25GeV, and the transverse mass of Y& boson calculated using
the missing transverse momentum vector is required tofgatis > 50 GeV. In order for then*-
boson selection to be consistent with the missing transwa@mentum reconstruction methodology, an
overlap removal algorithm is applied to the selection faerds with jets and leptons found at a distance
of AR = +/(An)? + (A¢)? < 0.4 of each other, removing either one or the other object. rAfte full

W — ¢v selection, a total of 462,95%/*-boson candidates (256,8%8* and 206,092/") pass all
requirements in the electron channel, and 475\268boson candidates (266,592 and 208,616V ")
pass the requirements in the muon channel.

Events containing Z-boson candidate are selected by requiring exactly twatldeptons of the same
flavour but of opposite charge with invariant mass of 66m,, < 116 GeV. No overlap removal is
applied in theZ-boson analysis, as missing transverse momentum is ndteddquo the selection. A total
of 35,009 candidates pass all requirements in the electrannel and 44,898 candidates in the muon
channel.

5 Evaluation of backgrounds

Contributions from the electroweak (single-boson and siilnd and top-quark (single-top and top-quark
pair) components of the background are estimated from thetdIGarlo samples described earlier. The
W — v andZ — 77 processes with the subsequent leptonic decay of te treated as background.



The dominant contributions, given as percentages of ttad totmber of simulated events passing the
signal selection in each analysis, are as follows: Whe- 7v and top-quark production contribute ap-
proximately 2% and 1%, respectively, in thé“-boson analyses, the— e*e™ andZ — u*u~ processes
contribute 1% and 5% iV — ev andW — puv, respectively, while the total background4n— ¢*¢~ is
approximately 0.5%, dominated Ilyproduction (the sum of all electroweak backgrounds is 0.2%)

Events involving semileptonic decays of heavy quarks, ¢tr&lmisidentified as leptons, and, in the
case of the electron channel, electrons from photon coiovergall referred to collectively as “mul-
tijet events”) are a sizeable source of background inttieboson analysis. The multijet background in
the Z-boson analysis is estimated from simulation tod@ 1% and is therefore neglected.

The multijet contribution to the electron and muon chanoélhe W*-boson analysis is estimated with
a data-driven approach, performing maximum-likelihood &ih the data with template distributions to
exploit the discriminating power between signal and bagkgd in certain kinematic distributions. The
discriminant variables used in the multijet evaluation rawe ET""SS, p‘%, andA¢ between the lepton and
transverse missing momentum. Two fit regions are used taaxine multijet normalisation. The first
fit region is defined as the full event selection but removimgntr requirement, and the second one is
defined as the full event selection but removing Eﬁ@ss requirement. Several multijet-enriched data
samples (multijet templates) are built from events pasalhgelection requirements in each fit region
except lepton isolation. Mutually exclusive requiremefitstervals”) in either tracking- or calorimeter-
based isolation variables are chosen to create statigtindependent multijet templates. These samples
are designed to be progressively closer to the signal-dateliselection by fixing one of the isolation
criteria to that of the signal region and varying the othes;daur such samples are built for each isolation
type in the electron channel and four (for tracking-basethtsn) or six (for calorimeter-based isolation)
in the muon channel. Templates are similarly constructech simulation folW* signal and electroweak
and top-quark backgrounds, to account for potential coimations in the multijet template. For each
isolation interval, the normalisation of the multijet telame is extracted with a maximume-likelihood fit to
the data in the two fit regions and separately for each oneeadiitriminant variables and charged lepton
samples. In each fit region, the normalisation of the sigealpiate derived from simulation is left free
to float while the remaining background templates are naselto their expected values, based on the
measured integrated luminosity and the predicted crog®raedbut are permitted to vary within 5% of
their expected values, as described in Sectjorit was verified that the value of the signal normalisation
extracted from this fit has no significant impact on the metltstimate.

The multijet background event yield in each region is thaimested from this normalisation together
with the signal-region requirement of eithex > 50 GeV, orE$1iSS > 25GeV. For each discriminant
variable, and separately for calorimeter- and track-basadtion and for each fit region, the estimates
obtained in the isolation intervals are used to build a lireedrapolation to the isolation selection used in
the signal region. The extrapolation is performed assurtiiagthe individual estimates are uncorrelated.
Figurel illustrates this multijet-evaluation methodology for th& analysis using two of the variables,
mr andp, and for both fit regions.

Separately for the calorimeter- and track-based isolatamables, and for each fit region, an estimate
of the background yield is obtained from a weighted averdgthe extrapolations obtained with the
individual discriminant variables and their uncertaisfi@fter verifying their compatibility with a2
criterion. The average of the four multijet background reated fractions found from the track and
calorimeter isolation requirements in each fit region isttaden as the nominal multijet background yield
in each channel. The uncertainties derived from the lingaapolations are propagated as systematic
uncertainties in the method. A systematic uncertaintytierahoice of isolation variable is obtained from
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Figure 1: The number of multijet events versus the isolatiariable for thew — ev (left) andW — uv (right)
analysis is shown. The plots illustrate the multijet-e@dilon methodology for th&/* analysis. The results obtained
for two of the four discriminant variables used to evaluatmultijet yields are shown for both types of isolation:
my (circles) andp§ (squares) with calorimeter-based isolation amd(triangles) anq)."r (stars) with track-based
isolation. Open markers represent the yields obtained téle"** fit region while closed markers are those with
the my fit region. The points represent the extracted multijettfeeccfrom the fit of the variables, in the isolation
intervals represented on theaxis for the template selection. The lines represent tieali extrapolation of the
points to the signal region. The definition of the signal oegs pr and isolation-flavour dependent but corresponds
approximately to the region of isolation below 0.1 in thelggp The error bar in each bin represents the uncertainty
from the fit of the variable rescaled by the square root of #uicedy? of the fit.

half the diference between the averages of the calorimeter-basetddsatatimated fractions in the two
fit regions, and the track-based averages. Similarly, @syaic uncertainty due to the use oftfdrent

fit regions is evaluated as half thdigrence of the averages obtained from tHEedent types of isolation
in the two separate fit regions. In addition, the impact ofatams of the jet-energy scale on the signal
template is added in quadrature to the multijet systematietainty.

The estimated multijet background fractions of the totahbar of observed candidate events are 8% and
10% in the electroWw* and W~ channels and 3.5% and 4% in the musi and W~ channels. The
corresponding relative uncertainties range from appreaséty 20% to 30% for the muon and electron
channels, and are similar for both the positively and neghticharged samples.

The number of events after background subtraction will berearised for theN* and Z analyses in
Table3.

6 Evaluation of systematic uncertainties

The experimental systematic uncertainties in the measamenof the cross sections enter via the evalu-
ation of the correction factor and the luminosity in the danmmator of Eq. 1), and through the estimation
of the background subtracted from the candidate events imuinerator.



6C/C [%] Zoee W servW sevZosputu W sty W -y
Lepton trigger 0.1 0.3 0.3 0.2 0.6 0.6
Lepton reconstruction, identificatign 0.9 0.5 0.6 0.9 0.4 0.4
Lepton isolation 0.3 0.1 0.1 0.5 0.3 0.3
Lepton scale and resolution 0.2 0.4 0.4 0.1 0.1 0.1
Charge identification 0.1 0.1 0.1 - - -
JES and JER - 1.7 1.7 - 1.6 1.7
Efniss - 0.1 0.1 - 0.1 0.1
Pile-up modelling <01 0.4 0.3 <01 0.2 0.2
PDF 0.1 0.1 0.1 <01 0.1 0.1
Total 1.0 1.9 19 11 1.8 1.8

Table 2: Relative systematic uncertainties (%) in the ativa factorsC in the diferent channels.

The sources of systematic uncertainties in the correctiotofsC, summarised in Tablg, are as follows.
Trigger: The lepton trigger ficiency is estimated in simulation, with a dedicated dateedranalysis
performed to obtain the simulation-to-data trigger cdicecfactors and the corresponding uncertain-
ties. Reconstruction, Identification, and Isolatiofihe lepton selectionfciencies as determined from
simulation are corrected with simulation-to-data cotimcfactors and their associated uncertainti&k [
42]. Energy, Momentum Sc#Resolution:Uncertainties in the lepton calibrations are applied ag taa
cause a change of acceptance because of migration of eweass dhepr threshold andn,, boundar-
ies. Charge Identification:Electron charge misidentication may occur when electraaate early in
the detector and the resulting photons subsequently doamdrare reconstructed as high tracks. A
particle with reconstructed charge opposite to the parkeatren may then accidentally be associated
with the calorimeter cluster. Thedfect of electrons having their charge reconstructed wroisgtyudied
using a control sample &f — eeevents in which both electrons are reconstructed with theeszharge
and is found to be well described by the Monte Carlo simutgtieithin the statistical uncertainty of
the control sample. An uncertainty is assessed to coverraayl sesidual difterences between data and
simulation. The probability of charge misidentificationnisgligible in the muon channellet-Energy
ScalgResolution (JES and JERJhe corresponding uncertainties, described in R, fare propagated
to the calculation of the missing transverse momenl’ﬁlﬁ'i?s. Uncertainties in the soft component of the
ET"*®scale and resolution evaluated as described in Réf gre included.Pile-up: Incorrect modelling
of pile-up dfects can lead to acceptance changes and is accounted fataslitated studied?DF: The
impact of PDF eigenvector variations is propagated to theection factor.

In theZ-boson channel, the systematic uncertainties from thegsaakd evaluation contribute negligibly
to the experimental cross-section uncertainty. This igm®tase for th&V/*-boson channel; the multijet
background evaluation results in uncertainties of up t&a3ah the cross-section measurements in the
electron channel and up to 1.4% in the muon channel.

The cross sections have a 5% uncertainty in the measurerhtrg imtegrated luminosity, which is de-
rived, following a methodology similar to that detailed irefR[48], from a preliminary calibration of
the luminosity scale using a pair &fy beam separation scans performed in August 2015. Apart from
the determination of the luminosity, the dominant experitaksystematic uncertainties in the cross-
section evaluations are the jet-energy stat®lution and the multijet background for thé*-boson
measurements while they are lepton reconstruction andifidetion eficiencies for theZ-boson meas-
urements.



S e SN
5 E W 1
& sk ~ev B
o~ C ATLAS ]
8 250 13Tev,81pb*
‘E‘ ” —e- Data 3
W 20f MC Stat. O Syst. Unc. —]
- [CJw- ev 3
15— Il Muttijet —
F [z e%e .
10— mw-w =
- [ Minor backgrounds
Sl ]
oF _ ]
T 1.2 Neecd 3
271 N
e R
5 0.9 USSR
808 ‘ ‘ ‘ ‘ e
40 60 80 100 120 140
m, [Gev]
> 10 ETT T T T T T T T T T T T T TS
8 F -eData Z _ete 3
= ¢ MC Stat. O Syst. Unc.  ATLAS .
0 10°E [JZ-¢€'e -1 =
E = EDiboson 13 TeV, 81 pb =
w FOdzZ-1'r .
10° & [@Top quarks =
10% = =
10
1:”\””\””\””””HHHHHH\HH\HHt
g 3 Lo ‘ ? .
S LT e o et el P08
i SR AA m 1 X
T 09 DR NS )
T gglll. T ‘ I
808 ‘ ‘ ‘ ‘ ?oe
70 80 90 100 110
Mee [GeV]

Entries / 2 GeV

Data / Pred.

Entries / GeV

Data / Pred.

w

x10° —
= W v ]
30— ATLAS -
r 13 TeV, 81 pb* ]
25— -
C —e- Data l
20— MC Stat. O Syst. Unc.
= [ Iw-py =
15 Il Multijet —
r Clz-pw b
10 Hw-w —
C '» [ JMinor backgrounds
5 \ =
=-—————— —s
12 AN
1.1
1 ssssassansarsennatistennstiost 4y
0.8 ‘ ‘ ‘ ‘
40 60 80 100 120 140
m, [GeV]
5 T [ \
10°E -e-Data Zou'p E
E IMC Stat. O Syst. Unc.  ATLAS 3
| OZ-pww -1 N
10% = Diboson 13 TeV, 81 pb 5
F Oz-tvr 3
103 [ Top quarks i
107 g E
0= E
1?”\””\””\””HHHHHH\HH\HH\HH#F
12 | *
L1, ® o o
l'% el ‘Q\%\&\ﬁk L !
0.9/ Mg ot T ‘
0:gfe *
70 80 90 100 110
my, [GeV]

Figure 2: Transverse mass distributions fromWe—~ ev andW — uv selections (top) and dilepton mass distri-
butions from theZ — ete” andZ — u*u~ selections (bottom). The predicted signal distributioresreormalised

to the measured cross sections as presented in this papesh@ided bands in the histograms encompass the un-
certainties described in Tabk In addition to these uncertainties in the correction fegstthe uncertainties in the
evaluation of the multijet background in th¢*-boson analysis are included in the shaded bands.

7 Results

Themr andmy, distributions after the final selection are shown in Figifer theW — ev, W — uv and
Z — e'e, andZ — u*u~ channels, respectively, for the data compared to the pgreds; normalised
to the measured cross section. All elements necessary dolai@ the cross sections fav*, W~ and
Z-boson production and decay in the electron and muon cheaneksummarised in TabBe The derived
fiducial and total cross sections are also presented indhig,talong with their statistical, systematic,
and luminosity uncertainties.



| I wW* | W I Z |
| | Electron channel (value + stat + syst + lumi) |

Signal events 228060+ 510+ 4920+ 480 177890+ 450+ 6110+ 430 34865+ 187+ 10+ 7

CorrectionC 0.602+ 0.012 0614+ 0.012 0.552°39%

"[nb] 466+ 001+0.13+0.24 357+0.01+0.14+0.19 | 0.777+ 0.004+ 0.008+ 0.039
AcceptanceA 0.383+ 0.007 0.398+ 0.007 0.393+ 0.007
o™[nb] 1218+ 0.03+0.41+ 0.63 8.96+ 0.02+ 0.38 + 0.47 198+ 0.01+0.04+0.10

| | Muon channel (value + stat + syst + lumi) |

Signal events || 2377213 + 516+ 22096+970 | 1831825 + 457+ 25201+870 44706+ 212+ 13+ 10
CorrectionC 0.653+0.012 0.650+ 0.012 0.71%1-0.008
"[nb] 448+ 0.01+0.09+0.24 347+ 0.01+0.08+0.19 | 0.774+ 0.004+ 0.008+ 0.039
AcceptanceA 0.383+ 0.007 0.398+ 0.007 0.393+ 0.007
o™[nb] 1170+ 0.02+ 0.32+ 0.63 8.71+0.02+0.25+ 0.48 1.97+0.01+0.04+0.10

Table 3: The fiducial and total cross sections\Wét, W-, andZ bosons in the electron and muon channels. The
observed numbers of signal events after background stibtneere shown for each channel, along with the cor-
rection factorsC and the geometrical acceptance correction facofisoth given with the total uncertainty only).
The luminosity uncertainties in the measured number ofsdigwents correspond to those from the electroweak and
top-quark backgrounds estimated from simulation.

~ [ ATLAS
4 - 13 TeV, 81 pb™
b 1.05— 68% CL ellipse area

~~
o L
(]
1
5
o]
I | @M Data ]
= | B R, PDG average i
e 0.95— [ R, PDG average 7

* Standard Model

P TR TSI RARNSNE  EE
0.85 0.9 0.95 1 1.05

Figure 3: Ratio of the electron- and muon-chanwlandZ-boson production fiducial cross sections, compared
to the expected values of the Standard Model and previoleriemental verifications of lepton universality for on-
shellW*= andZ bosons, shown as PDG average badd@ $0]. The PDG average values and the result are shown
with total uncertainties.

The ratios of the fiducial electron and muon channel measem&sin theN* (Ry: = o-{j\‘}i_)ev/o-(j\‘}i_w)

and theZ-boson Ry = o4 /o-fzid_wm,) channels, evaluated taking into account correlationgén t
systematic uncertainties, are shown in Fig8reSince these results agree well with Standard Model
expectations of lepton universality, a simultaneous coatimn of theW*, W~ and Z-boson fiducial
cross sections using thERAverager program pl, 52] is performed.

The combination uses the individual sources of the sysiernatertainties, as shown in Takl in
addition to uncertainties in the background evaluatior®mur&s corresponding to lepton reconstruction
and identification are uncorrelated between the electrdmaumon channels. Some sources, such as JES,
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Figure 4: Ratio of the predicted to measured fiducial cros8aefor the combined electron and muon channels
using various PDFs. The inner (outer) band correspondstexperimental uncertainty without (with) the lumin-
osity uncertainty. The inner error bar of the predictionsresents the PDF uncertainty while the outer error bar
includes the sum in quadrature of all other systematic uaigies.

.JER,E$1iss and multijet background, onlyfl@ct W*-boson measurements. The correlation model used
for combining the multijeWW* andW~ uncertainties in each lepton channel is defined by:

S(W*)? = 5(W*H)? + §(W™)? + 205(W*H)S(W™), )

performed separately for each source of systematic unmerionsidered for this background. All such
uncertainties are considered to be uncorrelated betweeal¢ictron and muon channels except that of
the jet-energy-scale variation. The correlationfiont, p, is obtained from the uncertainties evaluated
separately for th&v* andW~ channels{(W*), 6(W™)), and repeating the multijet background extraction
without selecting the final-state charg€W/*)). The correlations of the systematic uncertainties vary
from 0.2 to 1 (fully correlated), depending on the leptonrofel and type of uncertainty. The common
normalisation uncertainty due to the luminosity calilmatis excluded from the combination procedure
and applied separately to the result.

The combination yields &%/Ng.os = 3.0/3, indicating excellent compatibility of the measurements
Tablel gives the resulting combined cross sections. There is a&tiedwf uncertainty compared to indi-
vidual electron and muon channel measurements since mahg systematic error sources are uncorrel-
ated. The combined fiducial cross sections are extrapotatdt full phase space using the acceptance
factors of Table3. These total cross sections are also reported in Table

The combined fiducial cross sections are compared in Figtoethe predictions, which are calculated
using diferent PDF sets. The measurements agree well with the poedicnd the experimental preci-
sion is comparable to the PDF uncertainties; however, ttad poecision is diluted by the uncertainty of
the preliminary luminosity calibration.

Ratios of the measured cross sections benefit from the dathaelof some experimental uncertainties.
The ratios ofW* to W~ and W* to Z-boson production, measured by the ATLAS, CMS, and LHCb
collaborations in the pasfl, 53-56], proved to be powerful tools to constrain PDF fits. The rafiov*

to W™-boson cross sections is mostly sensitive to thifedénce ofu, andd, valence-quark distributions
at low Bjorkenx, while the ratio ofW* to Z constrains the strange-quark distributid][
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Figure 5: Ratios (red line) aV* to W~ boson (left) and/V* to Z boson (right) combined production cross sections
in the fiducial region compared to predictions based diedint PDF sets. The inner (yellow) shaded band corres-
ponds to the statistical uncertainty while the outer (gy&amd shows statistical and systematic uncertaintiescadde
in quadrature. The theory predictions are given with oné/dbrresponding PDF uncertainties shown as error bars.

The systematic uncertainties of the ratio measurementiamely uncorrelated between the electron and
muon channels, apart from the common luminosity uncestairowever, there is a strong correlation
betweenV* andW~-boson measurements and betweerMifeandZ-boson results for the same-flavour
measurement. The results for thé"/ W~ and W*/Z ratios of fiducial production cross sections in the
combined electron and muon channels are given in Talded compared to predictions in Figuse
The dominant components of the systematic uncertainty en/\#i/Z ratio are from both the multijet
background and the jet-energy sgedsolution while that of th&V*/W~ ratio is from the uncorrelated
part of the multijet background uncertainty. For the rafyg w- = o4, /ol andRyz = o9, /o,
several predictions agree within quoted uncertaintiebpagh all predictions are above the central value
for the data in both cases.

8 Conclusion

Measurements with the ATLAS detector at the LHC of WWe— ¢y andZ — ¢*¢~ production cross
sections based on 938,158 and 79,907 candidates, reghgdciire presented. These results correspond
to a total integrated luminosity of approximately 81~ptf proton—proton collisions ai/s = 13 TeV,

the highest centre-of-mass energy ever available fromlaepl The size of th&V* andZ-boson pro-
duction cross sections at this LHC Run-2 centre-of-massygreee enhanced by a factor of nearly two
from those aty/s = 7 TeV and 8 TeV in Run-1. The measurements of the fiducial csestions of
W+, W~, andZ-boson production are made separately in the electron arh mhecay channels and are
found to be consistent between the two channels. The datiaseatlectron and muon decay channels are
then combined using a methodology which accounts for theeladions of the experimental systematic
uncertainties. The measured fiducial and total cross sectoe found to agree with theoretical calcu-
lations based on NNLO QCD with NLO EW corrections. Apart franglobal luminosity uncertainty
of 5%, the experimental uncertainties in these cross sectiveasured in th&/* andZ-boson channels
are found to be just under 3% and 1%, respectively. The meamnts of cross-section ratios benefit
from the cancellation of some experimental uncertainties, are powerful tools to constrain PDF fits. In

12



particular, the fiducial cross-section ratio\&f to W—, measured with an uncertainty of 0.8%, is able to
discriminate amongst the various PDF predictions prederfthese results form a basis for further tests
of perturbative QCD and exploration of the partonic contdrihe proton.
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