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Abstract

Measurements of fiducial and total inclusive cross sections for W and Z boson pro-
duction are presented in proton-proton collisions at /s = 5.02 and 13 TeV. Electron
and muon decay modes (¢ = e or y) are studied in the data collected with the CMS
detector in 2017, in dedicated runs with reduced instantaneous luminosity. The data
sets correspond to integrated luminosities of 298 + 6 pb ! at 5.02 TeV and 206 + 5pb !
at 13 TeV. Measured values of the products of the total inclusive cross sections and the
branching fractions at 5.02 TeV are o(pp — W + X)B(W — (v) = 7300 £ 10 (stat) &
60 (syst) & 140 (lumi) pb, and c(pp — Z + X)B(Z — (7¢7) = 669 + 2 (stat) &
6 (syst) £ 13 (lumi) pb for the dilepton invariant mass in the range of 60-120 GeV. The
corresponding results at 13 TeV are 20480 4 10 (stat) & 170 (syst) &= 470 (lumi) pb and
1952 + 4 (stat) £ 18 (syst) £ 45 (lumi) pb. The measured values agree with cross sec-
tion calculations at next-to-next-to-leading-order in perturbative quantum chromo-
dynamics. Fiducial and total inclusive cross sections, ratios of cross sections of W+
and W~ production as well as inclusive W and Z boson production, and ratios of
these measurements at 5.02 and 13 TeV are reported.
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1 Introduction

Measurements of the inclusive cross sections for W and Z boson production at hadron colliders
are important tests of higher-order perturbative quantum chromodynamics (QCD) and elec-
troweak (EW) corrections. The precise determination of the inclusive cross sections and their
ratios provides constraints on the parton distribution functions (PDFs) of the proton [1-4]. The-
oretical predictions of the inclusive cross sections for W and Z boson production are available
at next-to-next-to-leading order (NNLO) [5, 6] and next-to-NNLO (N3LO) [7] accuracy in QCD.
The EW corrections are available at next-to-leading-order (NLO) accuracy [8-10].

This paper describes the measurements of the products of the inclusive cross sections for W and
Z boson production and leptonic (¢ = e or i) decay branching fractions at the CERN LHC with
the CMS detector [11]. The gauge bosons are reconstructed via their decays to electrons and
muons, which provide a clean experimental signature. The Z/y* — £ ¢~ process is referred
to as the Z boson process in this paper.

The measurements are performed in proton-proton (pp) collisions at y/s = 5.02 and 13 TeV,
collected at the end of 2017 in dedicated runs with reduced instantaneous luminosity. The peak
delivered instantaneous luminosities were 1.3 x 103 cm=2s7! and 2.5 x 10%¥ cm~2s~! with an
average of two and three pp interactions per bunch crossing at /s = 5.02 and 13 TeV. Because
of this, the missing transverse momentum (p**) resolution and the lepton isolation efficiency
in these special runs are improved compared with those in regular runs, therefore reducing
the background contamination after final event selections. The total integrated luminosities
of these special runs used in the analysis described in this paper are 298 pb ™! at 5.02 TeV and
206 pb ! at 13 TeV. The measurements of cross section ratios of W+ and W~ production as well
as inclusive W and Z boson production, and ratios of these measurements at 5.02 and 13 TeV
are also performed.

Fiducial and total inclusive cross sections for W and Z boson production and cross section ra-
tios were previously studied by the ATLAS, CMS, and LHCb Collaborations in pp collisions
at \/s = 2.76,5.02, 7, 8, and 13 TeV at the LHC [12-28]. Compared with the previous results,
the current measurements have reduced systematic uncertainties, and include the ratios of the
production cross sections measured at two center-of-mass energies (5.02 TeV and 13 TeV). Tab-
ulated results are provided in the HEPData record for this analysis [29].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the magnetic volume there are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (17) coverage provided by the barrel and endcap
detectors. Muons are detected in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, is presented in
Ref. [11].

Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events of interest at a rate of around 100 kHz within a fixed latency of 4 us [30]. The
second level, known as the high-level trigger, consists of a farm of processors running a version



of the full event reconstruction software optimized for fast processing, and reduces the event
rate to O(1 kHz) before data storage [31].

3 Simulated event samples

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. The W and Z boson signal samples (W — fv and Z — ¢*{~, where { = e, u) at
5.02 and 13 TeV are simulated at NLO in perturbative QCD with the MADGRAPH5_aMC@NLO
event generator in version 2.3.3 [32]. The same settings are used for the simulation of W —
tv and Z — Tt 71~ background processes. Other background samples are simulated with
POWHEG 2.0 [33-36], including the diboson (WW, ZZ, and WZ) and tt processes [37, 38]. The
PYTHIA 8.230 [39] package is used for parton showering, hadronization, and the underlying
event simulation, with the CP5 tune [40, 41]. The NNPDF 3.1 [4] set of PDFs at NNLO in QCD
is used as the default set of PDFs.

The detector response is simulated using a detailed description of the CMS detector based on
the GEANT4 package [42], and event reconstruction is performed with the same algorithms
used for the observed events. Additional pp interactions (pileup) occurring in the same or
nearby beam crossing as the event of interest are included in the simulation.

4 Event reconstruction

The particle-flow (PF) algorithm [43] reconstructs and identifies each individual particle in an
event, with an optimized combination of all subdetector information. The individual parti-
cles (PF candidates) are identified as charged and neutral hadrons, leptons, or photons. The
primary vertex is taken to be the vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [44].

Hadronic jets are clustered from these reconstructed particles using the infrared and collinear
safe anti-kr algorithm [45, 46] with a distance parameter of 0.4. The vector pi™** is computed
as the negative vector sum of the transverse momenta of all the PF candidates in an event. Its

magnitude is denoted as p%ﬁss [471].

Electrons are reconstructed by associating a track reconstructed in the inner silicon detectors
with a cluster of energy in the ECAL [48, 49]. The electron momentum is estimated by com-
bining the energy measurement in the ECAL with the momentum measurement in the tracker.
The momentum resolution for electrons with pp ~ 45 GeV from Z — ee decays ranges from 1.6
to 5%. It is generally better in the barrel region than in the endcaps, and also depends on the
bremsstrahlung energy emitted by the electron as it traverses the material in front of the ECAL.
The selected electron candidates cannot originate from photon conversions in the inner silicon
tracker material and must satisfy a set of quality requirements based on the shower shape of
the energy deposit in the ECAL. The ECAL barrel-endcap transition region 1.44 < || < 1.57 is
excluded to avoid the region with poor electron reconstruction efficiency and resolution.

Muons are reconstructed by associating a track reconstructed in the inner silicon detectors with
a track in the muon system. Muons are measured in the range |#| < 2.4, with detection planes
made using three technologies: drift tubes, cathode strip chambers, and resistive plate cham-
bers. The single muon trigger efficiency exceeds 90% over the full 7 range, and the efficiency to
reconstruct and identify muons is greater than 96%. Matching muons to tracks measured in the
silicon tracker results in a relative transverse momentum resolution, for muons with pt up to
100 GeV, of 1% in the barrel and 3% in the endcaps. The pt resolution in the barrel is better than



7% for muons with pp up to 1 TeV [50]. The selected muon candidates are required to satisfy a
set of quality requirements based on the number of spatial measurements in the silicon tracker
and the muon system, as well as the fit quality of the combined muon track [50].

The lepton (electron or muon) candidate tracks must be consistent with the primary vertex
of the event to suppress electron candidates from photon conversions and lepton candidates
originating from decays of heavy quarks and 7 leptons. The lepton candidates must be isolated

from other particles in the event. The relative isolation for the lepton candidates with pf} is

defined as
Roo= | ¥ prmax(0 ¥ pr+ o9 /i, )

charged neutral photons
hadrons hadrons

where the sums run over the charged hadrons, neutral hadrons, and photons in a cone defined

by AR = V(Ay)? + (A¢)? = 0.3 (0.4) around the electron (muon) trajectory. To mitigate the
contribution of pileup interactions to the isolation, only charged hadrons originating from the
primary vertex are included in the first sum [51], and the estimated neutral contribution from
pileup, pFY, is subtracted [48, 50] from the isolation quantities. For electrons, ptU is estimated
as pAqg, where p is the median of the transverse energy density per unit area in the event and
A is the area of the isolation region weighted by a factor that accounts for the dependence
of the pileup transverse energy density on the object 1 [48]. For muons, pfU is estimated by
0.5); ng’i, where i runs over the charged hadrons originating from pileup vertices, and the
factor 0.5 corrects for the ratio of charged to neutral particles in the isolation cone [50].

5 Event selection

Leptonic W boson decays are characterized by a prompt, energetic, and isolated charged lepton
and a neutrino giving rise to significant p7"**. The Z boson decays to leptons are selected by
requiring two energetic and isolated leptons of the same flavor and opposite charge.

The events are triggered by the presence of at least one electron with transverse momentum
pr > 17(20) GeV and || < 2.5 at 5.02 (13) TeV, or at least one muon with pr > 17GeV and
|n| < 2.4. The triggered electron and muon candidates satisfy less restrictive isolation and
quality requirements than the offline selection criteria.

The fiducial region for the W boson is defined by the charged-lepton kinematic requirements
with pr > 25GeV and || < 2.4 and a requirement on the W boson transverse mass my >

40GeV, defined as my = Vv 2pf}p%[1 — cos(A¢)], where py is the magnitude of the neutrino
pr and A¢ is the azimuthal angle between the lepton and the neutrino directions. The py is
estimated by p7"*°. To reduce contamination from events with a Z boson, events are rejected if
there are additional muons or electrons with py > 10GeV that satisfy less restrictive selection
requirements (with average selection efficiencies above 95%) than the signal lepton candidate
selection [48, 50].

The fiducial region for the Z boson is defined by a common set of kinematic selections applied
to both the ete™ and ™ p~ final states at generator level, emulating the selection performed
at the reconstruction level. Leptons are required to have pr > 25GeV and || < 2.4, and the
dilepton invariant mass (112,+,-) is required to lie within 60-120 GeV.

The products of the fiducial inclusive production cross sections for the W and Z bosons and



their leptonic decay branching fractions can be expressed as:

fidpy _ Neig

cB = v 2)
where Nj;, is the number of signal events, € is the efficiency of the signal events within the
fiducial region satisfying the event selection requirements, and L is the integrated luminosity.
The product of the total inclusive cross section ¢*°* and B is defined as ¢''4/3/ A, where A is the
kinematic acceptance. Electrons and muons produced in the decay of T leptons are excluded
in the definition of the fiducial region. The leptons at the generator level are defined at Born
level, i.e., before the quantum electrodynamics final-state radiation (FSR).

The efficiencies for the reconstruction, identification, and isolation requirements on the leptons
are obtained in bins of charge, pr, and 1 using the “tag-and-probe” technique [17] with Z —
{70~ events that provide an unbiased data sample with high purity. The electron (muon)
candidates have an average combined reconstruction, identification, and isolation efficiency of
70 (90)%. Momentum scale corrections are applied to the electrons and muons in both observed
and simulated events [48, 52].

During the 2017 data taking, a gradual shift in the timing of the inputs of the ECAL first-level
trigger in the region at || > 2.0 caused a specific trigger inefficiency, referred to as “prefir-
ing” [53]. For events containing an electron (a jet) with py larger than ~50GeV (=100 GeV),
in the region 2.5 < || < 3.0, the efficiency loss is ~10-20%, depending on pr, #, and time.
Correction factors were computed from data and applied to the acceptance evaluated by sim-
ulation.

6 Signal extraction and background estimation

The statistical analysis of the event yields is performed with a binned maximum likelihood fit
to the mr and m,+,- distributions in the W and Z boson signal regions, respectively. The fits
are done simultaneously in the electron and muon channels, assuming lepton flavor univer-
sality. Electron and muon channels are also fitted separately and the results are compatible
within uncertainty. The systematic uncertainties are treated as nuisance parameters in the fit.
A combination of methods based on control samples in data and simulation studies is used to
estimate background contributions. In all cases where simulated samples are used, events are
reweighted to correct the lepton and trigger efficiencies to match those measured in data.

The Drell-Yan (DY) lepton pair production is a background in the W boson signal selection
when one of the two leptons does not enter the fiducial region or is not reconstructed. The
contribution of this background process as well as the contribution of the top quark and di-
boson processes are estimated from the simulation, and normalized to their expected cross
sections with the corresponding theoretical and experimental uncertainties. The contribution
of the signal events not entering the fiducial region at the generator level is normalized to the
corresponding signal yield in the final likelihood fit through the ratios of the theoretical cross
sections. The same treatment is applied to estimate the contributions from the W — tv and
Z — 11~ backgrounds. The background contribution from W — tv, DY, and diboson pro-
cesses is denoted as the EW background.

Another source of background in the W boson signal region is the standard model events com-
posed uniquely of jets produced through the strong interaction, referred to as QCD multijet
events. An accurate simulation of the p7"** is essential to distinguish the W boson signal from

the QCD multijet backgrounds. The pTiss response and resolution is derived in the Z boson



signal region. The hadronic recoil, which is the hadronic system the boson recoils against, is
studied in data and simulations after the Z boson kinematic selections, and then the measured
performance difference between data and simulation is applied to the simulation as a function
of the pt of the generated W and Z boson.

The isolation requirements reduce the contributions from QCD multijet events. The remaining
QCD multijet background contributions are estimated using control samples in observed data.
A misidentification factor is defined and calculated as:
NIso
MF = xonts 3)
QCD
where NIQSED and Nggglso are the QCD multijet contributions in the lepton isolated and anti-
isolated regions, respectively. They are estimated by subtracting the contributions of prompt
isolated leptons from observed data, estimated using EW simulation samples. The misidenti-
fication factors are measured separately for different flavors (e and y), binned in lepton pr, 7,
and A¢ between the lepton and the neutrino directions. The my < 20 GeV region is used to
measure the misidentification factors; a background-dominated region with 20 < mt < 40 GeV
confirms the validity of this procedure within the statistical uncertainties, which is around a
few percent. The measured MFs are applied to the QCD multijet events in the antiisolated
region with mp > 40 GeV to estimate the contribution in the W boson signal region.

The statistical uncertainties in the misidentification factors are propagated to the final fits and
treated as uncertainties that modify the shape of the observable distributions, hereafter referred
to as shape uncertainties. In addition, the systematic effects due to signal contamination in the
lepton isolated and antiisolated regions are considered. Contributions from prompt isolated
leptons estimated from the simulation, i.e., signal, EW background, and tt processes, in the
lepton (non)isolated regions are varied by 10 (20)%, corresponding roughly to their contribu-
tions in these regions. The resulting my difference is included as a shape uncertainty in the
maximum likelihood fit.

The distributions of m in the signal regions of the W' (W ™) boson in the electron and muon
final states are shown in Fig. 1 (2) at 5.02TeV (upper) and 13TeV (lower). The distributions
of Mg+~ and m,+ — in the signal region for the pp collisions at V/s = 5.02TeV (upper plots)
and 13 TeV (lower ones) are shown in Fig. 3. The predicted yields are shown with their best
fit normalizations. The data yields, together with the contributions of the different processes
in the electron and muon final states at 5.02 and 13 TeV after the maximum likelihood fit, are
shown in Tables 1 and 2, respectively.

Table 1: Event yields, after the maximum likelihood fit, in the W+, W~, and Z boson signal
regions for electron and muon final states at 5.02 TeV.

WH —wetv W~ —we 7 Z—oetew WHoutv W —>uv Z—-utu"
Observed 426023 281098 45031 688565 438044 81257
Signal 393080 £630 250360 £500 44720+210 6523204810 406600+640 81310+ 290
EW 4610+ 68 4224+ 65 64.6+ 80 20640+140 17370£130 107+ 10
tt 572+ 24 577+ 24 314+ 56 795+ 28 797 + 28 505+ 7.1
QCD multijet  27950+170 26150 + 160 — 14600 £120 13110£110 —

7 Systematic uncertainties

The sources of systematic uncertainty in the measurement include the uncertainties in the in-
tegrated luminosity, lepton efficiencies (reconstruction, identification, and trigger), prefiring,
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Figure 1: Distributions of my in the W™ signal selection for electron (left) and muon (right)
final states for the pp collisions at /s = 5.02TeV (upper) and 13 TeV (lower) after the maxi-
mum likelihood fit. The vertical bars on the observed data represent corresponding statistical
uncertainties. The EW backgrounds include the contributions from DY, W — tv, and diboson
processes. The lower panel in each plot shows the ratio of the number of observed events to

that of the total signal and background predictions. The gray band represents the uncertainty
in the total prediction after the fit.

Table 2: Event yields, after the maximum likelihood fit, in the W*, W—, and Z boson signal
regions for electron and muon final states at 13 TeV.

WH —wefv W —e ¥V Z—etee Wr—ouy'v W —u v Z—oputpu
Observed 689131 561870 72040 1016318 796731 128889
Signal 591760 £ 770 467820+ 680 715204+270 923620960 7086801840 128390+ 360
EW 12150 £110 11450+ 110 159+ 13 38200£200 337101180 271+ 16
tt 4768 £ 69 4780+ 69 216+ 15 6326+ 80 6345+ 80 360+ 19
QCD multijet  80750£280 77980 £ 280 — 479104+£220 47930+ 220 —
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Figure 2: Distributions of my in the W™ signal selection for electron (left) and muon (right) final
states for the pp collisions at /s = 5.02TeV (upper) and 13 TeV (lower) after the maximum

likelihood fit. The EW backgrounds include the contributions from DY, W — tv, and diboson
processes. Notations are as in Fig. 1.

lepton momentum scale and resolution, background estimation, prT“iss modeling, and the the-
oretical uncertainty in the kinematic acceptance. Different sources of systematic uncertainties
can affect the rates and shapes of the m,+ ,- and my distributions for the signal and background

processes in the simultaneous binned maximum likelihood fit, using the CMS statistical analy-
sis tool COMBINE [54].

The largest source of uncertainty in the inclusive cross section measurements comes from the
measurement of the integrated luminosity and amounts to 1.9 and 2.3% for the 5.02 and 13 TeV
data samples [55, 56]. The integrated luminosity uncertainty for the cross section ratios between
13 and 5.02 TeV is about 2.8%. It gets canceled in the measurements of the cross section ratios
at the same /s, and also in the double ratios between 13 and 5.02 TeV.

The systematic uncertainties in the measurement of the reconstruction, identification, and trig-
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Figure 3: Distributions of m, -, (left) and Myt~ (right) for the pp collisions at /s = 5.02 TeV

(upper) and 13 TeV (lower), after the maximum likelihood fit. The EW backgrounds include the
contributions from diboson processes. Notations are as in Fig. 1.

ger efficiencies are estimated by studying the modeling of the background and signal parame-
terization in the m1,+,- fit used in the tag-and-probe technique. The uncertainty in the modeling
of the electromagnetic FSR in the tag-and-probe fits is obtained by weighting the simulation to
reflect the differences between PYTHIA and PHOTOS 3.56 [57] modeling of the FSR with the
exponentiation mode. An additional uncertainty is considered by varying the tag selection re-
quirements in the efficiency measurement to estimate the bias coming from the tag selection
in the tag-and-probe technique. The statistical uncertainties in the efficiency measurement are
considered as uncorrelated among the lepton p1, 1, and charge bins, as they are measured
separately and statistically independent.

Similar to the lepton efficiencies, the statistical and systematic prefiring uncertainties are also
included. The systematic uncertainty is evaluated by varying the prefiring probability conser-
vatively by £20%, to cover the estimated uncertainty in this probability.



The uncertainties affecting the shape of the m distributions are considered with alternative
shapes in the maximum likelihood fit. These include uncertainties in modeling the lepton mo-
mentum scale and resolution and also in calibrating the hadronic recoil of the W boson [24].
The statistical uncertainties in the recoil calibrations are propagated to the final fits; the model-
ing of the recoil distributions is also varied and the difference between variations are treated as
the systematic uncertainty. These uncertainty contributions are small.

A normalization uncertainty of 5% is assigned to the top quark and diboson background pro-
cesses, introduced by the theoretical cross section uncertainty for each of the contributing pro-
cesses. Because these processes make a small contribution after the event selections, the effect
of these relatively large uncertainties is small. The systematic uncertainty in the QCD multi-
jet background estimation using control samples in observed data was described in Section 6.
The statistical uncertainties due to the finite size of simulated samples are also included [58].
The uncertainty due to the limited size of antiisolated control regions is parametrized with the
uncertainty of MF as described in Section 6.

The theoretical uncertainties in the kinematic acceptance are estimated by varying the renor-
malization (yr) and factorization (pp) scales independently up and down by a factor of two
from their nominal values (excluding the variations where pug and g scales are set to low-
est and highest values at the same time) and taking the largest acceptance variation as the
uncertainty. The uncertainties from the NNPDF 3.1 PDF set and the strong coupling ag are
evaluated according to the procedure described in Ref. [1]. The fixed-order calculations are un-
reliable at low vector boson pr due to soft and collinear gluon radiation, resulting in large log-
arithmic corrections [59]. Fixed-order perturbative calculations combined with parton shower
models [39, 60, 61] provide fully exclusive predictions [32, 33, 36, 62] with only leading log-
arithmic formal accuracy. Resummation of the logarithmically divergent terms at next-to-
next-to-leading logarithmic (NNLL) accuracy has been matched with the fixed-order predic-
tions to achieve accurate predictions for the entire boson pt range [63, 64]. The differences in
the kinematic acceptance between the nominal MADGRAPH5_aMC@NLO and resummed DY-
TURBO [65-68] predictions are taken as a systematic uncertainty. Finally, the uncertainty in the
modeling of the FSR is obtained by comparing the acceptance differences between PYTHIA and
PHOTOS predictions.

The systematic uncertainties in the fiducial inclusive cross sections and ratios at 5.02 and 13 TeV
are summarized in Tables 3 and 4, respectively, for both the electron and muon final states. Ta-
ble 5 includes the systematic uncertainties in the fiducial inclusive cross section ratios between
13 and 5.02 TeV.

Similar systematic uncertainties for the total inclusive cross sections and ratios are summarized
in Tables 6, 7, and 8, where the theoretical uncertainties in the acceptance are listed.

For comparisons, the theoretical predictions of the fiducial and total inclusive cross sections
and their ratios are computed at NNLO in QCD with DYTURBO v1.3.2 using the NNPDF 3.1 [4],
NNPDF 4.0 [69], CT18 [70], and MSHT?20 [2] PDF sets at NNLO in QCD. The uncertainties in
these predictions, at 68% confidence level, include contributions from statistical uncertainty,
and uncertainties in the ag, PDFs, and uy and yg. The ui and pp are varied together up and
down by a factor of two from their nominal values and the envelope is taken as the uncer-
tainty. The Z boson production cross sections require n,+,- within the range of 60-120 GeV,
and include the effect of virtual photons.
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Table 3: Systematic uncertainties, in percent, for the fiducial inclusive cross sections at 5.02 TeV.
The 1.9% integrated luminosity uncertainty, which affects the W and Z boson production cross
sections, is not included in the table.

Wt —s/lty W07 Wolv Z—00" WT/W- W/Z

Total 0.32 0.34 0.27 0.37 0.40 0.25
Efficiency (stat) 0.24 0.22 0.17 0.27 0.30 0.11
Trigger prefire correction 0.15 0.14 0.14 0.22 0.01 0.08
QCD multijet (syst) 0.11 0.14 0.09 0.11 0.18 0.15
MC sim. stat 0.10 0.12 0.08 0.11 0.15 0.12
EW + tt cross section 0.08 0.11 0.10 0.02 0.03 0.08
yg and up scales 0.06 0.07 0.06 0.02 0.02 0.05
Efficiency (syst) 0.04 0.05 0.04 0.09 0.01 0.06
PDF + ag 0.04 0.06 0.03 0.02 0.07 0.05
Hadronic recoil calibration 0.03 0.04 0.04 0.01 0.02 0.05
QCD multijet (stat) 0.03 0.05 0.03 0.03 0.05 0.04

Table 4: Systematic uncertainties, in percent, for the fiducial inclusive cross sections at 13 TeV.
The 2.3% integrated luminosity uncertainty, which affects the W and Z boson production cross
sections, is not included in the table.

Wt /lTy W 507 Wolyv Z—00 WT/W- W/Z

Total 0.35 0.35 0.29 0.40 0.40 0.27
Efficiency (stat) 0.23 0.21 0.17 0.26 0.29 0.11
Trigger prefire correction 0.17 0.16 0.17 0.26 0.01 0.09
QCD multijet (syst) 0.16 0.16 0.11 0.14 0.25 0.17
EW + tt cross section 0.10 0.11 0.10 0.01 0.01 0.10
MC sim. stat 0.10 0.11 0.08 0.12 0.13 0.12
Efficiency (syst) 0.08 0.09 0.08 0.15 0.01 0.08
PDF + ag 0.08 0.07 0.05 0.03 0.11 0.06
pg and pg scales 0.07 0.07 0.07 0.07 0.03 0.05
QCD multijet (stat) 0.02 0.03 0.02 0.02 0.04 0.02
Hadronic recoil calibration 0.02 0.02 0.02 0.02 0.01 0.02

Table 5: Systematic uncertainties, in percent, for the fiducial inclusive cross section ratios be-
tween 13 and 5.02 TeV. The 2.8% integrated luminosity uncertainty, which affects the W and Z
boson production cross section ratios, is not included in the table.

Wt /ity W 07 Wolv Z>/00 WT/W- W/Z

Total 0.48 0.49 0.39 0.55 0.56 0.36
Efficiency (stat) 0.33 0.30 0.24 0.37 0.41 0.16
Trigger prefire correction 0.23 0.21 0.22 0.34 0.02 0.12
QCD multijet (syst) 0.19 0.21 0.13 0.18 0.30 0.23
MC sim. stat 0.14 0.17 0.12 0.17 0.20 0.17
EW + tt cross section 0.13 0.15 0.14 0.02 0.03 0.12
Efficiency (syst) 0.09 0.10 0.09 0.18 0.01 0.10
ug and pg scales 0.09 0.10 0.09 0.08 0.04 0.07
PDF + ag 0.07 0.06 0.04 0.03 0.09 0.04
Hadronic recoil calibration 0.04 0.05 0.04 0.02 0.02 0.05

QCD multijet (stat) 0.04 0.05 0.03 0.04 0.06 0.04
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Table 6: Systematic uncertainties, in percent, for the total inclusive cross sections at 5.02 TeV.
The 1.9% integrated luminosity uncertainty, which affects the W and Z boson production cross
sections, is not included in the table.

Wt /ity W 507 Wl Z—00 WT/W- W/Z

Total 0.81 0.89 0.79 0.82 0.66 0.49
yg and pg scales 0.67 0.73 0.70 0.61 0.08 0.13
Resum. + FSR 0.30 0.37 0.24 0.35 0.47 0.39
Efficiency (stat) 0.23 0.22 0.16 0.26 0.31 0.11
Trigger prefire correction 0.14 0.13 0.14 0.25 0.01 0.11
QCD multijet (syst) 0.13 0.16 0.10 0.13 0.22 0.19
PDF + ag 0.13 0.17 0.10 0.18 0.22 0.12
MC sim. stat 0.12 0.16 0.12 0.13 0.16 0.14
EW + tt cross section 0.07 0.09 0.08 0.01 0.02 0.07
QCD multijet (stat) 0.06 0.06 0.06 0.06 0.06 0.05
Hadronic recoil calibration 0.04 0.05 0.04 0.05 0.01 0.02
Efficiency (syst) 0.04 0.04 0.04 0.09 0.02 0.06

Table 7: Systematic uncertainties, in percent, for the total inclusive cross sections at 13 TeV.
The 2.3% integrated luminosity uncertainty, which affects the W and Z boson production cross
sections, is not included in the table.

Wt /ity W 507 Wl Zo00 WT/W- W/Z

Total 0.89 0.92 0.84 0.90 0.69 0.79
yg and yp scales 0.62 0.64 0.63 0.66 0.08 0.67
PDF + ag 0.40 0.45 0.41 0.43 0.23 0.22
Resum. + FSR 0.40 0.37 0.29 0.12 0.51 0.26
Trigger prefire correction 0.27 0.25 0.26 0.34 0.01 0.09
Efficiency (stat) 0.25 0.23 0.19 0.28 0.29 0.11
QCD multijet (syst) 0.18 0.18 0.10 0.14 0.30 0.20
MC sim. stat 0.15 0.16 0.14 0.16 0.16 0.15
Efficiency (syst) 0.11 0.11 0.11 0.16 0.01 0.09
EW + tt cross section 0.10 0.12 0.11 0.04 0.02 0.09
QCD multijet (stat) 0.08 0.09 0.08 0.07 0.09 0.08
Hadronic recoil calibration 0.02 0.03 0.02 0.05 0.02 0.03

Table 8: Systematic uncertainties, in percent, for the total inclusive cross section ratios between
13 and 5.02 TeV. The 2.8% integrated luminosity uncertainty, which affects the W and Z boson
production cross section ratios, is not included in the table.

Wt /ity W 07 Woly Zo00 WT/W- W/Z

Total 1.20 1.31 1.16 1.22 0.98 0.92
pg and pg scales 0.91 0.97 0.94 0.90 0.11 0.68
Resum. + FSR 0.50 0.52 0.37 0.37 0.70 0.47
PDF + ag 0.41 0.54 0.44 0.48 0.40 0.20
Efficiency (stat) 0.34 0.32 0.25 0.39 0.43 0.16
Trigger prefire correction 0.30 0.29 0.30 0.43 0.02 0.14
QCD multijet (syst) 0.22 0.23 0.13 0.19 0.37 0.27
MC sim. stat 0.19 0.23 0.18 0.21 0.23 0.21
EW + tt cross section 0.12 0.14 0.13 0.04 0.02 0.11
Efficiency (syst) 0.12 0.12 0.12 0.18 0.03 0.11
QCD multijet (stat) 0.10 0.11 0.09 0.09 0.11 0.10

Hadronic recoil calibration 0.04 0.05 0.05 0.06 0.02 0.04
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8 Results

The results are presented as the measurements of the products of fiducial and total inclusive
cross sections and the leptonic decay branching fractions. For fiducial measurements, the sys-
tematic uncertainties are reduced because no theoretical extrapolation of the result to the full
phase space is performed. In measurements of the ratios of cross sections, some systematic
uncertainties cancel, including the largest source in this measurement, the uncertainty in the
integrated luminosity. A summary of measured and predicted W+, W=, W, and Z boson pro-
duction fiducial inclusive cross sections times branching fractions, and W' to W~ and W to Z
ratios at 5.02 and 13 TeV are shown in Tables 9 and 10, respectively. The ratios of these measure-
ments between 13 and 5.02 TeV are shown in Table 11. The ratios of theoretical predictions with
different PDF sets to the measured fiducial inclusive cross section results are displayed in Fig. 4
and 5 at 5.02 and 13 TeV, respectively. The comparisons of ratios and double ratios between 13
and 5.02 TeV are provided in Fig. 6.

It can be seen that the W /W~ and W /Z ratios agree well between measurements and theoret-
ical calculations at 5.02, 13, and also between 13 and 5.02 TeV. For the absolute fiducial inclusive
cross sections, the measurements agree well within uncertainties with theoretical cross sections
at 5.02TeV, shown in Fig. 4. At 13TeV, shown in Fig. 5, the measured cross sections are larger
than the predictions, among which NNPDF 4.0 [69] at NNLO in QCD provides the closest val-
ues. This also causes about the same level of theoretical underprediction of the ratios of W and
Z boson production cross sections between 13 and 5.02 TeV, shown in Fig. 6.

Similarly to the fiducial inclusive cross sections, a summary of measured and predicted total
inclusive cross sections for W+, W=, W, and Z boson production times branching fractions,
W to Z and W+ to W™ ratios, and the cross section ratios and double ratios between 13 and
5.02TeV are shown in Tables 12, 13 and 14. The statistical uncertainties of theoretical predic-
tions are largely reduced compared with fiducial inclusive cross section predictions, because
of the switch from the Vegas algorithm [71] to interpolating functions for the numerical in-
tegration. The ratios of theoretical predictions with different PDF sets to the measured total
inclusive cross section results are displayed in Fig. 7 and 8 at 5.02 and 13 TeV, respectively. The
comparisons of ratios and double ratios between 13 and 5.02 TeV are provided in Fig. 9. The
results are also compared with theoretical predictions at N°LO in QCD [7] and are consistent
within uncertainties.

Figure 10 provides a summary of the measurements of the total inclusive cross sections for
WT, W=, W, and Z boson production times branching fractions versus center-of-mass energy
from CMS and experiments at lower-energy colliders [12, 13, 17, 24, 72-75]. The NNPDF 4.0 is
chosen as the reference prediction for the comparison as it provides the smallest uncertainties.
The measurements are consistent with the theoretical predictions within uncertainties across
different energy scales and different collisions (pp and pp).

9 Summary

Fiducial and total inclusive cross sections for W and Z boson production measured in proton-
proton collisions at 5.02TeV and 13 TeV are presented. Electron and muon decay modes are
studied in the data collected with the CMS detector in 2017, in dedicated runs with reduced
instantaneous luminosity. The data sets correspond to integrated luminosities of 298 + 6 pb™*
at 5.02TeV and 206 & 5pb ' at 13TeV. Measured values of the products of the total inclu-
sive cross sections and the branching fractions are o(pp — W +X)B(W — fv) = 7300 +
10 (stat) & 60 (syst) & 140 (lumi) pb, and o(pp — Z +X)B(Z — £7¢7) = 669 + 2 (stat) +
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6 (syst) £ 13 (lumi) pb for the dilepton invariant mass in the range of 60-120 GeV at 5.02 TeV, and
correspondingly 20480 + 10 (stat) &= 170 (syst) &= 470 (lumi) pb and 1952 + 4 (stat) & 18 (syst) &=
45 (lumi) pb at 13 TeV. The measured values agree with cross section calculations at next-to-
next-to-leading-order in perturbative quantum chromodynamics. Fiducial and total inclusive
cross sections, ratios of cross sections of W to W=, W to Z, and 13 TeV to 5.02 TeV measure-
ments are reported. The fiducial inclusive cross sections for W and Z boson productions at
5.02TeV achieve a precision of less than 2%, which is the most precisely measured cross sec-
tions from the CMS experiment.

Table 9: Comparison of the theoretical calculations and the measured fiducial inclusive cross
sections and ratios at 5.02 TeV. The unit for cross sections is always pb. The uncertainties in the
theoretical predictions include the statistical uncertainty, and the PDF, ag, and renormalization
and factorization scale uncertainties.

Data NNPDF3.1  NNPDF40  CTI8 MSHT20

WF 5 0T 2475 3 20 £ 8 £ 4y 2476 + 24 2513 £ 18 2431 £ 41 2421 + 28

W™ = 077 1525 4 20 £ 5y £ 291umi 1519 + 18 15432+85 1505+ 25 1490 + 18
W= v 4000 £ 3y £ 1lgpq % 761m; 3995 + 38 4056 + 22 3936 + 64 3911 + 46

Z 5007 3198E£09, £ 12, £ 62 3195+37 3252418 3102+49  3140+35
WH/W™ 16232+ 0.00264 £0.0065,5 163140016 1.628+0.013 16150014 1.6251 +0.0076
W/Z 12.505 %= 0.037,5¢ % 0.032, 12514012 1247240077 12.69+0.13  12.455 4 0.052

Table 10: Comparison of the theoretical calculations and the measured fiducial inclusive cross
sections and ratios at 13 TeV. The unit for cross sections is always pb. The uncertainties in the
theoretical predictions include the statistical uncertainty, and the PDF, «ag, and renormalization
and factorization scale uncertainties. The statistical uncertainty for W+ — ¢"v is negligible
compared with the other uncertainties.

Data NNPDF3.1  NNPDF40  CTI8 MSHT20
WF =0Ty 5170 £ 20,5 £ 1201,y 5061 +62 5118 +45 5003 + 89 4991 + 57
W™ 5 077 3932+ 4y £ 140 £ 89ym  3871£45 3930 £28 3783 + 65 3816 + 43
W = v 91104 10,5 + 30,y £ 210,y 893290 9048 £ 61 8790 +150 8807 +95

Z 00 75420 B £ 1y 743 +18 7539460  719+16 734.0 7.7
WH/W™ 13159 £ 0.0017, £ 000535, 1.307 £0.017 1.30240.012 1.32240.013 1.3078 = 0.0085
W/Z 12.078 £ 002815 £ 0.0325, 12024028 1200011 12214016  11.998 £ 0.065

Table 11: Comparison of the theoretical calculations and the measured fiducial inclusive cross
section ratios between 13 and 5.02 TeV. The uncertainties in the theoretical predictions include
the statistical uncertainty, and the PDF, ag, and renormalization and factorization scale uncer-
tainties.

Data NNPDF3.1  NNPDF4.0 CT18 MSHT20

WF = 07y 2.091 £ 0.003, + 0.010, 5 & 0.058),, 2.043 £0.028 2.037£0.022  2058+0.020  2.061+0.016
W™ = 077 2579+ 0.004, %+ 0.0130 £ 0.072); 2549 £0.036 254740020  2514+0032  2.561 40017
W = v 2277 40,002 + 0.009y g £ 0063, 2236£0.025 223140017 223240022 225240014
Z 070" 2357+ 0,008 + 0.013. £ 0066, 2326 £0.061 2318+£0.020 231940033 233840016

WH/W- 0.8107 £ 0.0017 g, £ 0.00454 0.802 £0.013 0.800 + 0.010 0.8188 £ 0.0080 0.8048 + 0.0061
W/Z 0.9658 = 0.00364,; £ 0.00354y 0.961 £0.024 0.9623 £0.0097 0.963 & 0.011 0.9633 £ 0.0044
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Table 12: Comparison of the theoretical calculations and the measured total inclusive cross
sections and ratios at 5.02 TeV. The unit for cross sections is always pb. The uncertainties in the
theoretical predictions include the statistical uncertainty, and the PDF, «ag, and renormalization
and factorization scale uncertainties.

Data NNPDF3.1 NNPDF40 CTi8 MSHT20

WH = 07y 4401 + 4y £ 365 £ 84y, 439175 4444772 4319772 4295720

W™ = 077 2897 + 4y £ 265 £ 55, 288173 2919715 2853743 282873

W — £+u 7300 = 1055 & 60y £ 140} 7272jg7§1 7363j§§2 7170ﬂ9§§ 7123j§7§0

Z = 0T07 669+ 2+ 6y 131y 674.7171 684.41372 660.2152 662.7179

Wt /W- 1.519 4 0.00254¢ & 00104 1.52401000%  1.522570007¢ 1,514 £0.012  1.5190 = 0.0060
0.036 0.039 0.050 0.036

W/Z 10.905 =+ 0.032;, + 0.0544, 107771003 107581003 10.8620020 10748003

Table 13: Comparison of the theoretical calculations and the measured total inclusive cross
sections and ratios at 13 TeV. The unit for cross sections is always pb. The uncertainties in the
theoretical predictions include the statistical uncertainty, and the PDF, ag, and renormalization
and factorization scale uncertainties.

Data NNPDF3.1 NNPDF4.0 CTI8 MSHT20

W' = 07y 11800 &+ 10, £ 1000 £ 270, 115407190 11670779 11530700 114307 1%

W™ = 077 8670+ 10y & 80,5 200 8526759 8639752 8490710 844040

W — (v 20480 & 1054 + 17055 £ 4701, 20070770 203107350 200201333 19870122

Z =007 1952 4 Ay £ 18 £ 45y, 194077 1970"7; 192173 1935723
WH/W™ 13615+ 0.00184, & 0.0094,  1.35367000% 1.35087000%F 1.3571+0.0077  1.3539 + 0.0056
W/Z 10.491 + 0.024,, + 0.083 103411002 103091005 10.42410062 1027040078

syst

Table 14: Comparison of the theoretical calculations and the measured total inclusive cross
section ratios and double ratios between 13 and 5.02 TeV. The uncertainties in the theoretical
predictions include the statistical uncertainty, and the PDF, a5, and renormalization and factor-
ization scale uncertainties.

Data NNPDF3.1 NNPDF40 CTI18 MSHT20

W — (v 2,682 £ 0.0044,; = 0.0324y5 + 0.075)p 2.628j§;§§§ 2.626j§;§%§ 2.669t§;§§§ 2.6617007°

W™ = 77 2993+ 0.005 4 0.039 + 0083, 295970072 296070018 2.978700% 2.985+0.016
W — fv 2.806 4 0.00315 & 0.0324y5 £+ 0.078) 275970000 275870018 27927002 2.789 £ 0.015
Z =007 2916+ 0.011, +0.036,,6 +0.081 ),y 2876 00¢  2.879 £0.014 2910773 29197005
WH/W™  0.8963 + 00019 + 0.0088y 0.88827 00058 0.88727000°1  0.8964 £-0.0049  0.8913 £ 0.0030
W/z 0.9620 £ 0.0036,, == 0.0089, 0.95950:0%50  0.958270:9%%6  0.95971000s;  0.9555710:0068

syst
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CMS 298 pb™' (5.02 TeV)
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Theory / Measured Ratio of 0f% ey

Figure 4: Comparisons of the fiducial inclusive cross sections and cross section ratios be-
tween measurements and the theoretical calculations from DYTURBO with different PDF sets
at 5.02TeV. The gray band represents the total uncertainty of each measurement. The uncer-
tainties in the theoretical predictions include the statistical uncertainty, and the PDF, ag, and
renormalization and factorization scale uncertainties. The measured values and theoretical
predictions (DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the
plot.
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fid
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Figure 5: Comparisons of the fiducial inclusive cross sections and cross section ratios be-
tween measurements and the theoretical calculations from DYTURBO with different PDF sets at
13 TeV. The gray band represents the total uncertainty of each measurement. The uncertainties
in the theoretical predictions include the statistical uncertainty, and the PDF, ag, and renormal-
ization and factorization scale uncertainties. The measured values and theoretical predictions
(DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the plot. The
statistical uncertainty for W — ¢"v is negligible compared with the other uncertainties, there-
fore not included in this plot.
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CMS

206 pb' (13 TeV), 298 pb™' (5.02 TeV)
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W I —a— 2-09110-003statio-01Osystio-058|umi
—o— 2.043+0.028
Wo 5 —a—H 2-57910-004statio-013systio-072|umi
O] 2.549+0.036
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W's I'v/Wo v —a— 0-810710-0017statio-0045syst
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Wo bv/Zs [T —a— 0.965810.00365tat4_r0.0035Syst
! ! | ! I-Ol-l ] ] 0.9|61iO.|024 | ] ]
0.9 1 1.1

Theory / Measured Ratio of 674 /

13TeV

fid

O5 02Tev

Figure 6: Comparisons of the fiducial inclusive cross section ratios and double ratios between
13 and 5.02 TeV, between measurements and the theoretical calculations from DYTURBO with
different PDF sets. The gray band represents the total uncertainty of each measurement. The
uncertainties in the theoretical predictions include the statistical uncertainty, and the PDF, ag,
and renormalization and factorization scale uncertainties. The measured values and theoretical
predictions (DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the

plot.
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-1
CMS 298 pb™' (5.02 TeV)
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Figure 7: Comparisons of the total inclusive cross sections and cross section ratios between
measurements and the theoretical calculations from DYTURBO with different PDF sets at
5.02TeV. The gray band represents the total uncertainty of each measurement. The uncer-
tainties in the theoretical predictions include the statistical uncertainty, and the PDF, ag, and
renormalization and factorization scale uncertainties. The measured values and theoretical
predictions (DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the
plot.
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-1
CMS 206 pb™' (13 TeV)
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Figure 8: Comparisons of the total inclusive cross sections and cross section ratios between
measurements and the theoretical calculations from DYTURBO with different PDF sets at
13 TeV. The gray band represents the total uncertainty of each measurement. The uncertainties
in the theoretical predictions include the statistical uncertainty, and the PDF, ag, and renormal-
ization and factorization scale uncertainties. The measured values and theoretical predictions
(DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the plot.
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CMS 206 pb™! (13 TeV), 298 pb™' (5.02 TeV)
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Figure 9: Comparisons of the total inclusive cross section ratios and double ratios between
13 and 5.02 TeV, between measurements and the theoretical calculations from DYTURBO with
different PDF sets. The gray band represents the total uncertainty of each measurement. The
uncertainties in the theoretical predictions include the statistical uncertainty, and the PDF, ag,
and renormalization and factorization scale uncertainties. The measured values and theoretical
predictions (DYTURBO with NNPDF 3.1 as the example) are also shown in the right part of the
plot.
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Figure 10: Summary of the measurements of the total inclusive cross sections for W=, W=, W,
and Z boson production times branching fractions versus center-of-mass energy from CMS and
experiments at lower-energy colliders. The vertical error bar represents the total uncertainty of
each measurement.
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