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Abstract

Measurements are presented of the W and Z boson production cross sections in
proton-proton collisions at a center-of-mass energy of 13.6 TeV. Data collected in
2022 and corresponding to an integrated luminosity of 5.01 fb−1 with one or two
identified muons in the final state are analyzed. The results for the products of to-
tal inclusive cross sections and branching fractions for muonic decays of W and Z
bosons are 11.93± 0.08 (syst)± 0.17 (lumi) +0.07

−0.07 (acceptance) nb for W+ boson produc-
tion, 8.86 ± 0.06 (syst) ± 0.12 (lumi) +0.05

−0.06 (acceptance) nb for W− boson production,
and 2.021 ± 0.009 (syst) ± 0.028 (lumi) +0.011

−0.013 (acceptance) nb for the Z boson produc-
tion in the dimuon mass range of 60–120 GeV, all with negligible statistical uncertain-
ties. Furthermore, the corresponding fiducial cross sections, as well as cross section
ratios for both fiducial and total phase space, are provided. The ratios include charge-
separated results for W boson production (W+ and W−) and the sum of the two
contributions (W±), each relative to the measured Z boson production cross section.
Additionally, the ratio of the measured cross sections for W+ and W− boson pro-
duction is reported. All measurements are in agreement with theoretical predictions,
calculated at next-to-next-to-leading order accuracy in quantum chromodynamics.
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1 Introduction
The massive W and Z bosons are fundamental components of the electroweak (EWK) sector
of the standard model (SM) of elementary particle physics. The precise determination of their
production cross sections in proton-proton (pp) collisions at the CERN LHC is important for
probing theoretical predictions, particularly in high orders of perturbative quantum chromo-
dynamics (QCD). Measurements of these cross sections and other parameters of the SM are
important in the search for unknown physics beyond the SM, where the productions of W and
Z bosons are background processes. This is also relevant when exploring new energy regimes
by increasing the center-of-mass energy of the collider.

This article describes measurements of the inclusive total and fiducial W and Z boson pro-
duction cross sections, as well as their ratios, at

√
s = 13.6 TeV. Previous analyses by the

ATLAS, CMS, and LHCb Collaborations have reported results at
√

s = 2.76, 5.02, 7, 8, 13, and
13.6 TeV [1–16]. The size of the analyzed data set corresponds to an integrated luminosity of
5.01 ± 0.07 fb−1, collected when the LHC began to collide protons at the unprecedented center-
of-mass energy of 13.6 TeV in 2022. Despite the statistical limitations introduced by the focus
on muonic final states, and the relatively small size of this data set collected, the precision of
the cross section results exceeds that of previous measurements, which can be attributed to a
more precise determination of the integrated luminosity.

Events with one or two identified muons in the final state are analyzed. The Z/γ∗ Drell–Yan
process is measured in the Z/γ∗ → µ+µ− channel for events with an invariant mass of the
dimuon pair in the range 60–120 GeV. Since the dominating process in this mass range comes
from the production of Z bosons, the Z/γ∗ process is referred to as Z boson production in
the following. The cross sections for the production of W and Z bosons are measured in fidu-
cial regions, matching the experimentally accessible phase space, and extrapolated to the total
cross sections in the full phase space by applying acceptance corrections. In addition, ratios of
cross sections are determined with higher precision than the individual cross section results,
as several systematic uncertainties—most notably the uncertainty in the integrated luminosity
measurement—cancel out when measuring the ratios. Numerical values from all figures are
provided in the HEPData record for this analysis [17].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity 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, and measured in both the tracker and the muon system. A more detailed de-
scription of the CMS detector, together with a definition of the coordinate system used and the
relevant kinematic variables, is reported in Refs. [18, 19].

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [20]. The second
level, known as the high-level trigger (HLT), 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 around 5 kHz before data storage [21, 22].
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The particle-flow (PF) algorithm [23] reconstructs and identifies each particle in an event, with
an optimized combination of information from the various elements of the CMS detector. The
reconstructed vertex with the largest value of summed transverse momentum squared p2

T of
physics objects is defined as the primary pp interaction vertex (PV) [24]. The energy of pho-
tons is obtained from the ECAL measurement. The energy of electrons is determined from a
combination of the electron momentum at the PV as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

The missing transverse momentum vector p⃗ miss
T is computed as the negative vector sum of the

transverse momenta of all the PF candidates in an event from the PV, and its magnitude is
denoted as pmiss

T [25]. The p⃗ miss
T is modified to account for corrections to the energy scale of the

reconstructed jets in the event.

3 Data and Monte Carlo simulation
This analysis uses data collected with the CMS detector during part of the 2022 LHC run at a
13.6 TeV center-of-mass energy. Events are selected based on the presence, at the HLT level, of
at least one isolated muon with a transverse momentum pT > 24 GeV and a pseudorapidity
|η| < 2.4.

The signal samples for modeling the W and Z boson production are generated in a Monte
Carlo (MC) simulation using MADGRAPH5 aMC@NLO version 2.9.9 [26] at next-to-leading or-
der (NLO) in perturbative QCD with up to two outgoing partons at Born level, where the dif-
ferent jet multiplicities have been merged with the FxFx technique [27]. Background processes
with top quarks, i.e., the production of top quark-antiquark pairs (tt) and the production of
single top quarks via the t channel or in association with a W boson, as well as diboson events
(WW, WZ, ZZ, collectively referred to as VV) are simulated at NLO using POWHEG version
2 [28–33]. For single top quark events in the t channel, MADSPIN [34] is used to describe the
top quark decays. Events with electroweak production of a Z or W boson and two jets are
simulated with MADGRAPH5 aMC@NLO version 2.9.13 at leading-order (LO) precision in per-
turbation theory. The PYTHIA 8.306 package [35] is used for the simulation of parton showering,
hadronization, and the underlying event, using tune CP5 [36]. In all generated events, the pro-
ton structure is described by the parton distribution functions (PDFs) at next-to-NLO (NNLO)
provided by NNPDF 3.1 [37]. For all processes, the detector response is simulated with the
GEANT4 toolkit [38]. Additional pp interactions within the same or nearby bunch crossings
(pileup) are simulated with minimum bias and included in all MC simulation samples.

4 Event selection
The decay of the W boson in the muon channel is characterized by the presence of a prompt,
energetic, and isolated muon, and large pmiss

T originating from the undetected neutrino. The
muonic Z boson decay features two prompt, energetic and isolated muons with opposite elec-
tric charges, with an invariant mass of the two muons close to the mass of the Z boson, and no
intrinsic pmiss

T in the event. In the analysis, only decays into muons are considered, as they can
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be identified more efficiently and their pT can be measured more precisely by the CMS detector
compared with electrons or tau leptons [39–41]. Electrons and taus still indirectly contribute to
selected events in the calculation of the missing transverse momentum. The impact from elec-
trons in jets and hardonically decaying taus on the missing transverse momentum is mitigated
through a dedicated hadronic recoil correction explained in Sec. 6. The excellent muon per-
formance has also been demonstrated in the recent measurement of the W boson mass by the
CMS experiment [42]. Reconstructed muon candidates are required to satisfy a set of quality
criteria corresponding to the “tight” working point of the muon identification [39]. The criteria
are based on the number of spatial measurements in the silicon tracker and the muon system,
the fit quality of the combined muon track, as well as the transverse impact parameter. These
criteria largely suppress nonprompt muons from hadron decays and hadron shower remnants
in the muon chambers. In addition, muon candidates must be isolated from other activity in the
event. The relative muon isolation is defined as the scalar sum of the pT of all particles recon-
structed by the PF algorithm, except for the muon, within a cone of size ∆R = 0.4 around the
muon track, with ∆R =

√
(∆η)2 + (∆ϕ)2, and divided by the muon pT. The relative isolation

of the muon, corrected for pileup contributions, must be smaller than 0.15 for this analysis. In
addition, the reconstructed muon candidates must satisfy pT > 25 GeV and |η| < 2.4, ensuring
high efficiency of the muon trigger used to collect the data sample.

The W boson candidate events are required to have exactly one identified muon satisfying
the criteria described above. Events with a second muon, identified at the “loose” working
point, are rejected, reducing the contamination from Z boson events. Muons passing the loose
working point are only required to be reconstructed with the PF algorithm and to be matched to
a track in the tracker detector [39]. Although W boson events feature large missing transverse
momentum, no requirement on that is made at this stage. Instead, this information is used later
on for the signal extraction. The transverse mass mT, defined as

mT =
√

2pµ
T pmiss

T (1 − cos(∆ϕ)), (1)

with the muon transverse momentum pµ
T , and ∆ϕ being the azimuthal opening angle between

the muon and the p⃗ miss
T direction, is a sensitive kinematic variable in this channel, used to

distinguish signal from background contributions.

For the selection of Z boson candidate events, two muons satisfying the above described crite-
ria with opposite electric charges are required. Events with additional muons satisfying these
criteria are rejected in order to reduce contributions from diboson productions. The invari-
ant mass of the muon pair mµµ is required to be near the Z boson mass, within the range
60–120 GeV. This requirement reduces the relative contribution of nonresonant Drell–Yan pro-
duction to the signal.

The aim of the analysis is the measurement of the inclusive cross sections of W and Z boson
production, hence no requirements on the presence of accompanying hadronic jets in the event
are made.

The fiducial regions for the W and Z boson acceptances are defined in the simulated events
by a set of kinematic requirements applied to the final states at the generator level, emulating
the event selection criteria applied at the reconstruction level. For the W boson production,
the fiducial region is defined by the aforementioned kinematic pT and η requirements on the
muon, applied before the emission of final-state radiation (FSR). As opposed to the theoretical
definition, the event selection in the fiducial measurements is applied at reconstruction level,
where the muons may have undergone FSR effects. The effect on the acceptance is at the level
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of 2% for W boson production, and at the level of 4% for Z boson production and is corrected
to ensure consistency in the comparison to theoretical predictions.

5 Analysis strategy
The product of the fiducial cross section for W and Z boson production and the muonic branch-
ing fraction can be expressed in a generalized way as:

σfidB =
Nsig

ϵL
=

N − Nbkg

ϵL
, (2)

where B is the branching fraction for either W+ → µ+ν, W− → µ−ν , or Z → µ+µ−, N is the
number of observed events, Nsig and Nbkg are the number of signal and background events,
respectively, ϵ is the efficiency of the signal events within the fiducial region satisfying the
event selection requirements, and L is the integrated luminosity.

In total, three signal regions are used for the analysis: two single-muon regions (µ+ and µ−)
and one double-muon region (µ+µ− ). In the single-muon regions, the transverse mass mT is
used to distinguish the W± boson signal from background processes, and mµµ is used for that
purpose in the double-muon signal region for the Z boson signal. All three distributions are
fitted simultaneously by means of a binned maximum likelihood fit.

The results for the product of the cross sections and branching fractions in the full phase space
are then calculated by dividing the expression for the fiducial region, which is already aligned
with the theoretical definition of the signal, by the kinematic acceptance A of this region:

σtotB =
σfidB

A
. (3)

The kinematic acceptance A is derived by calculating the ratio of the theoretically predicted sig-
nal cross sections with and without the selection requirements corresponding to the definition
of the fiducial region:

A =
(σfidB)predicted

(σtotB)predicted
. (4)

For the acceptance in the Z boson region, the total cross section of Z boson production in the
mass range 60–120 GeV is calculated without any further requirements on the muons and enters
the definition of the acceptance at the denominator. For the calculation of the fiducial cross
section, which enters the acceptance at the numerator, the muons must additionally fulfill pT >
25 GeV and |η| < 2.4, emulating the event selection criteria at the generator level. For the
acceptance calculation in the W boson regions, the procedure is repeated analogously with
a phase space restriction on the mass of the W boson of mW > 20 GeV, which ensures the
convergence of the resummation calculations without leading to a visible change in the cross
section values. The cross sections are computed numerically at NNLO QCD and next-to-next-
to-leading logarithmic (NNLL) qT resummation, where qT is the transverse momentum of the
W or Z boson, with the program DYTURBO 1.3.2 [43–46] and the NNPDF 3.1 [37] PDF sets. The
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following ratios are provided as well:

RW+/Z =
σ(pp → W+ + X)B(W+→ µ+ν)

σ(pp → Z + X)B(Z → µ+µ−)
, (5)

RW−/Z =
σ(pp → W− + X)B(W−→ µ−ν)

σ(pp → Z + X)B(Z → µ+µ−)
, (6)

RW±/Z =
σ(pp → W± + X)B(W± → µ+ν/µ−ν)

σ(pp → Z + X)B(Z → µ+µ−)
, (7)

RW+/W−
=

σ(pp → W+ + X)B(W+→ µ+ν)

σ(pp → W− + X)B(W−→ µ−ν)
, (8)

where some of the systematic uncertainties, including the uncertainty in the integrated lumi-
nosity, cancel out. The NNLO+NNLL predictions for the fiducial and total inclusive cross
sections are shown in Table 1, the corresponding cross section ratios in Table 2. The PDF un-
certainties in the tables are calculated with the NNPDF 3.1 PDF sets. The scale uncertainties,
representing missing higher-order contributions in QCD, are evaluated by varying the renor-
malization and factorization scales. These scales are set to the mass of the dimuon system
as the nominal value and varied up and down by a factor of two (omitting the extreme case
where both scales are varied in opposite directions). The final scale uncertainty is taken from
the maximum deviation. For the cross section ratios, the different scale variations are treated as
fully correlated between the cross sections, leading to partial cancellations. The integration un-
certainties reflect the uncertainties of the numerical calculation of integrals in DYTURBO. The
asymmetric behavior of the scale uncertainties is caused by outliers from different variations
of the individual renormalization and factorization scales.

Table 1: Predictions for the product of the fiducial and total inclusive cross sections and branch-
ing fractions. The first uncertainty is the PDF uncertainty, the second is the QCD scale uncer-
tainty of the calculation, and the third is the integration uncertainty.

Process σfidB ± (PDF) ± (scale) ± (int) in nb σtotB ± (PDF) ± (scale) ± (int) in nb

W+ 5.490 ± 0.040 +0.025
−0.048 ± 0.007 12.06± 0.10 +0.06

−0.13 ± 0.01

W− 4.222 ± 0.032 +0.014
−0.045 ± 0.005 8.97± 0.07 +0.05

−0.10 ± 0.01

W± 9.710 ± 0.071 +0.033
−0.093 ± 0.009 21.03± 0.16 +0.11

−0.23 ± 0.01

Z 0.7663± 0.0067 +0.0031
−0.0050 ± 0.0007 2.027± 0.015 +0.008

−0.019 ± 0.001

Table 2: Predictions for the fiducial and total inclusive cross section ratios. The first uncertainty
is the PDF uncertainty, the second is the QCD scale uncertainty of the calculation, and the third
is the integration uncertainty.

Process Rfid ± (PDF) ± (scale) ± (int) Rtot ± (PDF) ± (scale) ± (int)

W+/Z 7.158± 0.041 +0.031
−0.016 ± 0.012 5.951± 0.027 +0.008

−0.010 ± 0.004

W−/Z 5.508± 0.030 +0.003
−0.025 ± 0.009 4.424± 0.016 +0.005

−0.006 ± 0.004

W±/Z 12.666± 0.069 +0.034
−0.038 ± 0.016 10.375± 0.040 +0.010

−0.016 ± 0.007

W+/W− 1.300± 0.003 +0.005
−0.000 ± 0.002 1.345± 0.004 +0.003

−0.001 ± 0.001
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6 Simulation tuning and data calibration
The conditions used for the simulation of the detector are not necessarily identical to the actual
conditions during data taking. To mitigate the bias from these differences, several corrections
are applied to the simulation. Furthermore, a muon momentum scale calibration as well as a
pmiss

T correction are applied to the data.

Differences in the pileup between simulation and data may bias the result of the analysis. To
adjust the pileup of simulated events to match the actual conditions during pp collisions, dedi-
cated correction factors are derived from comparing the simulated pileup distribution with the
luminosity-based pileup distribution in the detected events. The latter is calculated from the
measured instantaneous luminosity in fixed intervals during data taking, and the measured
value of the inelastic pp cross section. A weight is calculated to correct the simulated pileup
distribution to the one in data. After reweighting the simulated events, the agreement between
simulation and data in the distribution of the number of well-reconstructed primary vertices is
improved and well within the uncertainties mentioned in Section 9.

To account for higher-order effects not present in the MC generators, the simulation for Z boson
production is reweighted based on corrections obtained from the difference in the pT distribu-
tion of the dimuon system between data and simulation. The same corrections are applied to
the simulation of W boson production.

Since the accurate determination of the muon identification, isolation, and reconstruction effi-
ciencies is a crucial part of the cross section measurements, scale factors compensating for the
differences between simulation and data are derived for each selection step in bins of η and pT
of the muon. A tag-and-probe method [6] is employed for this purpose on the dimuon sample
in both data and simulation, with backgrounds subtracted from the data to obtain a pure sam-
ple. Tag muons are defined as muons passing the analysis selection requirements as well as
being matched to the appropriate trigger object. The exact definition of probe muons depends
on the efficiency under study. They are selected among the muons fulfilling the pT and η re-
quirements of the event selection. The efficiency in the tag-and-probe method is defined as the
number of probe muons passing a selection criterion divided by the sum of all probe muons
before the corresponding selection.

Assuming that the muon efficiency can be factorized as

ϵµ = ϵTrk ϵSta ϵID ϵIso ϵTrigger, (9)

the efficiencies are studied one after the other and the definition of the probe muon is given by
the passing probe definition of the preceding efficiency stage. The efficiencies under study are
the efficiency of the track reconstruction in the inner tracker ϵTrk, the reconstruction efficiency in
the muon detectors (standalone) ϵSta, the muon identification efficiency ϵID, the muon isolation
efficiency ϵIso, and the efficiency of the muon trigger ϵTrigger. For both data and simulation,
the efficiencies are determined in bins of pT and η of the muon and separately for the two
electric charges in the case of the trigger efficiency. The charge-dependent difference in trigger
efficiency for the collected events is at the per-mille level in the central part of the detector, but
increases to the low percent level in the forward region. The scale factors are then obtained as
the ratio of the efficiency values in data and simulation and are applied as event weights to the
simulated events, depending on the pT, η and the sign of the identified muons in the event.

Further differences between data and simulation arise from the potential occurrence of false
assignments of detector information to the preceding bunch crossing [47]. In such cases, the
trigger accepts the event in the bunch crossing preceding the actual bunch crossing of interest,
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and the data of the interesting event are not recorded. To account for this effect, the corre-
sponding muon trigger inefficiency has been measured in data and is applied as a scale factor
to simulation. In the central area of the detector, the inefficiency is at the per-mille level, in-
creasing to the percent level in the outer regions.

Misalignments and miscalibrations of the detector, uncertainties in the magnetic field of the
detector, as well as shortcomings in the simulation of the relevant processes can cause discrep-
ancies in lepton momentum scale and resolution between data and simulation. Muon momen-
tum scale and resolution corrections are derived by comparing the Z boson peak position in
the distributions of the invariant mass of the dimuon pair between data and simulation. Cor-
rection factors for momentum scale and resolution are derived by fitting the mµµ distributions
in multiple bins of muon pT and η. The signal shape is parameterized by convolving a Breit–
Wigner function and a double-sided Crystal Ball function [48, 49]. The mean and the width of
the Breit–Wigner function are fixed to the known mass and width of the Z boson. The Gaussian
part of the double-sided Crystal Ball function is symmetric and models detector effects, while
its exponential sides account for further effects, such as radiative tails.

The momentum scale correction factors are given by the ratio of the fitted peak positions of
the mµµ distributions in simulation and data, ⟨mMC

µµ ⟩ and ⟨mdata
µµ ⟩. These factors, typically at the

per-mille level, are applied to the pT of muons in data:

pdata, corr.
T = pdata

T

⟨mMC
µµ ⟩

⟨mdata
µµ ⟩ . (10)

The total width of the fitted peak in the mµµ distribution consists of the intrinsic decay width
of the Z boson and the additional contribution from the detector resolution, which is smaller in
the simulation compared with data. To mitigate this effect, an additional Gaussian smearing is
introduced and applied to the simulated samples to match the momentum resolution observed
in data. The width of the Gaussian smearing varies, ranging from zero (indicating no smearing
is required) up to 1.5%, with an average value of around 0.6%.

In addition, a precise reconstruction of the muon momentum, the accurate reconstruction of
the missing transverse momentum of an event is essential for this analysis, as pmiss

T is used
through mT to distinguish W boson production from the background from SM events com-
posed uniquely of jets produced through the strong interaction (QCD multijet events). The
predictions for pmiss

T rely on the modeling of the W boson recoil and detector effects, which
can be difficult to simulate accurately. Possible sources of discrepancy between simulation and
data could result from deficiencies in the modeling of the calorimeter response and resolution
or from incomplete description of the underlying event, as well as the displacement of the in-
teraction point. An observed modulation of pmiss

T in the azimuthal angle is mitigated using
corrections based on the average value of pmiss

T in the x and y direction. This correction is ap-
plied to both data and simulation. Further residual discrepancies between data and simulation
are addressed through corrections derived from a study of the Z boson recoil. The recoil is
decomposed into two components relative to the Z boson momentum: one parallel and one
perpendicular to the boson direction. Corrections are then obtained by aligning the cumulative
distribution functions of these recoil components between data and simulation in bins of the
W and Z boson momentum.

The fully corrected distributions of the leading (highest pT) and trailing (second highest pT)
muon transverse momenta, as well as the pmiss

T , both in the Z boson signal region, are shown
in Fig. 1.



8

5−10

4−10

3−10

2−10

1−10

1

E
ve

nt
 fr

ac
tio

n 
/ 3

.5
 G

eV

 (13.6 TeV)-15.01 fb

CMS Data
−µ+µ →Z

EWK

tt

Syst. unc.

40 60 80 100 120 140 160 180 200
 (GeV)

T
leading muon p

0.8

1

1.2

D
at

a/
P

re
d

5−10

4−10

3−10

2−10

1−10

1

E
ve

nt
 fr

ac
tio

n 
/ 3

.5
 G

eV

 (13.6 TeV)-15.01 fb

CMS Data
−µ+µ →Z

EWK

tt

Syst. unc.

40 60 80 100 120 140 160 180 200
 (GeV)

T
trailing muon p

0.8

1

1.2

D
at

a/
P

re
d

5−10

4−10

3−10

2−10

1−10

1

E
ve

nt
 fr

ac
tio

n 
/ 3

 G
eV

 (13.6 TeV)-15.01 fb

CMS Data
−µ+µ →Z

EWK

tt

Syst. unc.

0 20 40 60 80 100 120
 (GeV)miss

T
p

0.8

1

1.2

D
at

a/
P

re
d

Figure 1: Corrected distributions of the pT of the leading (upper left) and trailing (upper right)
muon, as well as pmiss

T (lower) in the Z boson signal region. The distributions of both data and
combined simulation in the upper panels are normalized because the scale of the signal sam-
ple is extracted later in the fit. The lower panels show the ratio of the normalized data to the
normalized prediction. Overflow entries are included in the rightmost bin, respectively. Differ-
ences in the shape between data and prediction are fully covered by the systematic uncertainty
band. The systematic uncertainties are described in detail in Section 9. The vertical uncertainty
bars on the data represent the statistical uncertainty.

7 Background modeling
Various background processes must be considered in the analysis, which are grouped into
three distinct categories: tt , EWK, and QCD multijet production. Background categories with
prompt muons relevant for this analysis are divided into tt and EWK categories, whereas non-
prompt muons contribute to the QCD category.

The tt category consists of the production of top-quark-antiquark pairs. The production of
single top quarks, VV production, the EWK production of a W or Z boson (V) via vector boson
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fusion in association with two jets (VBF V), and contributions from W or Z bosons decaying
into τ leptons, which subsequently decay to muons, are considered in the EWK category. All
these background processes are modeled using samples of simulated events. The contribution
from W bosons plus hadrons misidentified as a muon in the (µ+µ− ) signal region is negligible.

The third background category, QCD multijet events, comes from SM events composed
uniquely of jets produced from the strong interaction. The muon comes from a weak decay
within one of the jets or from a jet misidentified as a muon when the jet is not fully absorbed
in the HCAL and reaches the muon detectors. This background contribution is only present
in the W boson selection, where it is already greatly reduced by the isolation requirement on
the muon candidates. However, because of the large production cross section, the remaining
QCD multijet events represent the largest background contribution to the single-muon signal
regions. Although the normalization of the QCD multijet background is determined in the fit,
its shape as a function of mT is modeled using data events from a QCD-enriched control region.
This region is defined by the same event selection requirements as the W boson signal region,
with the exception of the muon isolation requirement, which is inverted.

The remaining non-QCD contribution in this QCD-enriched control region is subtracted using
simulated samples. The QCD-enriched region is divided into several subsamples, depending
on the value of the relative isolation of the muon in the event. In total, 16 subsamples are cre-
ated in the relative isolation range 0.20–1.00 with a step size of 0.05. The mT distributions for
these subsamples are normalized to the same area, and for each mT bin, the 16 corresponding
values from the different subsamples are fitted to account for the dependence of the mT dis-
tribution shape on the relative isolation of the muon observed in data. The fit is performed
using two different fit functions, a linear and a quadratic one. Four fits in different mT bins are
exemplary shown in Fig. 2. The extrapolation to the signal region (where the muon is isolated)
is evaluated at the mean of the isolation distribution created by subtracting the distribution for
non-QCD events from the distribution in data for each mT bin. The template derived from the
linear fit function is chosen to be the nominal mT template and the difference to the template
derived from the quadratic fit function is symmetrized and incorporated as a contribution to
the QCD template shape uncertainty. Both templates are shown in Fig. 3. The assumption that
the shape of the mT distribution for QCD multijet events in the QCD-enriched control region is
consistent with that in the single-muon signal regions is tested by splitting the control region.
Roughly half of the region, with muon relative isolation values between 0.5 and 1.0, is used to
derive a QCD mT template in the other half, with relative isolation values between 0.2 and 0.5.
The resulting template in the part of the control region with isolation values between 0.2 and
0.5 is then used to fit the mT distribution. The resulting post-fit distribution describes the data
in the control region with a precision better than one percent.

8 Signal extraction
To extract the W and Z boson signal and background yields, a binned maximum likelihood fit
is performed simultaneously to the transverse mass mT distributions in the single-muon signal
regions and the dimuon invariant mass mµµ distribution in the double-muon signal region. The
results are determined using the CMS statistical analysis tool COMBINE [50], which is based on
the ROOFIT [51] and ROOSTATS [52] frameworks.

The mT and mµµ templates are fitted to the observed distributions as the sum of three sig-
nal contributions—the W+, W−, and Z signals—as well as three distinct background contri-
butions—the tt background, the EWK background, and the background from QCD multijet
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production. The signal and non-QCD background processes are modeled using simulation,
with the simulated samples normalized using the theoretically predicted cross sections. The
Z boson sample is normalized using the theoretical cross section calculated at NNLO in QCD
and NNLL qT resummation with the program DYTURBO and the NNPDF 3.1 PDF sets. The
cross sections of top quark-antiquark pair production, W boson production, single top quark
production in the tW channel, and diboson production cross sections are taken from Ref. [53].
Single top quark production in the t channel has been calculated at NNLO in QCD with the
MCFM version 10.1 program [54], and the cross section of the EWK production of a Z boson
and two jets is calculated at LO using MADGRAPH5 aMC@NLO. The pre-fit normalization of
the data-driven QCD distributions is taken from the extrapolated templates. The event rates
serve as inputs to the maximum likelihood fit and the individual normalization factors of the
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Figure 2: Example figures to illustrate the extrapolation procedure to estimate the QCD mul-
tijet background from the QCD-enriched control region. The yield in each bin is obtained by
subtracting the simulated non-QCD contributions from the measured data. At high values of
the transverse mass, the statistical uncertainty of the QCD yield increases, represented by the
vertical uncertainty bars, leaving more freedom for the polynomial fit.
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Figure 3: Result of the extrapolated mT distribution for the QCD multijet background in the
signal region from the QCD-enriched control region. The template normalization is left freely
floating in the fit, as the final normalization is determined in the fit. The vertical uncertainty
bars correspond to the extrapolation uncertainty from the fit.

two QCD templates are finally determined through the fit itself, where they are allowed to
vary freely. The kinematic ranges in which the fits are performed are 0–120 GeV for mT and
60–120 GeV for mµµ . Systematic uncertainties are included in the maximum likelihood fit as
nuisance parameters. The various sources of systematic uncertainty are detailed in the next
section, where the individual values correspond to the width of the Gaussian constraint term
for the respective nuisance parameter [55].

9 Systematic uncertainties
Several sources of systematic uncertainty influence the results of this measurement. The uncer-
tainty in the muon efficiency scale factors contains statistical and systematic components. The
systematic uncertainty component is related to the model dependence of the approach used
to extract the numbers of passing and failing probe muons from data. To estimate the impact
of this uncertainty source, alternative models for the description of signal and background are
used, the pT requirement on the tag muon is altered, and the mass binning and the fit range
are varied. Systematic as well as statistical uncertainty components are also included for the
trigger inefficiency. The uncertainty in the muon momentum correction is conservatively con-
sidered with 50% of the total correction value. The recoil correction comes with statistical and
systematic uncertainty components. The latter is estimated by using alternative fitting models,
omitting the background subtraction, and varying the rapidity binning for the determination of
the recoil corrections. A 10% uncertainty in the normalization of the backgrounds from simula-
tion is assumed. The model of the QCD multijet process is derived from the experimental data,
where the uncertainties in the contamination from non-QCD processes in the QCD-enriched
control region and in the choice of extrapolation function, as well as the statistical component,
are included. A potential bias in the method used to reweight the pileup distribution in the
simulation is evaluated by varying the value of the inelastic pp cross section. The systematic
uncertainty of the boson pT reweighting is considered by taking the difference between the un-
weighted and the weighted distribution into account. Both pileup and boson pT reweighting
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uncertainties are constructed to affect only the shape and not the normalization of the distri-
butions. The finite size of the simulation samples limits the achievable precision of the results,
the corresponding systematic uncertainty is modeled by applying bin-by-bin statistical uncer-
tainties in the fit using the Barlow–Beeston “lite” approach [56].

The simulations rely on choices made in the theoretical description of the process. Similar to
the reweighting uncertainties, the uncertainties in the theoretical description are constructed
to have only a shape but no normalization effect. The uncertainty in the PDFs is estimated
by evaluating the set of Hessian uncertainties in the NNPDF 3.1 set, treating each of the 100
variations as an independent nuisance parameter in the measurement. An additional uncer-
tainty in the PDFs is added to account for the choice of the value of the strong coupling at the
Z boson mass αS(mZ) = 0.118 ± 0.002 at which the PDFs are evaluated. The uncertainties in
the renormalization and factorization scales are accounted for by varying these scales up and
down by a factor of 2 or 1/2 (omitting the extreme case where both scales are varied in opposite
directions). The uncertainty from the choice of αS for the initial- and final-state radiation (ISR,
FSR) uncertainty of the parton shower is estimated using up and down variations of the ISR
and FSR parton shower scales with a factor of 2.

The dominating source of systematic uncertainty is the uncertainty in the integrated luminosity,
which is measured with a precision of 1.4% after a calibration with a method based on van der
Meer scans and including systematic effects in the integration of detector rates [57, 58].

The sizes of the systematic uncertainties in percentage of the fit results for the fiducial cross sec-
tion measurement are summarized in Table 3 and for their ratios in Table 4. For the W+/W−

ratio, the leading uncertainties cancel to a large extent, as a result of strong positive correlations
between the systematic uncertainties in these two regions. For the W/Z ratios, the magnitude
of the leading uncertainties remains comparable to those in the W regions. For the muon ef-
ficiency, this follows from the similarity of the muon properties from a W or Z boson decay,
resulting in an effective cancellation of the systematic impact of one muon. Uncertainties with
asymmetric uncertainty magnitudes for the different cross sections do not change significantly.
Some of the smaller uncertainties are negatively correlated and therefore increase for the cross
section ratios, e.g., the uncertainty in the muon momentum resolution correction, which has a
strong effect on the dimuon mass shape but a negligible effect on the transverse mass shape,
where the resolution is dominated by the missing transverse momentum. In the fit, this strong
effect in the dimuon mass shape is buffered through variations of further systematic uncertain-
ties, leading to the different behavior in the two regions and therefore resulting in negative
correlation.

10 Results
Figure 4 shows the results of the fit to the mT and mµµ distributions in the single- and double-
muon signal regions, respectively. Good agreement between the model, which contains high
degrees of freedom for the QCD multijet template, and the data is observed. The expected
event yields for the SM expectations of the different processes are shown in Table 5 and the
observed event yields are shown in Table 6.

The results for the product of the fiducial and total cross sections of inclusive W+, W−, W±, and
Z boson production and the branching fraction for the muon decay channels are summarized
in Table 7, along with the corresponding theoretical acceptance predictions. The measured
ratios of cross sections and their predicted acceptance values are given in Table 8. Theoretical
predictions of the product of the cross sections and branching fraction for the muonic decay are



13

0

1

2

3

4
610×

E
ve

nt
s 

/ 6
 G

eV

 (13.6 TeV)-15.01 fb

CMS Data ν+µ→+W
−µ+µ →Z EWK

tt QCD

Syst. unc.

0 20 40 60 80 100 120
 (GeV)Tm

0.996
0.998

1
1.002
1.004

D
at

a/
P

re
d

0

1

2

3

4
610×

E
ve

nt
s 

/ 6
 G

eV

 (13.6 TeV)-15.01 fb

CMS Data ν−µ→−W
−µ+µ →Z EWK

tt QCD

Syst. unc.

0 20 40 60 80 100 120
 (GeV)Tm

0.996
0.998

1
1.002
1.004

D
at

a/
P

re
d

310

410

510

610

710

E
ve

nt
s 

/ 2
 G

eV

 (13.6 TeV)-15.01 fb

CMS Data
−µ+µ →Z

EWK

tt

Syst. unc.

60 70 80 90 100 110 120
 (GeV)µµm

0.96
0.98

1
1.02
1.04

D
at

a/
P

re
d
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signal regions. The lower panel in each plot shows the ratio of the number of events observed
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rightmost bin for the two upper plots. The vertical uncertainty bars on the data represent the
statistical uncertainty.
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Table 3: Post-fit uncertainties in percent for the fiducial cross section measurement. For com-
pleteness, also the integrated luminosity and statistical uncertainty are given.

Uncertainty source
Uncertainty in σfidB (in %) for

W+ W− W± Z
Muon efficiency 0.28 0.29 0.29 0.40
Finite size of MC samples (bin-by-bin) 0.27 0.27 0.25 0.08
QCD background 0.53 0.49 0.49 0.07
PDF, scales, and parton shower 0.25 0.25 0.25 0.06
Muon momentum correction 0.01 0.02 0.01 0.03
Recoil correction 0.09 0.08 0.08 0.02
EWK background normalization 0.05 0.05 0.05 0.02
Z boson pT correction 0.03 0.04 0.03 0.01
tt background normalization 0.01 0.03 0.02 0.01
Pileup 0.01 0.02 <0.01 <0.01

Total 0.68 0.66 0.65 0.42

Integrated luminosity 1.4 1.4 1.4 1.4

Statistical uncertainty 0.03 0.03 0.02 0.06

Table 4: Post-fit uncertainties in percent for the fiducial cross section ratio measurement. For
completeness, also the statistical uncertainty is given.

Uncertainty source
Uncertainty in Rfid (in %) for

W+/Z W−/Z W±/Z W+/W−

Muon efficiency 0.27 0.29 0.28 0.02
Finite size of MC samples (bin-by-bin) 0.26 0.26 0.25 0.19
QCD background 0.52 0.47 0.48 0.29
PDF, scales, and parton shower 0.24 0.24 0.24 0.04
Muon momentum correction 0.04 0.05 0.04 0.01
Recoil correction 0.10 0.09 0.09 0.04
EWK background normalization 0.07 0.07 0.07 <0.01
Z boson pT correction 0.04 0.05 0.05 0.01
tt background normalization 0.02 0.04 0.03 0.02
Pileup 0.01 0.02 <0.01 0.03

Total 0.68 0.66 0.64 0.38

Statistical uncertainty 0.07 0.07 0.06 0.04

computed at NNLO+NNLL QCD accuracy in DYTURBO using the NNPDF 3.1 [37], CT18 [59],
and MSHT20 [60] PDF sets. Figure 5 shows comparisons between these predictions and the
measured values. The corresponding ratios of the cross sections are shown in Fig. 6. As the
NNPDF 3.1 PDF set is used for the extrapolation of the fiducial result into the total phase space,
the corresponding ratio of theoretical to measured values is consistent between the plots for the
fiducial and total phase space. For the other PDF sets, however, the ratio is not necessarily the
same between the two phase spaces, as the acceptance of the corresponding PDF set and the
one of the NNPDF 3.1 set used for the extrapolation of the measured value into the total phase
space may differ.

A comparison of measured products of total cross section and branching fraction at other
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Table 5: Pre-fit event yields in the fiducial region. A dash indicates that the corresponding
contribution is found to be negligible in this signal region.

Process µ+ region µ− region µ+µ− region
W± 20 035 607 15 591 566 —
Z 958 372 896 734 2 944 611
EWK: (989 729) (801 381) (27 526)

W (→ τντ ) 608 711 498 487 —
Z (→ ττ) 119 263 114 194 2 177
W (nonfiducial) 121 304 72 035 —
Z (nonfiducial) 9 000 8 789 16 165
VV 45 062 42 333 6 500
VBF V 21 284 16 522 1 680
Single top quark 65 106 49 021 1 004

tt 215 409 216 695 9 278

Table 6: Post-fit event yields in the fiducial region. The post-fit uncertainties include only sta-
tistical and systematic uncertainties, but not the uncertainty in the luminosity. The individual
uncertainties in the event yields for a given process are derived by taking the full covariance
matrix into account. A dash indicates that the corresponding contribution is found to be negli-
gible in this signal region.

Process µ+ region µ− region µ+µ− region
W± 20 013 000± 31 000 15 665 000± 22 000 —
Z 966 700± 2 300 905 000± 2 300 2 962 980± 970
EWK 966 000± 14 000 782 000± 11 000 26 560± 460
tt 200 800± 3 400 202 100± 3 400 8 630± 130
QCD multijet 2 973 000± 33 000 2 920 000± 24 000 —

Total 25 119 600± 1 500 20 475 200± 1 300 2 998 160± 850

Data 25 119 622 20 475 186 2 998 125

center-of-mass energies with the corresponding theoretical prediction is shown in Fig. 7.

11 Summary
Measurements of fiducial and total inclusive W and Z boson production cross sections mul-
tiplied by the W → µνµ and Z → µ+µ− branching fractions, respectively, in proton-proton
collisions at 13.6 TeV are presented. Muon final states are studied in data samples collected
with the CMS detector corresponding to an integrated luminosity of 5.01± 0.07 fb−1. The mea-
sured Z boson cross section is defined as the inclusive Drell–Yan Z/γ∗ production of muon
pairs in the invariant mass range of 60–120 GeV, where the production of a Z boson is the dom-
inant contribution. The results for the product of total inclusive cross sections and branching
fractions are:

σ(pp → W+ + X)B(W+→ µ+νµ) = 11.93 ± 0.08 (syst) ± 0.17 (lumi) +0.07
−0.07 (acceptance) nb,

σ(pp → W− + X)B(W−→ µ−νµ) = 8.86 ± 0.06 (syst) ± 0.12 (lumi) +0.05
−0.06 (acceptance) nb,

σ(pp → Z + X)B(Z → µ+µ−) = 2.021 ± 0.009 (syst) ± 0.028 (lumi) +0.011
−0.013 (acceptance) nb,
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Table 7: Results for the product of the fiducial and total inclusive cross sections and branch-
ing fractions measurements. For the measured values the quoted uncertainty represents the
systematic uncertainty, while the statistical uncertainty is negligible. For the acceptance pre-
dictions, as explained in Section 5, the first uncertainty is the PDF uncertainty, the second is the
scale uncertainty, and the third is the integration uncertainty of the calculation.

Process
σfidB ± (syst) Acceptance ± (PDF) σtotB ± (syst) ± (lumi)
± (lumi) in nb ± (scale) ± (int) in % ± (acceptance) in nb

W+ 5.428± 0.037± 0.076 45.48± 0.24 +0.11
−0.07 ± 0.07 11.93 ± 0.08 ± 0.17 +0.07

−0.07

W− 4.167± 0.028± 0.058 47.06± 0.22 +0.19
−0.10 ± 0.07 8.86 ± 0.06 ± 0.12 +0.05

−0.06

W± 9.60 ± 0.06 ± 0.13 46.15± 0.22 +0.14
−0.08 ± 0.05 20.79 ± 0.14 ± 0.29 +0.11

−0.12

Z 0.764± 0.003± 0.011 37.80± 0.19 +0.14
−0.04 ± 0.04 2.021± 0.009± 0.028 +0.011

−0.013

Table 8: Ratios of the measured product of the fiducial and total inclusive cross sections and
branching fractions along with the corresponding acceptance predictions. Since some contri-
butions of the systematic uncertainty, most prominently the luminosity uncertainty, cancel out
in the ratios, the statistical component becomes relevant. For the acceptance predictions, as
explained in Section 5, the first uncertainty is the PDF uncertainty, the second is the scale un-
certainty, and the third is the integration uncertainty of the calculation.

Process Rfid ± (stat) ± (syst)
Acceptance ratio Rtot ± (stat) ± (syst)

± (PDF) ± (scale) ± (int) ± (acceptance)

W+/Z 7.105± 0.005± 0.048 1.203± 0.003 +0.004
−0.002 ± 0.002 5.906± 0.004± 0.040 +0.022

−0.028

W−/Z 5.455± 0.004± 0.036 1.245± 0.004 +0.001
−0.005 ± 0.002 4.382± 0.003± 0.029 +0.023

−0.016

W±/Z 12.559± 0.008± 0.081 1.221± 0.003 +0.003
−0.003 ± 0.002 10.288± 0.007± 0.066 +0.037

−0.037

W+/W− 1.303± 0.001± 0.005 0.966± 0.003 +0.003
−0.002 ± 0.002 1.348± 0.001± 0.005 +0.006

−0.007
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with the uncertainty in the integrated luminosity (lumi), the uncertainty in the acceptance of
the fiducial volume, and the remaining systematic uncertainty (syst), whereas the statistical
component of the uncertainty is negligible. This translates into cross section ratios of:

RW+/Z = 5.906 ± 0.004 (stat) ± 0.040 (syst) +0.022
−0.028 (acceptance),

RW−/Z = 4.382 ± 0.003 (stat) ± 0.029 (syst) +0.023
−0.016 (acceptance),

RW+/W−
= 1.348 ± 0.001 (stat) ± 0.005 (syst) +0.006

−0.007 (acceptance),

where the statistical component of the uncertainty (stat) is not negligible anymore due to the
decreased size of the systematic contributions to the uncertainty in the cross section ratios.

All results are in agreement with theoretical calculations at next-to-next-to-leading order accu-
racy in quantum chromodynamics plus next-to-next-to-leading logarithmic qT resummation,
where qT is the transverse momentum of the W or Z boson. The high precision of the measure-
ment highlights the excellent performance of the CMS detector following the long shutdown in
2018–2022, operating at the new center-of-mass energy of 13.6 TeV. Moreover, the results under-
score opportunities for refining the description of parton distribution functions and emphasize
the potential value of dedicated differential measurements to enhance our understanding in
the future.
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R. Tramontano

National Central University, Chung-Li, Taiwan
C. Adloff65, D. Bhowmik, C.M. Kuo, W. Lin, P.K. Rout , P.C. Tiwari39

National Taiwan University (NTU), Taipei, Taiwan
L. Ceard, K.F. Chen , Z.g. Chen, A. De Iorio , W.-S. Hou , T.h. Hsu, Y.w. Kao,
S. Karmakar , G. Kole , Y.y. Li , R.-S. Lu , E. Paganis , X.f. Su , J. Thomas-Wilsker ,
L.s. Tsai, D. Tsionou, H.y. Wu, E. Yazgan

High Energy Physics Research Unit, Department of Physics, Faculty of Science,
Chulalongkorn University, Bangkok, Thailand
C. Asawatangtrakuldee , N. Srimanobhas , V. Wachirapusitanand

Tunis El Manar University, Tunis, Tunisia
Y. Maghrbi
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D. Zhang

California Institute of Technology, Pasadena, California, USA
S. Bhattacharya , A. Bornheim , O. Cerri, J. Mao , H.B. Newman , G. Reales Gutiérrez,
M. Spiropulu , J.R. Vlimant , C. Wang , S. Xie , R.Y. Zhu

Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
J. Alison , S. An , P. Bryant , M. Cremonesi, V. Dutta , T. Ferguson , T.A. Gómez Es-
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