
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2024-129
2024/06/10

CMS-SMP-24-001

Measurement of inclusive and differential cross sections for
W+W− production in proton-proton collisions at√

s = 13.6 TeV

The CMS Collaboration*

Abstract

Measurements at
√

s = 13.6 TeV of the opposite-sign W boson pair production cross
section in proton-proton collisions are presented. The data used in this study were
collected with the CMS detector at the CERN LHC in 2022, and correspond to an in-
tegrated luminosity of 34.8 fb−1. Events are selected by requiring one electron and
one muon of opposite charge. A maximum likelihood fit is performed on signal- and
background-enriched data categories defined by the flavour and charge of the lep-
tons, the number of jets, and number of jets originating from b quarks. An inclusive
W+W− production cross section of 125.7 ± 5.6 pb is measured, in agreement with
standard model predictions. Cross sections are also reported in a fiducial region close
to that of the detector acceptance, both inclusively and differentially, as a function of
the jet multiplicity in the event. For first time in proton-proton collisions, WW events
with at least two reconstructed jets are studied and compared with recent theoretical
predictions.
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1 Introduction
The measurement of W boson pair (W+W− or simply WW) production cross sections is an
important test of the standard model (SM). The WW production at hadron colliders is sensitive
to the properties of electroweak (EW) boson self-interactions and provides a test of the predic-
tions of perturbative quantum chromodynamics (QCD) and the EW theory. It also constitutes
a large background in the measurement of Higgs boson production, as well as in searches
for physics beyond the SM. It is important to model the production of WW+jets accurately
in event generators. This process is also background in tt production studies and in searches
for physics beyond the SM with charged leptons and jets in the final state [1]. The WW cross
section has been measured inclusively and differentially in proton-antiproton (pp) collisions
at

√
s = 1.96 TeV [2–4] and in proton-proton (pp) collisions at 7 TeV [5, 6], 8 TeV [7, 8], and

13 TeV [9–11], and agrees with the SM predictions within uncertainties.

This letter presents the first measurements at
√

s = 13.6 TeV of the inclusive and differential
W+W− → e±νµ∓ν production cross sections. Data from pp collisions recorded by the CMS
experiment in 2022 are used, corresponding to an integrated luminosity of 34.8 fb−1. The SM
production of WW pairs proceeds mainly through three processes: the dominant qq annihi-
lation process; the gg → WW process; and the Higgs boson process H → WW, which is
approximately ten times smaller than the sum of the other two processes and is considered as a
background in this analysis. A calculation of the WW production cross section in pp collisions
at

√
s = 13.6 TeV using MATRIX v2.1.0 [12, 13] yields the value 125.8 ± 3.9 pb at next-to-next-

to-leading order (NNLO) in QCD and next-to-leading order (NLO) in EW. The calculation uses
the parton distribution function (PDF) NNPDF 3.0 [14]. The uncertainties reflect the depen-
dence of the calculation expansion on the QCD factorization and renormalization scales, and
the PDFs. The gg → WW process contributes about 3%, after correcting by a factor of 1.4,
which comes from the ratio of the gg → WW cross section at NLO to the same cross section at
leading order (LO) [15]. The most important background processes are (i) top quark produc-
tion (tt and tW), (ii) Drell–Yan production of leptonically decaying tau lepton pairs, and (iii)
nonprompt leptons originating from leptonic decays of heavy quarks, hadrons misidentified
as leptons, and electrons from photon conversions.

In this analysis, events are selected with one electron and one muon of opposite charge, in-
cluding those originating from leptonic tau decays. Events with two charged leptons of the
same flavour are not considered in the analysis because of the much higher background from
Drell–Yan events. To measure the WW signal and estimate the most important background
processes, events are further categorized into a signal region (SR) and control regions (CRs)
defined by kinematic requirements on the flavour and charge of the leptons, the number of
jets, and the number of jets originating from b quarks (b jets). The inclusive WW cross section
is extracted from a profile maximum likelihood fit [16] to the event yields in the SR and CRs.
The overall sensitivity is about 25% better than the results reported in Ref. [10] at

√
s = 13 TeV

with a similar integrated luminosity. The improvement comes from several reduced experi-
mental uncertainties and an improved fit strategy. The WW cross section is also measured in
a fiducial region close to the detector acceptance, both inclusively and differentially, as a func-
tion of the jet multiplicity in the event. Events consistent with WW production and up to two
reconstructed jets inclusively are studied in pp collisions and compared with recent theoretical
predictions.
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2 The CMS detector and simulated samples
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. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL) with a silicon strip preshower detector placed at the front
faces of the two endcap calorimeters, and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections, are installed inside the solenoid. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a defini-
tion of the coordinate system and the relevant kinematic variables, is presented in Refs. [17, 18].

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 at a rate of around 100 kHz within a fixed latency of 4 µs [19]. 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
around 5 kHz before data storage [20].

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. The simulated samples are used to optimize the event selection, evaluate selection
efficiencies and systematic uncertainties, and compute expected yields. The quark-initiated
nonresonant WW, other heavy vector dibosons, tt and tW processes are simulated with POWHEG

v2 [21–26] at NLO accuracy for inclusive production. The MADGRAPH 2.9.9 generator [27–
30] is used to simulate gluon-initiated WW production at LO accuracy. The production of
a Higgs boson is also generated with POWHEG, where the Higgs bosons are decayed with
JHUGEN v5.2.5 [31, 32]. Production of Z+jets, W+jets, Zγ, Wγ, ttW, ttZ, ttWW, and triple
vector boson (VVV, V = W/Z) events is simulated at NLO accuracy in QCD using the MAD-
GRAPH5 aMC@NLO generator.

The NNPDF 3.1 NNLO [14] PDFs are used for simulating all samples. For all processes,
the underlying event, parton showering (PS), and hadronization are simulated using PYTHIA

8.2262 [33]. The modelling of the underlying event is performed using the CP5 [34] tune.
All MC generated events are processed through a simulation of the CMS detector based on
GEANT4 [35] and are reconstructed with the same algorithms as used for the data. Additional
pp interactions in the same and nearby bunch crossings, referred to as pileup, are also sim-
ulated. The distribution of the number of pileup interactions in the simulation is adjusted to
match the one observed in the data, with an average pileup of about 50 interactions per bunch
crossing.

3 Object reconstruction
A particle-flow (PF) algorithm [36] reconstructs and identifies each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the en-
ergy 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 en-
ergy 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 func-
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tion of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energy deposits. The primary vertex (PV)
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. [37].

For each event, hadronic jets are clustered from these reconstructed particles using the anti-kT
algorithm [38, 39] with a distance parameter of 0.4. The jet momentum is determined as the
vectorial sum of all particle momenta in the jet, and is found from simulation to be, on aver-
age, differs less than 5–10% from the true momentum over the whole transverse momentum
(pT) spectrum and detector acceptance. Jet energy corrections are derived from simulation to
bring, on average, the measured response of jets close to that of generator-level jets. In situ
measurements of the momentum balance in dijet, γ+jet, Z+jet, and multijet events are used to
account for any residual differences in the jet energy scale between data and simulation [40].
The jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at
1 TeV [40]. Selection criteria are applied to remove jets potentially dominated by anomalous
contributions from various subdetector components or reconstruction failures [41, 42]. Pileup
interactions can produce additional tracks and calorimetric energy depositions to the jet mo-
mentum. The pileup-per-particle identification algorithm (PUPPI) [43, 44] is used to mitigate
the effect of pileup at the reconstructed particle level, making use of local shape information,
event pileup properties, and tracking information. A local shape variable is defined, which
distinguishes between collinear and soft diffuse distributions [43] of other particles surround-
ing the particle under consideration. The former is attributed to particles originating from the
hard scattering and the latter to particles originating from pileup interactions. Charged parti-
cles identified to be originating from pileup vertices are discarded. For each neutral particle, a
local shape variable is computed using the surrounding charged particles compatible with the
primary vertex within the tracker acceptance (|η| < 2.5), and using both charged and neutral
particles in the region outside of the tracker coverage. The momenta of the neutral particles are
then rescaled according to their probability to originate from the primary interaction vertex de-
duced from the local shape variable, superseding the need for jet-based pileup corrections [43].
The jet multiplicity Nj counts the number of reconstructed jets with pT > 30 GeV and |η| < 2.5.

Jets falling within ∆R =
√
(∆η)2 + (∆ϕ)2 < 0.4 (where ϕ is azimuthal angle in radians) of a

selected charged lepton, as described below, are discarded.

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

of all the PF candidates in an event, and its magnitude is denoted as pmiss
T [41]. The p⃗ miss

T is
corrected to account for corrections to the energy scale of the reconstructed jets in the event.
The PUPPI algorithm is applied to reduce the pileup dependence of the p⃗ miss

T observable. The
p⃗ miss

T is computed from the PF candidates weighted by their probability to originate from the
PV [41].

Jets with pT > 20 GeV and |η| < 2.5 originating from b quarks are identified (“tagged”) by
a multivariate algorithm called DEEPJET [45]. For the chosen working point, the efficiency to
select b jets is about 90% and the rate for incorrectly tagging jets originating from the hadron-
ization of gluons or u, d, s quarks is about 10%. The rate for mistagging jets originating from
the hadronization of c quarks is about 50%.

Electrons and muons are reconstructed by associating a track reconstructed in the tracking
detectors with either a cluster of energy in the ECAL [46] or a track in the muon system [47].
Electron and muon candidates must pass certain identification criteria to be further selected in
the analysis. A “loose” identification is defined by requiring pT > 10 GeV and |η| < 2.5 (2.4) for
electrons (muons). A “tight” selection is required as a last step of the lepton selection following
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the definitions provided in Refs. [46, 47], including requirements on the impact parameter of
the candidates with respect to the PV and their isolation with respect to other particles in the
event [48].

4 Event selection
Collision events were collected using a single-electron (single-muon) trigger that requires the
presence of an isolated lepton with pT > 27 (24) GeV. In addition, a set of dilepton triggers with
a threshold of 23 GeV for the leading lepton and with a threshold of 8 GeV for the subleading
lepton are used. This ensures a trigger efficiency above 99% for events that satisfy the offline
selection.

In the analysis, the SR requirements are applied to isolate the signal topology while reducing
the background processes. The CR requirements are applied to select regions dominated by
background processes to constrain them. The main analysis strategy is to simultaneously fit
all these regions to measure the signal processes and to control the normalization of the back-
ground components.

The leptonic final state in the WW → e±νµ∓ν channel consists of two oppositely charged,
high-pT, isolated leptons. Selected events contain exactly one electron and one muon with op-
posite charge, including those originating from leptonic tau decays. The leading (pℓmax

T ) and
subleading (pℓmin

T ) lepton pT values are required to be larger than 25 and 20 GeV, respectively.
Events containing any additional loosely identified lepton with pT > 10 GeV are rejected to
suppress backgrounds from WZ and ZZ processes. The dilepton invariant mass (mℓℓ) is re-
quired to be larger than 85 GeV to reject Z → τ+τ− and Higgs boson background events. To
reduce top quark background contributions, events with one or more b-tagged jets are rejected.

Several orthogonal background-enriched CRs are used to select event samples enriched with
top quark (referred to as “one b tag” and “two b tags”), Z → τ+τ− (referred to as “Z → ττ”),
and nonprompt-lepton background (referred to as “same-sign”) events. The top quark CRs are
defined by requiring the WW SR selection with the exception of the b jet veto requirement,
which require either exactly one or two b jets. The Z → ττ CR is defined by inverting the
mℓℓ requirement, and by requiring pℓℓT < 30 GeV. Finally, the nonprompt-lepton CR is defined
by requiring a total lepton charge of ±2. Table 1 summarizes the event selection used in these
regions. All regions are split in events with 0, 1, 2, and ≥ 3 reconstructed jets.

Table 1: Summary of the requirements defining the WW SR and dilepton CRs.

Quantity WW One/two b tags Z → ττ Same-sign
Number of tight leptons Strictly 2
Additional loose leptons 0
Lepton charges Opposite Same
pℓmax

T >25 GeV
pℓmin

T >20 GeV
mℓℓ >85 GeV >85 GeV <85 GeV >85 GeV
pℓℓT — — <30 GeV —
Number of b-tagged jets 0 1/2 0 0
Nj 0/1/2/ ≥ 3

In addition, two CRs enriched in WZ → 3ℓν and ZZ → 4ℓ events are selected in the data, as
described in Table 2. The WZ → 3ℓν region is selected by requiring three leptons with a total
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charge ±1. One of the oppositely charged same-flavour leptons from the Z boson candidate
is required to have pT > 25 GeV and the other pT > 10 GeV, and the invariant mass of the
pair must satisfy |mℓℓ − mZ | < 15 GeV. In candidate events with three same-flavour leptons,
the oppositely charged leptons with the invariant mass closest to the nominal Z boson mass
mZ [49] is selected as the Z boson candidate. The third lepton with pT > 20 GeV is associated
with the W boson. The trilepton invariant mass (mℓℓℓ) is required to exceed 100 GeV. The
pmiss

T associated with the undetected neutrinos is required to be greater than 30 GeV. Finally,
to reduce top quark background contributions, events with one or more jets tagged as b jets
are rejected. The ZZ → 4ℓ region is selected by requiring four leptons, where at least one
lepton must have pT > 25 GeV. Lepton pairs originating from hadronic decays are removed by
requiring that all opposite-sign lepton pairs in the candidate have mℓℓ > 5 GeV. The Z boson
candidates are built from two oppositely-charged leptons of the same flavour. Events with two
of such pairs are retained. Finally, to emulate the WW SR, events with one or more b tagged
jets are rejected.

Table 2: Summary of the requirements defining the WZ and ZZ CRs.

Variable WZ ZZ
Number of tight leptons Strictly 3 Strictly 4
Additional loose leptons 0
Lepton pT >25/10/20 GeV >25/20/10/10 GeV (pT ordered)
|mℓℓ − mZ | <15 GeV <15 GeV (both pairs)
m3ℓ >100 GeV —
m4ℓ — >150 GeV
pmiss

T >30 GeV —
Number of b-tagged jets 0

5 Background estimation
A combination of methods based on CRs in data and simulation is used to estimate background
contributions. The main background processes are normalized by comparing the predicted
yields to data in several CRs, defined to be as close as possible to the SR.

The largest background contribution comes from top quark production, predominantly from
tt and tW events. This contribution arises when b jets are not tagged either because they fall
outside the kinematic region where tagging is possible or because they receive low scores from
the DEEPJET b tagging algorithm. An estimate of the top quark background is obtained in each
individual reconstructed jet multiplicity bin using the CRs explained in Section 4. Following
the procedure used in a measurement of the tt production cross section [50], two CRs requiring
exactly one and exactly two b-tagged jets are defined. By considering events in these two
regions separately, the impact of the uncertainties in b tagging efficiency is reduced by about
50%. The next largest background contribution comes from the Drell–Yan process from Z → ττ
production with both τ leptons decaying leptonically. The CR described in Section 4 is used to
estimate the normalization of this process.

The next most important background contribution comes from events with nonprompt lep-
tons. The simulation alone cannot be used for an accurate estimate of this contribution, but
it can be used in conjunction with the data yields in the CR to determine a background esti-
mate. A “pass-fail” control sample is defined by one lepton that passes the lepton selection
criteria and another that fails the criteria but passes looser criteria. The misidentification rate
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f for a jet that satisfies loose lepton requirements and also passes the standard lepton require-
ments is determined using a sample dominated by multijet events with nonprompt leptons.
This misidentification rate is parameterized as a function of lepton pT and η and used to com-
pute weights f /(1 − f ) in the pass-fail sample that are used to determine the contribution of
nonprompt leptons in the signal region [48, 51]. The systematic uncertainty to estimate this
background is dominated by the uncertainty in the determination of f , which has two sources:
the dependence of f on the sample composition, and the method. The first source is estimated
by modifying the jet pT threshold in the QCD multijet sample and by requiring one b jet, which
change the composition. The uncertainty in the method is obtained from a closure test, where f
is derived from simulated QCD multijet events and applied to simulated samples to predict the
number of background events. The limited sample size of the control sample is also taken into
account. In addition, the same-sign CR, enhanced in nonprompt lepton background events, is
used to estimate in situ the normalization of this background, as described in Section 4.

The normalizations of the WZ → 3ℓν and ZZ → 4ℓ background processes are estimated
using the dedicated CRs described in the previous section. The remaining minor sources of
background, including triboson final states, top quarks in association with vector bosons, and
Higgs-mediated WW production, are evaluated using simulations normalized to the most pre-
cise theoretical cross sections available.

6 Systematic uncertainties
Multiple sources of systematic uncertainty are considered in the measurement of the inclusive
and differential cross sections. The uncertainties are included through nuisance parameters in
the profile likelihood fit [16, 52], described in Section 7. They can affect either the normaliza-
tion or both the normalization and the shape of the distributions of the signal or background
processes. For each source, the predicted event samples are used to construct corresponding
template histograms that describe the expected signal and background distributions for a spe-
cific nuisance parameter variation. In the fit of the templates to the data, the best values for
both the measured cross section and all nuisance parameters are determined simultaneously.

The uncertainty in the integrated luminosity measurements for the data used in this analysis is
1.4% [53]. The uncertainty in the simulation of pileup events is evaluated by varying the total
inelastic pp cross section of 69.2 mb by ±5%, which has an impact in the expected signal and
background yields of about 1%.

Discrepancies in the lepton reconstruction and identification efficiencies between data and sim-
ulation are corrected by applying scale factors to all simulation samples. These scale factors,
which depend on the pT and η for both electrons and muons, are determined using Z → ℓℓ
events in the Z boson peak region that were recorded with independent triggers [46, 47, 54],
with associated uncertainties of about 0.5% for both electrons and muons. The uncertainty in
the determination of the trigger efficiency leads to an uncertainty smaller than 1% in the ex-
pected signal yield. The lepton momentum scale uncertainty is computed by varying the mo-
menta of the leptons in simulation by their uncertainties, and repeating the analysis selection.
The resulting uncertainties in the yields are about 0.1% for both electrons and muons.

The uncertainty in the calibration of the jet energy scale and resolution affects the selection
efficiency of the jet multiplicity requirement and the pmiss

T measurement. These effects are es-
timated by changing the jet energy in the simulation up and down by one standard deviation.
The uncertainty in the jet energy scale and resolution is 2–5%, depending on the pT and η [40],
and the impact on the expected signal and background yields is 1–4% depending on the recon-
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structed jet multiplicity bin.

The b tagging efficiency in the simulation is corrected using scale factors determined from
data [55]. These values are estimated separately for heavy-flavour and light-flavour or gluon
jets. Each set of values results in uncertainties in the b tagging efficiency of about 1–4% to select
events in the WW SR, and the impact on the expected signal and background yields is about
1%.

The dominant theoretical uncertainties for simulated processes correspond to missing higher-
order QCD calculations, which are estimated by varying the QCD renormalization and fac-
torization scales independently up and down by a factor of two from their nominal values.
The largest cross section variation is taken as the uncertainty, excluding the two extreme vari-
ations where one scale is varied up and the other one down. The PDF and strong coupling
αS uncertainties are evaluated according to the procedure described in Ref. [56]. The theoret-
ical uncertainty due to the modelling of the PS is included for all the simulated samples. The
uncertainty in the PS modelling is evaluated by varying the PS weights related to initial- and
final-state radiation contributions computed by PYTHIA on an event-by-event basis [33], tak-
ing the uncertainty as the largest cross section variation on every analysis bin. The theoretical
uncertainties are treated as fully correlated across bins for the distributions used to extract the
results.

The branching fraction for leptonic decays of W bosons is B(W → ℓν) = 0.1086 ± 0.0009 [49],
and lepton universality is assumed to hold. This is used to quote the total inclusive cross section
starting from the undecayed W bosons. The uncertainty coming from this branching fraction
is not included in the uncertainty to estimate the inclusive cross section, since all theoretical
predictions are computed using fully leptonic decays, and a simple numerical multiplication is
applied to quote the total value. A summary of all other systematic uncertainties for inclusive
signal strength (µ), the inclusive cross section measurement divided by the predicted cross
section, is given in Table 3.

Table 3: Systematic uncertainties on µ, the measured inclusive cross section divided by the
predicted cross section. Lepton experimental uncertainties encompass the effects of calibration
of lepton momentum scale and resolution, as well as lepton trigger, reconstruction, identifica-
tion, and isolation efficiencies. Jet experimental uncertainties encompass the effects of the jet
energy scale and resolution. The limited sample size category is related to the finite number of
MC events and data events used for data-driven background estimates.

Uncertainty source ∆µ

Integrated luminosity 0.014
Lepton experimental 0.019
Jet experimental 0.008
b tagging 0.012
Nonprompt background 0.010
Limited sample size 0.017
Background normalization 0.018
Theory 0.011
Statistical 0.018

Total 0.044
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7 Results
The results include the WW total inclusive cross section, and both the inclusive and normal-
ized differential cross sections measured as a function of the jet multiplicity in the event, in a
fiducial region that is close to the detector acceptance. The cross sections are extracted from the
data using a binned maximum likelihood fit [16, 52] from the observed yields in Nj using the
WW SR and the one/two b tags, Z → ττ , same-sign, WZ and ZZ CRs. In differential distribu-
tions, for each source of uncertainty, the impact in different bins is considered fully correlated.
As described above, the normalization of the main background contributions are constrained
for the extraction of results by the data in the CRs. In this fit, a signal strength parameter mod-
ifies the predicted signal yield defined by the central value of the theoretical cross section. The
fitted value of the signal strength is expected to be close to unity if the SM is valid, and the
measured cross section is the product of the signal strength and the theoretical cross section.
All uncertainties considered in the analysis are treated as nuisance parameters in the fit. When
building the likelihood function, each shape systematic uncertainty is associated to a nuisance
parameter taken from a unit Gaussian distribution, which is used to interpolate or extrapolate
using the specified histograms, and correlations between processes are also included. Statisti-
cal uncertainties in the signal and backgrounds are also treated as nuisance parameters, but are
constrained by assigning a Poisson function to each analysis bin [57]. These constraints penal-
ize the likelihood fit if the estimated nuisance parameters pull from their measured values.

The W+W− → e±νµ∓ν fiducial region is defined by a common set of kinematic requirements
across the muon and electron final states, with all quantities evaluated at generator level af-
ter PS and hadronization, emulating the selection performed at the reconstruction level. The
measured distributions, after subtracting the contributions from the background processes, are
corrected for detector resolution effects and inefficiencies. The leptons at generator level are
selected at the so-called “dressed level” by combining the four-momentum of each lepton after
the final-state photon radiation with that of photons found within a cone of ∆R = 0.1 around
the lepton [54, 58]. The fiducial region is defined by requiring two opposite-sign electrons and
muons with |η| < 2.5, with a leading and trailing pT > 25 GeV and pT > 20 GeV, respec-
tively. Furthermore, mℓℓ is required to be larger than 85 GeV. The jets at the generator level
are clustered from stable particles (i.e. those with lifetimes greater than 0.3 × 10−10 s), exclud-
ing neutrinos, using the anti-kT clustering algorithm with R = 0.4, and are required to have
pT > 30 GeV and |η| < 2.5. The jets within ∆R(j, ℓ) < 0.4 of the selected charged leptons
are excluded. Electrons and muons produced in the decay of a τ lepton are excluded from
the definition of the fiducial region, although they are treated as part of the signal component.
All fiducial requirements are listed in Table 4. Nonfiducial events, i.e. events selected at the
reconstructed level that do not satisfy the fiducial requirements, are included as background
processes in the simultaneous fit.

To perform inclusive fiducial and normalized differential production cross section measure-
ments, signal templates from different bins of the generator-level observable predicted by the
event generator are built [10, 59, 60]. Each signal template is considered as a separate process in
the simultaneous binned maximum likelihood fit; thus, the signal extraction and the unfolding
of the detector effects are achieved in a single step. The ratios of the differential cross sections
relative to the total fiducial cross section (normalized cross sections) and the inclusive fiducial
cross section are evaluated simultaneously, and therefore, the systematic uncertainties in the
individual cross sections are largely reduced. The total fiducial cross section and the fractions
of events in two of the three jet multiplicity bins are freely floating in the fit. In this way, the
normalized cross section has the same number of degrees of freedom as a differential measure-
ment. The fraction of nonfiducial events and pileup jets for the differential measurements is
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Table 4: Definition of the fiducial region.

Variable Requirement
Lepton origin Direct decay of a prompt W boson
Lepton definition Dressed leptons (e±µ∓)
Leading lepton pT pℓmax

T > 25 GeV
Trailing lepton pT pℓmin

T > 20 GeV
Additional leptons 0
|η| of leptons |η| < 2.5
Dilepton mass mℓℓ > 85 GeV
Jet pT pj

T > 30 GeV
|η| of jets |ηj| < 2.5
Jet-lepton removal ∆R(j, ℓ) > 0.4

below 1%.

The data, signal, and background yields in all regions used in the analysis are shown in Ta-
bles 5 and 6. In the background categories, the symbol V represents either a W or Z boson, and
tVx represents final states with a top quark, a gauge boson, and possibly additional jets. The
distributions of the number of reconstructed jets, and the number of events in the WZ → 3ℓν
and ZZ → 4ℓ CRs after the fit to the data are shown in Fig. 1. Because of the anticorrela-
tion between the yields of the signal and background processes, the total uncertainty in the
different regions is smaller than the uncertainties in some of the individual contributions.
The measured inclusive cross section based on the simultaneous fit of all event categories is
125.7 ± 2.3 (stat) ± 4.8 (syst) ± 1.8 (lumi) pb = 125.7 ± 5.6 pb, which is consistent with the the-
oretical prediction within uncertainties. A summary of the inclusive fiducial cross section and
normalized cross sections obtained in the analysis is shown in Table 7. Figure 2 presents a sum-
mary of WW production cross section measurements at different center-of-mass energies and a
comparison with fixed-order predictions produced via the MATRIX framework [12, 61]. Results
are consistent with the theoretical predictions across all center-of-mass energies. The normal-
ized fiducial cross section measurement as a function of Nj is shown in Fig. 3. The measurement
is compared to predictions with POWHEG+PYTHIA, NNLO QCD × NLO EW predictions using
MATRIX calculations, and NNLO in QCD predictions using POWHEG MINNLO [62, 63] v2
interfaced with PYTHIA. The measured fiducial cross sections agree with the theoretical pre-
dictions within uncertainties. Nevertheless, the predictions using POWHEG MINNLO seem to
give a sizable improvement with respect to older predictions. Tabulated results are provided
in HEPData [64].

8 Summary
First measurements at

√
s = 13.6 TeV of the WW production cross section in proton-proton col-

lisions have been presented. The data used in this study were collected with the CMS detector
at the CERN LHC in 2022, and correspond to an integrated luminosity of 34.8 fb−1. Events were
selected by requiring one electron and one muon of opposite charge. A maximum likelihood
fit has been performed in event signal- and background-enriched categories defined by the
flavour and charge of the leptons, the number of jets, and number of jets identified as originat-
ing from b quarks. An inclusive WW production cross section of 125.7± 2.3 (stat)± 4.8 (syst)±
1.8 (lumi) pb = 125.7 ± 5.6 pb is measured, in agreement with the standard model prediction.
The overall sensitivity is about 25% better than previous CMS measurements at

√
s = 13 TeV

with a similar integrated luminosity, because of several reduced experimental uncertainties
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Table 5: Data, signal, and background yields combining all reconstructed jet multiplicity bins.
The combination of the statistical and systematic uncertainties is shown. The expected yields
are shown with their best fit normalizations from the simultaneous fit to data.

WW SR Same-sign CR Z → ττ CR One b tag CR Two b tags CR
Data 43 898 3 456 56 551 68 656 57 617

WW 16 220± 650 81.7± 9.5 2 662± 94 2 220± 180 248± 54
Top quark 19 760± 480 87.3± 8.4 1 126± 34 63 340± 750 55 610± 620
Z → ττ 2 124± 72 57.0± 9.3 45 630± 590 227± 27 19.6± 7.9
WZ 487± 21 512± 24 97.6± 4.9 96.9± 6.3 11.8± 1.7
ZZ 37.1± 1.7 33.6± 1.7 66.0± 3.9 6.9± 0.5 1.0± 0.1
Nonprompt 4 860± 320 2 390± 130 6 550± 440 2 630± 270 1 640± 220
VVV 75.9± 3.7 25.8± 1.3 4.7± 0.4 33.7± 2.1 8.7± 0.8
tVx 10.7± 1.5 8.7± 2.7 0.7± 0.1 44.1± 3.2 52.1± 3.3
Vγ 225± 18 232± 19 69.2± 7.6 43.2± 9.5 3.1± 0.9
Higgs boson 90± 14 27.5± 5.2 344± 52 29.3± 4.8 20.7± 3.2

Total 43 890± 410 3 460± 130 56 550± 420 68 670± 560 57 610± 490

Table 6: Data, signal and background yields in events in the WZ and ZZ CRs. The combination
of the statistical and systematic uncertainties is shown. The expected yields are shown with
their best fit normalizations from the simultaneous fit to data.

WZ CR ZZ CR
Data 4 732 610

WZ 3 470± 130 0.9± 0.1
ZZ 270± 29 599± 25
Nonprompt 820± 120 < 1
VVV 60.4± 3.7 5.4± 0.3
tVx 25.7± 3.1 2.3± 0.2
Higgs boson 55.4± 8.8 2.5± 0.
Vγ 28.3± 3.1 < 1

Total 4 732± 78 610± 25

Table 7: Inclusive fiducial cross section and normalized cross sections for events with Nj =
0, 1,≥2 jets. The uncertainty listed is the total uncertainty obtained from the fit to the yields.
The expected predictions are obtained from POWHEG+PYTHIA. In parentheses, the split of
systematic and statistical uncertainties are reported.

Observable Expected Observed
Cross section (fb) 812 ± 34 (31, 15) 813 ± 35 (32, 15)
0-jet fraction 0.648 ± 0.015 (0.012, 0.009) 0.640 ± 0.016 (0.013, 0.009)
1-jet fraction 0.256 ± 0.013 (0.008, 0.010) 0.243 ± 0.013 (0.009, 0.010)
≥2-jet fraction 0.096 ± 0.011 (0.008, 0.008) 0.119 ± 0.011 (0.008, 0.008)



11

0 1 2 3

jN

0

1

2

3

4

310×
E

ve
nt

s 
/ b

in Data
Total unc.
WW
Top quark
Drell-Yan
WZ
ZZ

Nonprompt
VVV
tVx

γV
Higgs bosonSame-sign CR

 (13.6 TeV)-134.8 fb

CMS

0 1 2 3
jN

0.9
1

1.1

D
at

a/
S

M 0 1 2 3

jN

0

20

40

310×

E
ve

nt
s 

/ b
in Data

Total unc.
WW
Top quark
Drell-Yan
WZ
ZZ

Nonprompt
VVV
tVx

γV
Higgs bosonWW SR

 (13.6 TeV)-134.8 fb

CMS

0 1 2 3
jN

0.9
1

1.1

D
at

a/
S

M

0 1 2 3

jN

0

50

100

310×

E
ve

nt
s 

/ b
in Data

Total unc.
WW
Top quark
Drell-Yan
WZ
ZZ

Nonprompt
VVV
tVx

γV
Higgs boson CRττ →Z 

 (13.6 TeV)-134.8 fb

CMS

0 1 2 3
jN

0.9
1

1.1

D
at

a/
S

M 0 1 2 3

jN

0

20

40

60

310×

E
ve

nt
s 

/ b
in Data

Total unc.
WW
Top quark
Drell-Yan
WZ
ZZ

Nonprompt
VVV
tVx

γV
Higgs bosonOne b tag CR

 (13.6 TeV)-134.8 fb

CMS

0 1 2 3
jN

0.9
1

1.1

D
at

a/
S

M

0 1 2 3

jN

0

20

40

310×

E
ve

nt
s 

/ b
in Data

Total unc.
WW
Top quark
Drell-Yan
WZ
ZZ

Nonprompt
VVV
tVx

γV
Higgs bosonTwo b tag CR

 (13.6 TeV)-134.8 fb

CMS

0 1 2 3
jN

0.9
1

1.1

D
at

a/
S

M 0.5− 0 0.5 1 1.5

WZ                                 ZZ              

0

2

4

6

8

310×

E
ve

nt
s 

/ b
in Data

Total unc.
WZ
ZZ
Nonprompt
VVV
tVx

γV
Higgs boson

WZ/ZZ CRs

 (13.6 TeV)-134.8 fb

CMS

0.5− 0 0.5 1 1.5
WZ                                 ZZ              

0.9
1

1.1

D
at

a/
S

M

Figure 1: Distributions of the number of reconstructed jets after the fit to the data in the WW SR
(upper left), same-sign CR (upper right), Z → ττ CR (center left), one b tag CR (center right),
and two b tags CR (lower left), and the number of events in the WZ → 3ℓν and ZZ → 4ℓ
CRs (lower right). The histograms for tVx backgrounds include the contributions from ttV(V)
processes. The histograms for Vγ backgrounds include the contributions from Wγ and Zγ
processes. The overflow is included in the last bin. The bottom panel in each figure shows
the ratio of the number of events observed in data to that of the total SM prediction. The
grey bands represent the uncertainties in the predicted yields. The vertical bars represent the
statistical uncertainties in the data.
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Figure 2: Results obtained in this analysis and other WW production cross section measure-
ments at different center-of-mass energies for the CMS [6, 7, 10], ATLAS [5, 8, 65], CDF [66],
and D0 [67] Collaborations are presented, and compared with the NNLO QCD × NLO EW
and NLO predictions from MATRIX. The vertical error bars represent the uncertainty in the
measured cross section.

and the improved fit strategy. Cross sections have also been reported in a fiducial region close
to that of the detector acceptance, both inclusively and differentially, as a function of the jet
multiplicity in the event. For first time in proton-proton collisions, WW events with at least
two reconstructed jets are studied and compared with the most precise theoretical predictions.
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