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The first observation of the production of W* W= bosons from double parton scattering processes using
same-sign electron-muon and dimuon events in proton-proton collisions is reported. The data sample

corresponds to an integrated luminosity of 138 fb~! recorded at a center-of-mass energy of 13 TeV using
the CMS detector at the CERN LHC. Multivariate discriminants are used to distinguish the signal process
from the main backgrounds. A binned maximum likelihood fit is performed to extract the signal
cross section. The measured cross section for production of same-sign W bosons decaying leptoni-
cally is 80.7 & 11.2(stat) "g7 (syst) £ 12.1(model) fb, whereas the measured fiducial cross section is
6.28 £ 0.81(stat) + 0.69(syst) £ 0.37(model) fb. The observed significance of the signal is 6.2 standard

deviations above the background-only hypothesis.

DOI: 10.1103/PhysRevLett.131.091803

Double parton scattering (DPS) events, in which two
hard parton-parton interactions occur in a single proton-
proton (pp) collision, have been proposed and studied
since the advent of the parton model and hadron colliders
[1-9]. The study of such events sheds light on the internal
structure of the colliding protons. Primarily, the study of
DPS processes provides information on the transverse
profile of the proton and its energy evolution, information
that is otherwise not accessible in single parton scattering
(SPS) events. In addition, processes with two or more hard
parton-parton scatterings allow the study of correlations
among the partons from the same proton in terms of
momentum, flavor, color, and spin.

In the simplest theoretical model [10], the two parton-
parton interactions in DPS can be considered entirely
uncorrelated, and the expected DPS cross section can be
written as the (normalized) product of the SPS cross
sections to produce processes A and B independently, as

no,o
DPS __ A®B
O4p ) ) (1)
Oeff

where 7 is a combinatorial factor that takes a value of unity
if A = B and two otherwise. The denominator o.; can be
interpreted as being proportional to the average squared
transverse distance between the interacting partons, and it
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serves as a useful quantity to compare DPS processes in
different production modes. Its experimental value ranges
between 2 and 10 mb for gluon-initiated and 10 and 25 mb
for quark-initiated DPS production processes [11-29].

As the center-of-mass energy of pp collisions increases,
so does the density of sea quarks and gluons, which, in turn,
leads to increased DPS contributions to many final states
where pairs of heavy particles are produced. These addi-
tional DPS contributions can limit the precision of searches
for new physics [30] and the accuracy of high-precision
standard model analyses [31]. Therefore, it is important to
study DPS processes in different production modes and
final states. Theoretical advancements [8] have improved
upon the simple “geometric” approach on which Eq. (1) is
based. The introduction of interparton correlations via
double parton distribution functions (dPDF) [32-35],
which include parton splitting effects and impact parameter
dependence, has led to the first dPDF-based Monte Carlo
(MC) event generator for DPS events, dshower [36].

The production of leptonically decaying same-sign (SS)
W boson pairs is a promising process to study DPS [37]. Its
experimental signature is rather clean and easy to trigger
on, and the SPS W*W= production is highly suppressed
because of two additional partons produced in the final
state compared with the opposite-sign configuration.
Figure 1 illustrates the production of W*W* via the
DPS and SPS processes at leading order (LO) accuracy
in electroweak and perturbative quantum chromodynamics
(QCD). The DPS W* W+ production has not been observed
experimentally, and the existing searches for the process are
not statistically significant due to the size of the available
data samples [25,38].
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FIG. 1. Example Feynman diagrams for leptonically decaying
W*W* bosons produced via DPS (upper) and SPS (middle and
lower) processes.

This Letter presents the first observation of DPS W*W*
production using pp collision data at /s = 13 TeV. The
data sample corresponds to an integrated luminosity of
138 fb~! collected using the CMS detector during the
2016-2018 operation of the LHC. The W bosons are
required to decay into final states consisting of two SS
leptons (e*u* or u*u®), including the contributions from
leptonic 7 decays. As in Refs. [25,38], the dielectron final
state is not considered because of the larger background,
but the overall analysis strategy has been reoptimized to
enhance the signal sensitivity.

The CMS apparatus [39] is a multipurpose, nearly
hermetic detector, designed to trigger on [40,41] and
identify electrons, muons, photons, and hadrons [42-45].
A global “particle-flow” (PF) algorithm [46] reconstructs
all individual particles in an event, combining information
from the silicon tracker and the crystal electromagnetic
(ECAL) and the brass-scintillator hadron calorimeters,
which all operate within a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors
embedded in the flux-return yoke outside the solenoid.
Details of the event reconstruction used to define the

primary vertex (PV) and build leptons, jets, hadronically
decaying 7 leptons (z,), and missing transverse momentum
(p'riss) are provided in Refs. [47-52]. Events of interest are
selected using a two-tiered trigger system. The first level
(L1), composed of custom hardware processors, selects
events at a rate of around 100 kHz [40]. The second level,
known as the high-level trigger, further reduces the event
rate to around 1 kHz before data storage [41].

Charged leptons are required to originate from the
primary vertex (PV) to avoid contributions from additional
pp interactions in the same and nearby bunch crossings
(pileup). Electrons are identified using a multivariate
analysis (MVA) discriminant that combines observables
sensitive to the matching of charged-particle tracks in the
tracker to the energy deposits in the ECAL and the number
of bremsstrahlung photons emitted along their trajectory
[42,53]. The identification of muons is based on linking
track segments reconstructed in the silicon tracker to hits in
the muon detectors [43]. Further selection criteria are
applied to ensure the correct assignment of the electric
charge of the leptons in the reconstruction [42]. Lepton
isolation requirements are imposed following the same
approach as in Ref. [54]. The electron (muon) candidates
are required to pass minimal kinematic selection criteria of
pr > 10 GeV and |n| < 2.5(2.4) and are referred to as
“loose” leptons. The “tight” lepton selection used in the
analysis employs an MVA discriminant to separate prompt
leptons coming from the decays of W or Z (V') bosons, or =
leptons and nonprompt leptons [54]. The nonprompt
leptons originate from the decays of light- and heavy-
flavor hadrons inside jets produced via strong interactions
(QCD multijet), hadrons misidentified as leptons, and
electrons from photon conversions. The MVA discriminant
is trained using a set of observables related to the lepton
kinematics, isolation, and identification, as well as varia-
bles relating the lepton to the PV and to the nearest
reconstructed PF jet [54]. Reconstructed jets must not
overlap with identified electrons, muons, or z;, within

AR = \/(An)? + (A¢)? < 0.4, where ¢ is the azimuthal
angle in radians. The DeepJet b-tagging algorithm [55,56] is
used to identify jets originating from the hadronization
of b quarks. The chosen working point corresponds to a
b-tagging efficiency of 84% and a mistag rate of 11% for
light-flavor quark and gluon jets.

Collision events are collected using a combination of
single-lepton and dilepton triggers that require the presence
of one or two isolated leptons above certain p; thresholds
[41]. The resulting trigger efficiency is above 98% for
events passing the subsequent offline selection criteria.

The dominant background contribution arises from the
WZ process, in which both bosons decay leptonically and
one of the leptons from the Z boson decay either is out of
the detector acceptance or does not pass the lepton
identification criteria. The nonprompt-lepton backgrounds
include predominantly W 4 jets and QCD multijet events,
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with smaller contributions from 7 production. Other
sources of background include Wy* events, Vy events with
a photon conversion, and ZZ, as well as rare backgrounds,
which include SPS W*W=, VVV, and ¢V production. A
minor background contribution stems from Drell-Yan (DY)
events when the charge of one lepton is mismeasured. The
charge mismeasurement in dimuon events is negligible
[43], although it is nonzero for electrons [42]. Hence, the
lepton charge misidentification (“charge misid”) back-
ground contributes to the e*u* channel only. The con-
tribution to the signal yield from the production of two
overlapping W bosons from pileup is negligible.

The signal process is characterized by the presence of a
SS lepton pair with a moderate amount of pi's* and little jet
activity. The signal region (SR) selection requires events
with exactly one pair of e*u® or p*u* with p; >
25(20) GeV for the leading (subleading) lepton. To reduce
the contribution from WZ background, events having either
a third loosely identified lepton with py > 10 GeV or a 7,
candidate with p; > 20 GeV and |n| < 2.3 are rejected.
The contributions from nonprompt-lepton backgrounds are
reduced by selecting events with p™* > 15 GeV and
dilepton invariant mass, my, > 12 GeV. '

Events are required to have at most one jet with p¥' >
30 GeV within |n;| < 2.4. Events with a b-tagged jet

having pl}Jet > 25 GeV and || < 2.4 are vetoed to
reject top quark events. For the e*u* channel, the dilepton
transverse momentum should satisfy p‘;f > 20 GeV to
suppress contributions from Vy and DY processes. To
increase the signal sensitivity, events in the SR are split into
four lepton flavor and charge categories: e*u™, e u~,
prpt, and ppm

The normalization of the WZ (ZZ) background is
estimated using WZ — 3/v (ZZ — 4¢) lepton control
regions (CR) by means of a maximum likelihood (ML)
fit to the invariant mass of the three- (four-) lepton system.
The WZ — 3/v CR is defined by requiring three tight
leptons including at least one opposite-sign same-flavor
(OSSF) lepton pair with |m,, —mz| < 10 GeV. The
invariant mass of the three-lepton system must be
> 100 GeV. The leading lepton is required to have
pr > 25 GeV, and trailing leptons with py > 15 GeV
are selected. The p™s threshold is raised to 50 GeV for
this CR, and the rest of the selection requirements are taken
from the SR. The ZZ — 47 CR requires an additional
fourth tight lepton with py > 10 GeV without any require-
ment on jets and pFs*. Both the OSSF lepton pairs should
have m,, compatible with the Z boson mass.

Various MC event generators are used to simulate the
signal and background processes. The signal process is
simulated at LO using the PYTHIA [57], HERWIG [58], and
dShower [36] generators. The PYTHIA sample, with leptoni-
cally decaying W bosons, is taken as the nominal signal
sample, and it predicts a signal cross section value of

olodV” = 86.4 fb with the tune cuetp8ml [14]. The tune
dependence of the PYTHIAS cross section is around 40%,
emphasizing the need for an experimental measurement.
The sample from HERWIG is used for estimating systematic
uncertainties. The PYTHIA v8.226 (8.230) using the NNPDF
2.3 [59] parton distribution functions (PDFs) with the
underlying tune cuetp8ml (cp5 [60]) is used for the
simulation of the 2016 (2017 and 2018) data-taking
periods. The event generator HERWIG++ (v2.7) [58,61] using
the CTEQG6L1 [62] PDF set with the tune CUETHppS1 [14]
is used for the 2016 data-taking period, whereas HERWIG7
(v7.1.4) using the NNPDF 3.1 [63] with PDF set ch3 tune
[64] is employed for 2017 and 2018. The dShower generator
uses dPDF [33,65] developed using the LO MSTW2008
[65] PDF set. For a given event generator, neither the
underlying event tune nor the PDF sets used to simulate the
signal samples impact the kinematic observables relevant to
the analysis.

The WZ background is simulated at next-to-LO
(NLO) in QCD with the MadGraph5_aMC@NLO v2.4.2 (2.6.5)
generator [66] using the FxFx jet merging scheme [67]
for the 2016 (2017 and 2018) data-taking period. The
MadGraph5_aMC@NLO generator is also used to simulate Vy,
1V, and triboson (VVV) production. The POWHEG BOX

(v2.0) code [68—70] is used to simulate SPS W*W=, ZZ, and
Wy* production processes. The simulated samples of
backgrounds for the 2016 data-taking period use the
NNPDF 3.0 [71,72] PDF set, whereas the NNPDF 3.1
set is used for 2017 and 2018. Background simulations and
the dShower event generator are interfaced with PYTHIAS for
modeling of the parton showering, hadronization, and
underlying event processes, which have similar versions
and tunes as the signal process. The CMS detector response
is modeled using GEANT4 [73], and the simulated events are
reconstructed with the same algorithms used for the data.
Simulated events are weighted to reproduce the pileup
distribution measured in the data. The average number of
pileup interactions was 23 (32) in 2016 (2017 and 2018).
Scale factors are applied to simulated samples to correct for
differences in the reconstruction and selection of physics
objects and in the trigger efficiencies between simulation
and data. These scale factors are measured with the “tag-
and-probe” method using DY events [74].

The nonprompt-lepton background is estimated directly
from data using the lepton misidentification rate method
[54]. The probability for a loose nonprompt lepton to pass
the tight lepton selection criteria (f,) is estimated using a
data control sample dominated by nonprompt leptons and is
parametrized as a function of p; and ||. Events in a
sideband of the SR, with at least one lepton failing the tight
lepton selection criteria, are reweighted with f, to estimate
the nonprompt-lepton background contribution. A similar
approach is used to estimate the background contribution
from ‘“charge misidentification” events by applying
the lepton charge misidentification rate to opposite-sign
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events in data. The charge misidentification rate is about
0.01% (0.10%) for electrons in the barrel (end cap) regions.

Because of the topological differences between the
dominant WZ and nonprompt-lepton backgrounds, two
separate boosted decision tree (BDT) discriminants [75] are
trained to distinguish the signal from these background
components. Addition of the BDT discriminant trained
against the nonprompt-lepton backgrounds improves the
signal sensitivity by 13%. The BDT training against
the WZ sample is done using its simulated sample, whereas
the training against nonprompt leptons is carried out using a
“tight-loose” control sample in data. Kinematic differences
between the signal and these backgrounds are explored to
define a set of input variables for the training of two
discriminants, which are optimized based on their dis-
criminating power. These input variables include transverse
momenta of the two leptons; p'FsS; product and absolute
sum of the 7 of the two leptons; separation in ¢» between the
leptons; separation in ¢» between the subleading lepton and
pmiss: separation in ¢ between the dilepton system and the
subleading lepton; transverse mass of the two leptons;
transverse mass of the leading lepton and p™'*; and the
“stransverse mass” of the dilepton and pT* system
[76,77]. The two BDT scores are mapped into a two-
dimensional (2D) plane in both discriminants. Further, the
2D plane is divided into 13 contiguous regions on which
the final fit is performed. This division into regions is
performed through optimization of the expected signal
significance.

The integrated luminosities for the 2016-2018 data-
taking years have individual uncertainties of 1.2%-2.5%
[78-80], while the overall uncertainty for the 2016-
2018 period is 1.6%. The simulation of pileup events
assumes an inelastic pp cross section of 69.2 mb, with an
associated uncertainty of 5% [81], which impacts the
expected signal and background yields by 1%. The
uncertainties in data to simulation scale factors correspond-
ing to the lepton trigger, reconstruction, and identification
result in an uncertainty of 3.3% (2.8%) for the e*u™ (u*u*)
final states. This also includes an uncertainty in the scale
factors applied to account for the L1 trigger inefficiency
observed in the |n| > 2.0 region for the 2016 and 2017
data-taking periods [40]. The jet energy scale uncertainties
affect the expected event yields by 3%. Uncertainties in the
PRiss are calculated by varying the momenta of unclustered
particles that are identified neither as a jet nor as a lepton
and affect the expected event yields by =2%. The uncer-
tainty in the b-tagging efficiency has an effect of ~1.8% on
the expected event yields.

For the e*u* (u*u*) channels, a normalization uncer-
tainty of 30% (25%) in the nonprompt-lepton background
accounts for the observed variations in the background
estimation method when applied to simulated samples. The
dependence of f, on the kinematics of the event sample in
which it is measured is included as a shape uncertainty [54].

A normalization uncertainty of 20% is applied to the
“charge misid” background, covering the differences in
the measurement of the charge misidentification rate in data
and simulation. The data-to-MC normalization factors of
the Vy background, measured using a dedicated CR [82],
are close to unity.

A 50% normalization uncertainty is applied to all other
small simulated backgrounds, accounting for the theoretical
uncertainties in the predicted cross sections. The theoretical
uncertainties associated with the choice of the renormal-
ization and factorization scales and the variations in the
PDFs and the strong coupling constant [83,84] affect the
simulated background yields by =1%. The effect of
variation in PDF sets is negligible for the signal simula-
tions. Any residual model dependence of the signal process
is estimated by allowing the shape of the final BDT
discriminant to vary between the PYTHIA and HERWIG
simulations, and the resulting effect is small. The statistical
uncertainties due to the limited size of the MC samples are
treated according to the Barlow-Beeston-lite method
[85,86].

The yield of the DPS W*W= process in the SR is
obtained by performing a binned ML fit simultaneously in
the SR and in the two CRs [87-89]; i.e., the normalization
factors for the WZ and ZZ backgrounds are included as free
parameters in the fit together with the signal process. The fit
is performed after combining all the background and signal
processes in the aforementioned lepton flavor and charge
categories, resulting in four independent distributions of the
final BDT discriminant per data-taking year. An excess of
events with respect to the background-only hypothesis is
observed, which is quantified by calculating the p value
using a profile likelihood ratio test statistic [87]. Figure 2
shows the BDT discriminant distribution after the ML fit
(postfit) for the four lepton flavor and sign categories. The
contributions from different backgrounds and the signal
processes are stacked on top of each other, and the
associated postfit uncertainties are also shown. The dis-
tributions of the kinematic variables used to train the BDT
discriminants along with the two BDT discriminants are
shown in Supplemental Material [90].

The measured value of oflpd” is  80.7+
11.2(stat) 192 (syst) & 12.1(model) fb, where the model
uncertainty accounts for the difference in cross sections
obtained in the experimental acceptance region with the
PYTHIA and HERWIG simulations. The observed statistical
significance of the signal is 6.2 standard deviations above
the background-only hypothesis. Separate fits to the e*u*
and p*u* channels indicate that the two measurements
agree within 1.7 standard deviations. The DPS W*W=
production cross section is also measured in a fiducial
volume, defined using two generator-level SS “dressed”
leptons (e*u* or u*u*) from W boson decays excluding
the events with leptonically decaying 7 leptons. The leptons
are dressed by adding the momenta of generator-level
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FIG. 2. Postfit distribution of the final BDT discriminant output
for the four lepton flavor and sign categories. The SPS W* W+,
ttV, and VVV contributions are grouped as the “rare” back-
ground. The total postfit uncertainty in the signal and background
predictions is shown as the hatched band. The bottom panels
show the ratio of data to the sum of all background contributions
as the black data points along with the extracted signal shown by
the red line. The vertical error bars on the data points represent the
statistical uncertainty of the data.

photons within a cone of AR(¢,y) < 0.1 to their momenta
and are required to pass kinematic requirements on the pr,
n, mgs, and p4¢ variables from the SR selection. The
measured fiducial cross section is 6.28 £ 0.81(stat)+
0.69(syst) & 0.37(model) fb, where the model uncertainty
represents the observed difference in reconstruction effi-
ciencies within the fiducial region obtained using the
PYTHIA and HERWIG simulations. The measured value of
the inclusive (fiducial) cross section is in agreement with
the predicted value of 86.4 (6.74) fb by PYTHIAS with the
tune cuetp8m1 and dShower. A value of o is extracted from
Eq. (1), using the measured o}}pd"" value and the next-to-
NLO prediction for the single W (W™) production cross
section including leptonic decays of 35.4 + 1.4(26.0 +
1.0) nb [91,92]. This procedure results in a value of
12.23‘29 mb, consistent with previous measurements of
this quantity from final states with vector bosons [19,26].
Tabulated results are provided in HEPData [93].

In summary, the first observation of W*W= production
from double parton scattering processes in proton-proton
collisions at /s = 13 TeV has been reported. The analyzed
dataset corresponds to an integrated luminosity of 138 fb~!
collected in 20162018 using the CMS detector at the LHC.
Events are selected by requiring same-sign electron-muon
or dimuon pairs with moderate missing transverse momen-
tum and low jet multiplicity. Boosted decision trees are used
to discriminate between the signal and the dominant
background processes. A fiducial cross section of 6.28 +
0.81(stat) 4= 0.69(syst) = 0.37(model) fb is extracted, and
an inclusive cross section of 80.7 & 11.2(stat) Tg3 (syst) &
12.1(model) fb is measured. This corresponds to an

observed significance of the signal above the back-
ground-only hypothesis of 6.2 standard deviations. A value
of the DPS effective cross section, characterizing the
transverse distribution of partons in the proton, c.4 =
12.277 mb is extracted.
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