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A search for the production of events containing three W bosons predicted by the standard model is
reported. The search is based on a data sample of proton-proton collisions at a center-of-mass energy of
13 TeV recorded by the CMS experiment at the CERN LHC and corresponding to a total integrated
luminosity of 35.9 fb~!. The search is performed in final states with three leptons (electrons or muons), or
with two same-charge leptons plus two jets. The observed (expected) significance of the signal for
WEWEWF production is 0.60 (1.78) standard deviations, and the ratio of the measured signal yield to that

4+0.62

expected from the standard model is 0.3473;. Limits are placed on three anomalous quartic gauge
couplings and on the production of massive axionlike particles.
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I. INTRODUCTION

According to the standard model (SM), events with three
W bosons (WEW*WT, labeled WWW in the following) are
produced in proton-proton (pp) collisions at the CERN
LHC. The process is sensitive to triple and quartic gauge
couplings (QGC), so the observation and study of this
process provides an important test of the electroweak sector
of the SM. Figure 1 shows examples of lowest-order
Feynman diagrams for WWW production. The analysis
presented here focuses on the electroweak production of
WWW events. The associated production of the Higgs (H)
boson with a W boson, where the H boson decays to
W*W~, is considered to be part of the signal production,
whereas other processes such as the production of fW* are
considered to be background processes. The nonresonant
WWW production cross section is calculated to be 216 +
9 fb [1] and, after including the contribution of WH —
WWW* with one off-shell W boson [2], the total theoretical
electroweak production cross section is 509 + 13 fb. In this
paper, the label WWW includes both types of production.

A search for WWW production in 8 TeV pp collision
data [3] and evidence for the production of three massive
gauge bosons in 13 TeV pp collisions [4] were reported by
the ATLAS Collaboration.

The analysis presented in this paper is performed with a
sample of pp collisions at a center-of-mass energy of
13 TeV produced by the LHC and recorded with the CMS
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detector in 2016; the integrated luminosity for this sample
is 35.9 fb~!.

Events containing three W bosons can be classified by
the expected number of charged leptons (electrons or
muons only) in the final state: 41.7% contain no leptons,
42.4% contain one lepton, 9.6% have two leptons with
opposite-sign (OS) charge, 4.8% have two same-sign (SS)
leptons, and 1.6% of all events contain three leptons (37).
These branching fractions include the contributions from
leptonic decays of 7 leptons to electrons or muons and
neutrinos. Large backgrounds from the production of
events with multiple jets, W bosons and jets, Drell-Yan
lepton pairs and jets, and ff final states preclude the
isolation of a signal except for categories of events with
two SS leptons (with the third W boson decaying hadroni-
cally) and with three leptons. This search exploits these two
event categories.

Certain new physics processes could lead to an excess of
events over the SM prediction. These include, for example,
processes with anomalous triple gauge couplings (aTGCs)
[5] and anomalous QGCs (aQGCs) [5-8]. Since this
analysis cannot improve the constraints already placed
on aTGCs by recent diboson searches [9—14], it focuses on
aQGCs. The production of massive, axionlike particles
(ALPs) [15-24] is also considered. In the absence of a
signal beyond the SM, limits are placed on aQGCs and on
the production of ALPs in association with W bosons.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, 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
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scintillator hadron calorimeter, each composed of a barrel
and two endcap sections. Forward calorimeters extend the
pseudorapidity (1) 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. Events of interest are selected using a two-tiered
trigger system [25]. The first level of the CMS trigger
system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select the most interesting events in a fixed time interval of
less than 4 us. The high-level trigger processor farm further
decreases the event rate from around 100 kHz to less than
1 kHz, before data storage. A more detailed description of
the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [26].

III. DATA AND SIMULATED EVENT SAMPLES

The data are collected using dilepton triggers that
select either two electrons, two muons, or one electron
and one muon. These triggers require the leptons to have
a high transverse momentum pt and to satisfy loose
isolation requirements. The dielectron trigger requires pt >
23(12) GeV for the leading (subleading) electron. The
dimuon trigger requires pr > 17(8) GeV for the leading
(subleading) muon. Finally, for the electron + muon trigger,
the leading lepton must have pr > 23 GeV and the sub-
leading lepton must have pp > 12 GeV if it is an electron,
or pr> 8 GeV if it is a muon. Data recorded using
prescaled single electron and single muon triggers with
pr thresholds of 8 and 17 GeV, respectively, are utilized for
studies of background rates. Events with contributions from
beam halo processes or anomalous noise in the calorimeter
are rejected using dedicated filters [27].

Samples of simulated events are used to optimize the
event selection, to estimate some of the SM background
processes, and to interpret the results in terms of WWW
production. The MADGRAPHS_aMC@NLO 2.2.2 generator
[28] is used in the next-to-leading-order (NLO) mode with
FxFx jet matching [29] to generate triboson events, both the
signal (WWW including WH) and the triboson background
processes (such as WWZ). The same generator is used in
the leading-order (LO) mode with the MLM jet matching
[30] to generate SM, 7, tr + X X =W, Z, H), W + jets,

W

Tree-level Feynman diagrams for WWW production.

Z + jets, Wy, and WHW= events. Other diboson (WW,
WZ, and ZZ) events and the single top quark process are
generated at NLO with POWHEG 2.0 [31-34]. The most
precise cross section calculations available are used to
normalize the simulated samples, and usually correspond to
either NLO or next-to-NLO accuracy [2,28,35-42].

The MADGRAPH 5_aMC@NLO event generator is used in
the NLO mode to simulate events following the model for
photophobic, axion-line particles according to the model
described in Ref. [24]. The aQGC samples are generated
using MADGRAPH 5_aMC@NLO 2.2.2 in the LO mode and
the reweighting prescription of Ref. [43].

The NNPDF3.0 [44] parton distribution functions
(PDFs) are used for all samples. Parton showering, hadro-
nization, and the underlying event are modeled by PYTHIA
8.205 [45] with parameters set by the CUETPSMI1 tune
[46]. Additional pp collisions due to multiple interactions
in the same or adjacent beam crossings, known as pileup,
are also simulated, and the simulated distribution of pileup
interactions is reweighted to match the data. The response
of the CMS detector is simulated with the GEANT4 [47]
package. The simulated events are reconstructed using the
same software as the real data.

IV. EVENT RECONSTRUCTION

The CMS event reconstruction is based on the particle-
flow (PF) algorithm [48], which combines information from
the tracker, calorimeters, and muon systems to identify
charged and neutral hadrons, photons, electrons, and muons,
known as PF candidates.

Each event must contain at least one pp interaction
vertex. The reconstructed vertex with the largest value of
summed physics-object p is taken to be the primary vertex
(PV). The physics objects are the objects reconstructed by a
jet finding algorithm [49-51] applied to all charged particle
tracks associated with the vertex and also the corresponding
missing transverse momentum (p?iss).

Electrons and muons are identified by associating a track
reconstructed in the silicon detectors with either a cluster of
energy in the ECAL [52] or a track in the muon system
[53], as appropriate. To be selected for this analysis,
electron and muon candidates must satisfy pr > 10 GeV
and |n| < 2.4. Electrons with 1.4 < || < 1.6, which cor-
responds to the transition region between the barrel and
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endcap regions of the ECAL, are discarded. Several
working points are defined, which differ according to
the identification criteria chosen including the requirements
on the three-dimensional impact parameter b and relative
isolation /. The impact parameter is the distance between
the PV and the point of closest approach of the lepton track;
b < 0.015 cm is required for all lepton candidates. This
requirement is tightened to b < 0.010 cm for electrons in
the SS category. The relative isolation of a lepton with p§ is
defined as

Irel = (Z pgl“ + max |:Z p%c - P%U, O:|)/p¥

In this expression, Y p§ is the scalar pr sum of
charged particles from the PV in a cone of AR =

V/ (An)? + (Ag)? = 0.3 around the lepton direction, and

> pX is the equivalent py sum for the neutral hadrons and
the photons. The lepton momentum itself is not included in
> p5. The total neutral component contains contributions
from pileup, estimated using ptY = pA.; where the aver-
age pr flow density p is calculated in each event using the
jet area method [54], are subtracted. The effective area
Agpr 1s the geometric area of the lepton isolation cone
multiplied by an n-dependent factor that accounts for the
residual dependence of the isolation on the pileup.
Electrons are required to satisfy 7, < 0.03(0.05) for the
SS (37) category, and muons must satisfy /,; < 0.03(0.07).
These leptons are referred to as “tight” leptons. For
“loose” electrons and muons used in the estimation of the
nonprompt-lepton background, [, < 0.4 is required. For
“rejection” electrons and muons, used to remove back-
ground events where extra leptons are present in either the
SS or 3¢ category, I, < 0.4 is required. For electrons in
the SS category, the background contribution coming from
a mismeasurement of the track charge is not negligible. The
sign of this charge is inferred using three different observ-
ables; requiring all three to agree reduces this background
contribution [52].

Events containing 7 leptons decaying into charged
hadrons are rejected by requiring no isolated tracks
aside from selected electrons and muons. An isolated
track is a charged PF lepton (charged PF hadron) with
pr > 5(10) GeV, |n| < 2.4, and a longitudinal distance to
the PVof |d,| < 0.1 cm; it must be isolated in the sense that
I,e < 0.2(0.1) and I,,; < 8 GeV/pr™k. Any isolated track
or lepton that matches a selected lepton candidate within
AR < 0.01 is discarded.

PF candidates are clustered into jets using the anti-kt jet
clustering algorithm [49] with a distance parameter
R = 0.4, implemented in the FASTJET package [50,51].
Jets must pass loose selection criteria based on the fractions
of neutral and charged energy in the jet, and on the relative
amount of electromagnetic and hadronic energy. Jets with
pr > 20 GeV and || <5 are selected unless they are

within AR < 0.4 of a selected lepton or isolated track. Jet
energies are corrected for contributions from pileup and to
account for nonuniform detector response [55]. The loose
working point of the combined secondary vertex (CSVv2)
b tagging algorithm [56] is used to identify jets containing
the decay of a heavy-flavor hadron. For this working point,
the efficiency to select b quark jets is above 80% and the
rate for tagging jets originating from the hadronization of
gluons, and u, d, and s quarks is about 10%. In order to
apply the CSVv2 b tagging algorithm, the jet must be
reconstructed within || < 2.4.

The vector missing transverse momentum pTss s
defined as the negative vector pr sum of all PF particle
candidates. The magnitude of PP is denoted p{'ss.
Corrections to jet energies due to the nonuniformity in
the detector response are propagated to p?i“ [57].

V.SEARCH STRATEGY AND EVENT SELECTION

The event selection criteria are designed to maximize the
signal significance in the two final states used in the
analysis: two SS leptons and at least two jets (SS category),
and three leptons (37 category). Cross sections for back-
ground processes are much larger than the signal cross
section, so stringent requirements must be applied in order
to achieve sensitivity to WWW production.

The SS category contains signal events with the two SS
W bosons decaying leptonically and the third W boson
decaying hadronically. Correspondingly, the selection
requires exactly two tight, high-pt SS leptons and at least
two high-p jets. This category is divided into two signal
regions (SRs): “mj; -in” includes the events in which the
invariant mass of the two jets closest in AR is compatible
with the W boson mass, 65 < myj < 95 GeV; “mjj -out”
includes the remaining events. The m;; -in SR is expected to
contain more signal events and fewer background events
than the mj; -out region. The mj; -out region still contains a
sizable number of WWW events, from off-shell W bosons
from WH production, for example. It therefore is consid-
ered a signal region. The main background contribution is
called the lost-lepton background and stems from three-
lepton events with one lepton not selected due to an
inefficiency (e.g., the isolation requirement) or because it
falls outside the detector acceptance. Most of this back-
ground contribution comes from WZ production and a
smaller contribution from 77Z events. The rejection of
events with an extra lepton or isolated track reduces this
background contribution considerably. A smaller back-
ground contribution comes from the production of genuine
SS lepton pairs, mainly through W*W=* + jets and W=
production. This contribution is reduced by requiring the
two highest-pr jets not have a large invariant mass mj; or
large 5 separation and by excluding events with b-tagged
jets. Another background contribution comes from events
with one or more nonprompt leptons, such as those from

012004-3



A.M. SIRUNYAN et al.

PHYS. REV. D 100, 012004 (2019)

TABLE L. Event selection criteria for the SS category, which contains events with two same-sign leptons and at least two hadronic jets.
Variable etet etut uEpt
Signal leptons 2 tight same-sign leptons with pt > 25 GeV
Additional leptons No additional rejection lepton
Isolated tracks No (additional) isolated tracks
Jets At least two jets with pp > 30 GeV, || < 2.5
b-tagged jets No b-tagged jet
m;; (dijet mass of jets closest in AR) 65 < mj <95 GeV (mj; -in) OR
|mj; — 80 GeV| > 15 GeV (my; -out)
my; (dijet mass of leading jets) <400 GeV
An of two leading jets <1.5
piiss >60 GeV >60 GeV >60 GeV if my; -out
Mgy >40 GeV >30 GeV >40 GeV
Myp mgp —my| > 10 GeV
mp ™ e >90 GeV

semileptonic decays of heavy-flavor hadrons which arise
mainly in W + jets and 7 + jets production. The stringent
lepton identification requirements are designed to suppress
this contribution as much as possible. Additional require-
ments that p™* be substantial and that the dilepton mass
not be small further suppress this contribution. In the e*u*
channel, a requirement m7®* > 90 GeV is placed to reduce
the contribution from the lost-lepton background from WZ
production; m7* is the largest transverse mass obtained
from pTS and any lepton in the event. Background
contributions from events containing misidentified or con-
verted photons and from events with a lepton charge
misassignment are minor. The details of the event selection
for the SS category are listed in Table I. There are six SRs
defined according to the value of m;j (m;; -in or m;; -out) and
the flavors of the leptons: ee™, e*u™, or u*u*.

The 37 category contains signal events with all three W
bosons decaying leptonically, so exactly three charged
leptons are required. The fact that the total charge of the

three leptons is -1 means that there can be zero, one, or two
same-flavor, opposite-sign (SFOS) lepton pairs; three SRs
are designated 0 SFOS, 1 SFOS, 2 SFOS accordingly. The
background sources are similar to those in the SS category.
The contribution from three prompt-lepton final states
(mostly WZ production) is suppressed by requiring the
invariant masses of all SFOS pairs to be incompatible with
the Z boson mass and with low-mass resonances. Additional
reduction is achieved through the following requirements: if
exactly one SFOS lepton pair is found, the transverse mass
me calculated from the third lepton and piss, m3™, must be
larger than 90 GeV; and, for events with no SFOS pairs, mp**
is required to be larger than 90 GeV. These m requirements
reduce the three-lepton background contributions, which
originate mostly from WZ production.

Background contributions from nonprompt leptons and
converted or misidentified photons are reduced by requiring
large p'Miss, large pr of the three-lepton system p1(££¢), and
a large azimuthal separation A¢(p(££€), pis*) between

TABLE II. Event selection criteria for the 37 category, which contains events with exactly three leptons.
Variable 0 SFOS 1 SFOS 2 SFOS
Signal leptons 3 tight leptons with pp > 25/20/20 GeV

and charge sum = +1le
Additional leptons No additional rejection lepton
Jets At most one jet with pp > 30 GeV, || <5
b-tagged jets No b-tagged jets
pr(¢€€) >60 GeV >60 GeV
Ap(Pr(cee). ) >2.5
piniss >30 GeV >45 GeV >55 GeV
mp™ >90 GeV o o
m3rd e >90 GeV
SF lepton mass >20 GeV

Dielectron mass My, — my| > 15 GeV

MgFos

Mgy

|mSFOS - mz| > 20 GeV
and mMgpos > 20 GeV

|mSFOS - mz| > 20 GeV
and mgrgs > 20 GeV
|m”5 - mz‘ > 10 GeV
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puiss and the transverse momentum vector of the three-
lepton system, pr(£££). The nonprompt-lepton back-
ground from #7 production is further reduced by rejecting
events with more than one jet or with any b-tagged jets.
Background contributions from photon conversions in
which the photon is radiated in a Z boson decay are
suppressed by requiring that the three-lepton invariant mass
Myzp 18 NoOt close to the Z boson mass. The details of the 37
selection requirements are presented in Table II.

For these event selection criteria, about one third of the
selected signal events originate from resonant H boson
production.

VI. BACKGROUND ESTIMATION

The background sources for the SS and 37 categories are
essentially the same. Four such sources are considered: lost
leptons, two or three leptons from W decays, nonprompt
leptons, and “other” minor sources. The lost-lepton back-
ground contributions come from final states with one or
more Z bosons: WZ, ttZ, and ZZ. This contribution is
estimated using a three-lepton control region (CR) with at
least one SFOS pair compatible with the decay of a Z boson.
The background processes in which the SS lepton pair or all
three leptons stem from the decay of a W boson, such as from
the tfW* process, are estimated from simulation and
validated in an appropriate CR. Background yields from
nonprompt leptons are calibrated using a CR in which one
lepton passes the “loose” identification requirements but
fails the “tight” requirements (as discussed in Sec. IV). The
other background contributions are predicted using simu-
lated event samples that are validated using the data. The
following sections provide the details of the background
estimations.

A. Lost-lepton and three-lepton background

The background predictions for both the SS and the 37
categories rely on the selection of a pair of leptons
consistent with a Z boson decay. This background type
is expected to contribute from about one third to over 90%
of the total background yields, depending on the SR.

Simulation suggests that about two thirds of the lost-
lepton events in the SRs of the SS category are present
because a lepton does not pass the pr and 7 requirements.
The remaining lost leptons are rejected by identification
and isolation requirements. For the SS category, events with
three leptons are selected. The additional third lepton must
have pr > 20 GeV. Among those three leptons, an SFOS
lepton pair that satisfies |mgrog — myz| < 10 GeV is
required. All other SS selection criteria listed in Table I
are imposed, except the requirement on m;; is dropped in
order to retain a sufficient number of events. For a given
lepton flavor composition (eTe*, e*u™, or u*u*), the two
corresponding SRs of the mj; -in and my; -out selections
have one common CR. In these events, the jets stem from

initial-state radiation and have similar kinematic distribu-
tions in both the SRs and CRs, so the extrapolation from the
CR to the SR is reliable.

For the 37 category, the CRs are defined in a similar
fashion. All selection criteria stated in Table II are retained,
but the requirement |mgrog — mz| > 20 GeV is inverted so
that there is at least one SFOS lepton pair compatible with a
Z boson decay. Many events are selected for the 1 and 2
SFOS CRs, but for the 0 SFOS SR no corresponding CR
exists. The results are extrapolated from the 1 SFOS and 2
SFOS regions to the 0 SFOS region as follows: since the
observed and predicted yields agree well in the 1 and 2
SFOS CRs, the central value for this background type in
the 0 SFOS SR is taken from simulation, and the relative
systematic uncertainty of the 1 SFOS SR prediction, as
described below, is added to the statistical uncertainty in the
simulated yield.

The transfer factors needed to relate the yields in the CRs
to the background contributions in the SRs are calculated
using the simulation. The observed yields in these CRs
agree well with the yields predicted using the simulation.
Corrections to this extrapolation due to differences between
the lepton reconstruction efficiencies in data and simulation
are applied, and corresponding uncertainties are evaluated.
The modeling of the mgpgg distribution and its associated
uncertainty for the SS category is tested using the mass
spectrum in the CR. For the 37 category, in order to ensure
no overlap with the SRs, this test is performed after
inverting at least one of the SR requirement on pmiss,
AP(pr(£€6), pPss), pr(£€€), or m3. This validation
region has also only a small non-3¢ contamination. The
uncertainty due to limited knowledge of the VZ (V = W or
Z) and ftZ cross sections and their relative contribution in
both SRs and CRs is estimated using events from the SS
CRs, but after the requirement of no b-tagged jets is
removed. The spectrum of the b-tagged jet multiplicity
in simulation is fitted to the one observed in data, and the
result of that fit is used to assess the uncertainty due to the
relative contribution of VZ versus #7Z. For the SS category,
an additional uncertainty due to the mjy modeling is
evaluated by comparing the observed and predicted yields
of all CRs. Experimental uncertainties, such as the uncer-
tainty on the jet energy corrections (JECs), are taken into
account. A correction for the non-37 contamination of the
CRs is applied. This contamination is small, and stems
mostly from nonprompt leptons or leptons from photon
misidentified as electrons. The contamination is estimated
from simulation, and a 50% relative uncertainty is assigned
based on the validation study reported in Sec. VID.
Uncertainties associated with the CR-to-SR transfer factors
are included also. The impact of all these uncertainties is
discussed in Sec. VIIL.

A summary of the lost-lepton and three-lepton back-
ground estimation is reported in Table III. All CRs are
mutually exclusive and do not overlap with any of the SRs.
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TABLE III.

Lost-lepton and three-lepton background contributions. The number of events in the data control regions (CRs) and the

non-3¢ contribution, which are estimated from simulation, are reported together with the control-to-signal region transfer factor
(TFcr—sr)- The predicted background yields obtained from the simulated samples are given as MC prediction. Here, the uncertainty
reflects the size of the simulated sample. The last column reports the prediction of the lost-lepton and three-lepton background
contributions to the signal regions, together with the statistical and systematic uncertainties.

Channel Data (CR) Non-37 (CR) TFcrosr MC prediction Background estimate
etet 6 0.01 +0.01 013410053 0.45£0.17 0.807 933 (stat) £075 (syst)
SS my; -in eiyi 13 026 £0.13 o.103f§;§% 1.56 £0.31 1317948 (stat)f8;§(syst)
W 50 1.04 £0.58 0.062-0011 3.04 £0.48 302090 (stat) 034 (syst)
etet 6 0.01 0.01 0.6001 0147 2.04+£0.36 3.607 73 (stat) T8¢ (syst)
SS mj; -out etp* 13 0.26 £0.13 0.382°0%7 5.78 £0.63 4.8671 3¢ (stat) T585 (syst)
pEut 50 1.04 £0.58 0.090 914 4.42 £0.57 4.391 083 (stat) 097 (syst)
0 SFOS : . 0.47 £0.15 0.47107 (syst)
3¢ 1 SFOS 34 1.01 £0.53 0.095-9017 3.40 +£0.48 3.14799 (stat) 1092 (syst)
2 SFOS 155 2.74 £ 1.37 0.066 0000 10.07 +0.87 10.1010:8 (stat) *{ 30 (syst)

B. Background due to nonprompt leptons

The background contribution from nonprompt leptons is
usually relatively small. However, because of the limited
knowledge of this process, the associated uncertainty can
have a significant impact on the result. The source of this
background contribution is W + jets and ¢7 events in which
one or two leptons come from W boson decays and another
lepton comes either from a heavy-flavor hadron decay or
from misidentified light hadrons. The background contri-
bution is estimated using the tight-to-loose (TL) method
[58]. The implementation used in this analysis is similar to
the one used in searches for supersymmetric particles [59]
and accounts for the kinematic properties and flavor of the
parent parton of the nonprompt lepton. The TL method uses
two CRs: the measurement region, which is used to extract
the TL ratio e ; and the application region (AR), where
err, 1s applied to estimate the contribution from the non-
prompt-lepton background to the SRs. The er; measure-
ment region is defined by events containing exactly one
loose lepton. To enrich this region with nonprompt leptons,
events with pTiss < 20 GeV and m(p%, piss) < 20 GeV
are selected. To select events with kinematic properties
similar to those in W + jets and #f events, the presence
of at least one jet with pr > 40 GeV, || < 2.4 and

AR(p%, pr') > 1 is required. The TL ratio is defined as
the fraction of events in the measurement region in which
the loose lepton also passes the tight lepton selection; and
eTL is computed as a function of p§”™ and |n|. Here, p$™ is

P4 plus the fraction of the pr sum of objects in the isolation
cone exceeding the isolation threshold value defined in
Sec. IV. The quantity p$™ is better correlated with the
parent parton pt than is p? The er;, measurement is
corrected for the contribution of prompt leptons in the
measurement region. This contribution is taken from

simulation, but its normalization is taken from data in
the measurement region sideband satisfying pmis >
30 GeV and 80 < m(p5, piis*) < 120 GeV. Uncertainties
in the extrapolation from the sideband to the measurement
region are evaluated; they are dominated by the JEC
uncertainty.

The ARs are defined similarly to the SRs, with the
difference that one of the leptons only passes the loose but
not the tight selection defined in Sec. IV. Nonprompt
leptons are the main contribution to these regions; small
contributions from prompt lepton events are estimated with
simulations and subtracted. The background contribution is
estimated by weighting each event by er /(1 — ey ), where
ey, 18 the probability that the lepton fails the tight selection,
and summing all the event weights.

The performance of the TL method is evaluated in
simulation by comparing the prediction of the TL method
in the SR with the actual yield of nonprompt-lepton
background; they agree within the statistical precision of
this test. The statistical uncertainty of the test is assigned as
an additional systematic uncertainty. The results of the
nonprompt-lepton background estimation with its system-
atic uncertainties are given in Table IV.

C. Irreducible backgrounds

The third important background process for this search
is irreducible, namely, two or three charged leptons
originating from W boson decays. This background
process is similar to the signal process and is estimated
using Monte Carlo simulations. For the SS category, the
simulation predicts that 49% of this background process
comes from 7V production (mostly ZW*), 47% from
WEW= +jets, and 4% from double-parton scattering
(DPS) W*W=*. For the 37 category, the irreducible
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TABLE IV. Nonprompt-lepton background estimates. The data in the application regions (AR), the prompt yields (AR) from
simulations, and the predicted nonprompt-lepton background are reported. The uncertainties in the prediction are split into statistical and

systematic components.

Channel Data (AR) Prompt yield (AR) Background estimate
ete* 8 32422 0.89 £ 0.53(stat) + 0.63(syst)
SS mjj -in etu* 16 1.7+ 0.3 0.92 £ 0.26(stat) + 0.43(syst)
urEpt 57 294+0.5 0.82 + 0.11(stat) & 0.36(syst)
etet 4 1.1+05 0.47 + 0.32(stat) £ 0.28(syst)
SS my; -out etu* 32 2.8+0.5 1.60 £ 0.31(stat) £ 0.64(syst)
urpt 36 324+0.5 0.59 + 0.11(stat) & 0.25(syst)
0 SFOS 17 0.7£0.3 0.97 £+ 0.25(stat) £ 0.22(syst)
37 1 SFOS 2 0.8+0.3 0. 07‘:88?(5{3{)_807 (syst)
2 SFOS 6 20+£0.5 0.30 £ 0.18(stat) + 0.25(syst)

background process comes almost completely from fW*
production. The uncertainty for this background process is
based on the relevant cross section measurements by the
CMS Collaboration: for #W* production the uncertainty is
22% [60] and for WEW* +jets it is 20% [61]. The
estimation of this background process is verified in certain
validation regions in which the dominant contribution
comes from the ffW* process. The validation regions,
however, are not as pure as those defined for the lost-lepton
or nonprompt-lepton backgrounds. For the ffW= contribu-
tion, the validation region is defined by requiring events
to contain two tight SS leptons, >4 jets, >1 b-tagged jets
and 60 < mj; < 100 GeV. For the W=W= + jets contribu-
tion, the validation region is constructed by requiring two
tight SS leptons, >2 jets, O b-tagged jets, my; > 400 GeV,
and |Any;| > 1.5. The observed yields and the estimates
based on simulations agree within the statistical power of
the test.

D. Other backgrounds

Other remaining background yields are expected to be
very small. They originate from either a charge mis-
assignment for one of the leptons or from events
containing a photon that is either misidentified as an
electron, or that converts to an £+~ pair with one of
the leptons being lost. These contributions are estimated
using simulation and are validated with data. The
background yields due to lepton charge misassignment
are validated in a dielectron sample with |m,, — my| <
10 GeV by comparing the events yields when the two
electrons have either the equal or opposite electric
charge. The background contribution due to events with
leptons originating from photons is validated in a three-
lepton validation region enriched in Zy production. The
selection is similar to the 37 SR selection (Table II), but
at least one SFOS lepton pair with |mgpog —my| <
20 GeV is required. Also the requirement on my., is
dropped and the one on pp(££7¢) is inverted. A 50%

relative uncertainty is assigned to these background
sources. Within this uncertainty, the agreement between
data and simulation in these validation regions is
satisfactory.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of the estimated back-
ground contributions are discussed in Sec. VI and a detailed
summary is provided in Table V. Systematic uncertainties
associated with the WWW event production are described
below and are summarized in Table VI

The experimental uncertainties for the signal include
JECs [55,62], lepton energy resolution, lepton efficiency
data-to-simulation correction factors [52,53], b tagging
correction factors [56], trigger efficiencies, pileup, and
integrated luminosity [63] uncertainties. The lepton
reconstruction efficiencies and trigger efficiencies are
measured with a tag-and-probe method [64] applied to
Z - £7¢ events.

The theoretical uncertainty for the predicted signal
cross section is obtained from Ref. [1]. Uncertainties in
the signal acceptance from the renormalization (ug) and
factorization (ug) scales are evaluated [65-67]. Parametric
(PDF and ag) uncertainties are estimated using the
PDFALHC prescription [68] with the NNPDF3.0 set
[44]. The impact of the systematic uncertainties on the
signal is small compared to those of the background
estimations.

VIII. RESULTS AND INTERPRETATIONS

This section first presents the event yields in the nine
nonoverlapping categories used to obtain the measured
value of the production cross section. Second, contributions
to the yield originating from aQGCs are considered.
Finally, a possible signal from a specific beyond-the-SM
model, photophobic axionlike particle production [24], is
investigated.
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TABLE V. Summary of typical systematic uncertainties in estimated background contributions. The ranges indicate variations across
different signal regions.

Uncertainty Lost-lepton/three-lepton ~ Nonprompt leptons y — ¢  Charge misassignment  Irreducible
Control data sample size 11-46% 15-43% e
Simulation statistical uncertainty 14-25% e 4-18%
Lepton reconstruction <1% .- <1%
Lepton energy resolution <1% <1% e e <1%
m;; modeling (SS only) 7.3% e e

Jet energy scale 1-7%

Mspos €xtrapolation 5-8%

t1Z/WZ fraction <1% e

€1, measurement e 21-43%

Validation of TL ratio method e 22-25% e
b tagging <1% e 2-4%
Cross section measurement e 14-22%
Trigger e 1%
Pileup 1-8% e
Integrated luminosity e . e e 2.5%
Other uncertainties e e 50% 50% e
A. Cross section measurement

TABLE VI. Summary of systematic uncertainties for the signal The data in all SRs, together with the predicted back-
process. ground yields and expected signal yields, are provided in
Uncertainty Typical size Table VII. The WH — WWW?* process contributes about

- - — - one third of the expected signal yield. A graphical
Slmulatloq statistical uncertainty 12-33% representation is given in Fig. 2.
Cross section calculation (normalization) 6% . . . .
ur/pip (acceptance only) 1-13% A profile maximum likelihood method is u'sed.followmg
PDF (acceptance only) 1-4% the procedures set by the LHC Higgs Combmgtlon Group
ag 1% [69] to extract the expected and observed significances of
Lepton reconstruction efficiency 2-39% this analysis to the SM WWW production process. The
Lepton energy resolution 0-2% signal strength is constrained to be non-negative. The
Jet energy scale 1-7% systematic uncertainties are treated as nuisance parameters
b tagging scale factor 1-3% and are profiled in the maximum likelihood fit. Using the
Trigger 3-5% significance as metric, the most sensitive categories among
Pileup 0-4% those shown in Fig. 2 are 0 SFOS, mj; -in e*u*, 1 SFOS,
Luminosity 2.5%

and m;; -in g*p~. For quantifying the absence of a signal,

TABLE VII. Numbers of observed events for all signal regions, including predicted background contributions and expected signal
yields. The uncertainties presented include both the statistical and systematic uncertainties.

mJJ -in ml] -out 35

etet et utpt etet etu* utut 0 SFOS 1 SFOS 2 SFOS
Lost/three £ 08508 13508 30807 3.6fp 4917 44589 0.5103 31108 10.14]3
Irreducible T e S E S - - X o e N 1 S N TR e
Nonprompt # 0.9%7  09%9% 08¢ 06797 1.8 0.8793 1.0208 0.1781 03197
Charge flips 0.2192 0.4793 <0.1 04193 0.5%03 <0.1 0.2191 <0.1 <0.1
y = nonprompt £ 0.2 0.1701 <0.1 2212 0.4103 <0.1 <0.1 <0.1 <0.1
Background sum 24400 37t 56110 81132 113733 9.1+ 1.810¢ 3.3108 104113
WWW signal 0311 18T 2483 o4t 133 s s 1593 07
Total 2758 55M, 795y 8557 126177 10645 3.6%)7 4.870% 1.1
Observed 0 3 10 4 10 18 2 2 10
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CMS 359 (13 TeV)
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Signal regions

FIG. 2. Comparison of the observed numbers of events to the
predicted yields in the nine signal regions. The WWW signal
shown is stacked on top of the total background and is based on
the SM theoretical cross section.

the modified frequentist CL, statistic [70,71] is used and
asymptotic formulas [72] are used for quantifying the
significance of an excess.

The expected significance for the combined SS and 37
categories is 1.78 standard deviations (s.d.) assuming the
SM production of WWW events, whereas the observed
significance is 0.60 s.d. The corresponding expected and
observed p-values for the null hypothesis are 0.038 and
0.274. The best fit for the observed signal strength, defined
as the ratio of the observed signal to the theoretically
predicted one, is 0.347092. Tt follows that the measured
cross section is

o(pp = WEWEWT) = 0.171077 pb.

The uncertainties include both statistical and systematic
components. Assuming the presence of background only,
the observed (expected) 95% confidence level (CL) upper
limit on the cross section is 0.78 (0.60) pb.

B. Limits on anomalous quartic gauge couplings

The interaction of four gauge bosons depicted in Fig. 1
exists in the SM and contributes to the production of the
WWW final state. New physics beyond the SM could be
manifested as an apparent change in the coupling constant
associated with the four-boson vertex, i.e., in an aQGC. A
description based on aQGCs is appropriate when the mass
scale for new physics A is much higher than the energy
scale of the given process, in this case, WWW production
characterized by the squared invariant mass of the three W
bosons, Syww-

Anomalous couplings can be handled theoretically by
extending the SM Lagrangian with the operator product
expansion [8]:

L= LSM+Z%Q +Z%o
i J

where O represents the higher-order dimension-6 and
dimension-8 operators with Wilson coefficients c¢; and
fj» respectively. The operators O; are constructed from
SM fields and respect gauge invariance. The coefficients
are unknown and are treated as free parameters to be
determined by the data. The coefficients for all dimension-6
operators, which represent aTGCs, are taken to be zero. The
following dimension-8, CP-conserving operators can be
included in the non-SM part of the Lagrangian [8,73]:

Oso = [(D,®)'D,@][(D"®)' D" @],

Os,1 = [(D,®)"D"®][(D,®)" D],

Owmo = Tr[W,, W*][(Dy@) DF @),
O, = Tr[W,, W][(Dy@) Dr @),
Oms = (D, @) W, W Dr],
Oy = (D, @)W, WD @],

Org = Tr[W,, WF|Tr[W W],
Or,y = Tr[Wo, W] Te[W,, W],
Or, = Tr[W,, W Tr[W 5, W*e].
The Lagrangian including dimension-8 anomalous cou-
pling terms is

E:£5M+fSOOSO+fSIOSI+fMOOM0

fX4lOMl+fM6OM6+fM7OM7
fTOOT0+fTIOT1+fT2OT2,

where the coefficients f,,/A* have dimension TeV~. No
form factors for enforcing unitarity are employed in this
analysis. When looking for evidence of anomalous cou-
plings, WWW production as predicted in the SM is taken as
a background process. Interference effects between the SM
and the anomalous contribution to WWW production are
taken into account.

Since Sy ww cannot be measured directly, the kinematic
quantity St is employed, which is the sum of the pt of the
leptons and the jets, and p=is. The presence of aQGCs
would be manifested as an excess of events at high St.
Since non-WWW background events and SM WWW
events appear at low Sy, a requirement of St > ST s
imposed. The value for ST is chosen to optimize the
expected limits on the anomalous coupling fro/A* for
which this analysis is most sensitive. For the SS and 37
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TABLE VIIL
at 95% CL.

Limits on three anomalous quartic couplings

Allowed range (TeV™)

Anomalous coupling Expected Observed
fro/A? [-1.3, 1.3] [-1.2,1.2]
fra/A* [-3.7, 3.7] [-3.3, 3.3]
fra/N* [-3.0, 2.9] [-2.7, 2.6]

categories, the values are S™" = 2.0 and 1.5 TeV, respec-
tively. There is little sensitivity to the operators involving
Higgs doublet terms.

The event selection is the same as described in Sec. V,
except that the restriction mj; < 400 GeV on the invariant
mass of the leading two jets is removed to retain sensitivity
to aQGCs. All SRs of the SS category (Table I) and the 37
category (Table II) are merged into one SS and one 37 SR,
respectively. After the St requirement stated above, the
numbers of events expected in the SM are very small:
0.22+0.10 events in the SS category (mainly W*W=*
+jets events) and less than 0.01 event in the 3¢ category.
The systematic uncertainty assigned to the predicted back-
ground yields is 30% but the predicted limits on anomalous
couplings are insensitive to this uncertainty. Furthermore,
higher-order corrections might reduce the production cross
section [74]. As a test the signal yield was reduced by 25%
and it was found that the allowed range of anomalous
couplings was increased by about 11%.

No events are selected when the event selection criteria
are imposed on the data. In the absence of any indication
for anomalous couplings, limits are set as summarized in
Table VIII. When calculating the limit on one anomalous
coupling, the others are taken to be zero.

C. Limits on photophobic axionlike particle models

Since the discovery of a H boson [75-77], searches for
extended scalar sectors have been of high interest [78,79].
For example, pseudoscalar particles like the quantum
chromodynamics axion, which solve the strong CP problem
[15-18], can also be candidates for dark matter [80-82].
Other examples address the hierarchy problem via relaxa-
tion mechanisms through the relaxion field [83]. An ALP
can have a variety of couplings to SM gauge bosons.
Recently, theoretical studies have been extended to include
couplings to gauge bosons besides photons [20-23].
Generally speaking, if the ALPs are sufficiently light,
branching fractions to photons are expected to be large.

In this study, photophobic ALPs [24] are considered
whose mass is large enough that their dominant decay mode
is a - WW. In this scenario, the WWW final state results
from the production of Wa followed by a - WW. The
WWW channel has the largest product of production cross
section and branching fraction for m, = 2my, [24]. For
m, < 2my,, the branching fraction falls off rapidly; the

interpretation for m, < 200 GeV is left for future analyses.
The model has one free parameter, 1/f,, which fully
determines the couplings of the ALP of mass m, to SM
particles. In this context, as for aQGCs discussed in
Sec. VIII B, the SM production of WWW is treated as a
background to new physics.

For the ALP interpretation, the nine SRs developed for
the SM analysis (Tables I and II) are used. The acceptance
of the model in these SRs follows an expected pattern:

CMS 35.9 ™" (13 TeV)
0_6IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
----- Median expected |
[ 68% expected
95% expected 1
—— Theoretical cross section with 1/f, =5 TeV-!
— Observed ]
0.4 ]

o(pp—Wa) B(a—»WW) [pb]

0 o b b b by b s by a Ly oy

250 300 350 400 450 500 550 600
m, [GeV]

CMS 35.9 fb™' (13 TeV)

15 LA L L L L L L L L L L B LB LB

----- Median expected
I 68% expected

B 95% expected

- —— Observed

1/, [TeVT|

0 v b b by b b b Ly

250 300 350 400 450 500 550 600
m, [GeV]

FIG. 3. (left) Expected and observed 95% CL upper limits on
the product of the cross section and branching fraction ¢(pp —
Wa)B(a - WW) as a function of ALP mass. The red line
corresponds to the theoretical prediction for 1/f, =5 TeV~!.
(right) Expected and observed 95% CL upper limits on the
photophobic ALP model parameter 1/f, as a function
of ALP mass.
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when m, =200 GeV, the acceptance is similar to that
estimated for the SM WWW signal process. As m,
increases, the acceptance rises because the events are more
centrally produced and the decay products more often fall
within the fiducial region.

There is no evidence for an excess of events (Table VII).
Limits on the production of the Wa final state and on the
parameter 1/f, are placed using the methods described in
Sec. VIII A for the SM production of WWW. The limits are
displayed as a function of m, in Fig. 3 (left) for 6(pp —
Wa)B(a - WW) and in Fig. 3 (right) for 1/f,.

IX. SUMMARY

A search for WEW*WT production using proton-proton
collision data at a center-of-mass energy of 13 TeV was
presented. Events with either two same-sign leptons
(electrons or muons) and two jets or with three leptons
with total charge +1 were selected. The data were collec-
ted with the CMS experiment and correspond to an
integrated luminosity of 35.9 fb=!. The dominant sources
of standard model backgrounds include nonprompt leptons,
three-lepton events such as those from the process
WZ — 3¢v, as well as WEW= + jets and 17W= production.
Predictions for these backgrounds were derived or vali-
dated using data in dedicated control regions. The observed
(expected) significance for WEW*WT production is
0.60 (1.78) standard deviations and the ratio of measured
signal yield to that expected from the standard model is
0.3470%2 which corresponds to a measured cross section
of 0.177072 pb.

New physics processes that could lead to an excess
of events were considered. Limits on anomalous quartic
gauge couplings are set, for example; —1.2 < fpo/A* <
1.2 TeV~ at 95% confidence level. Limits are also set on
the production of axionlike particles in association with a
W boson: mass points between m, = 200 and 480 GeV are
excluded for the parameter value 1/f, =5 TeV~!.
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