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1 Introduction
The discovery of the Higgs boson [1] provided evidence that fermions and bosons acquire their
masses through the Brout–Englert–Higgs mechanism of electroweak (EW) spontaneous sym-
metry breaking [2–4]. In this framework, vector boson scattering (VBS) processes play a special
role. This occurs because in the standard model (SM) the unitarity of the scattering amplitude
depends on a cancellation of diagrams involving the mediation of the Higgs boson between
longitudinally polarized vector bosons. As a result, the contribution of the longitudinal polar-
ization component to vector boson scattering is very small. Therefore, for even small deviations
from the SM couplings of the Higgs boson to the vector bosons, the VBS cross section would
diverge from the SM expectations with increasing center-of-mass energy. The measurement
of VBS processes thus provides an indirect probe of physics beyond the SM (BSM), even for
scenarios in which new resonances are not energetically accessible at the LHC [5]. The theoret-
ical calculation of the effects of different sources of deviations from the SM is sensitive to the
method chosen to “unitarize” the process at higher energies [6, 7].

At tree level the VBS cross section is a sum of purely EW terms of order α6
EW, where αEW =

g2
W/4π is the electroweak SU(2) coupling, which leads to a small cross section. Experimental

VBS signatures also include irreducible contributions that enter at order α2
Sα4

EW, where αS is
the strong coupling. These contributions are referred to as quantum chromodynamics (QCD)
irreducible contributions. Typical Feynman diagrams for these processes are shown in Fig. 1.

Figure 1: Representative tree-level Feynman diagrams contributing to the process qq′ →
τ±ντ ℓ

±νℓ jj, ℓ = e, µ, leading to cross sections of order α6
EW (left) and α2

Sα4
EW (right).

The ATLAS collaboration provided the first evidence of same-sign W pair (SSWW) production
via VBS in 2014 by studying final states with electrons and muons [8]. The first observation, in
the same final states, was presented by CMS in 2017 [9]. Studies of the VBS production of other
combinations of vector bosons have followed [10, 11]. Among the EW-mediated processes,
SSWW scattering has the largest cross section and a relatively large cross section ratio between
the EW and QCD production modes [12].

The present study of pp → W±W± + jets is based on data from proton-proton collisions at√
s = 13 TeV collected by the CMS experiment at the CERN LHC from 2016 to 2018 and cor-

responding to an integrated luminosity of 138 fb−1. We investigate a heretofore unexplored
final state characterized by the decay of one of the scattered W bosons into a τ lepton that
subsequently decays into hadrons (hadronic τ candidate, τh). The final state thus consists of a
charged light lepton ℓ = e, µ, the corresponding neutrino νℓ , one τh candidate, the correspond-
ing ντ , and two jets produced by the quarks recoiling from the production of the W boson pair.
Other contributions to this final state could arise from BSM scenarios, especially those that fa-
vor the τ over light leptons. Such enhancement may occur through the coupling of the τ lepton
to other third-generation particles, or to the Higgs boson because of its larger mass [13–15].

The sensitivity to indirect BSM effects can be probed within the standard model effective field
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theory framework [16, 17]. This theory is referred to in the literature as “SMEFT”, and we
adopt the formulation of Ref. [17]. Assuming that new physics with energy scale ΛBSM ≫ ΛSM
(where ΛSM is a characteristic energy value, such as the Higgs field vacuum expectation value)
induces only perturbative effects in VBS processes, the theory is implemented by introducing
the following effective Lagrangian:

Leff = LSM + ∑
Dα>4

∑
α

c(Dα)
α

ΛDα−4
BSM

O(D)
α , (1)

where the operators O(D)
α are constructed with SM fields at some dimension Dα, and c(Dα)

α are
the Wilson coefficients. In this way, the contribution ABSM to the total scattering amplitude due
to the EFT operators is given by:

|ABSM|2 =
Di>4

∑
i

 c(Di)
i

ΛDi−4
BSM

2 Re|A∗
SMA

O(Di)
i

|+
c(Di)

i

2

Λ2(Di−4)
BSM

|A
O(Di)

i
|2


+

Dj,Dk>4

∑
j ̸=k

c
(Dj)

j c(Dk)
k

Λ
Dj+Dk−8
BSM

Re|A∗
O

(Dj)

j

A
O(Dk)

k
|,< (2)

where the first summation runs over the interference terms between SM and one O(D)
i oper-

ator, the second one over the quadratic contributions of the operators, and the last one over
interference between two different operators. The O(D)

α , as well as the corresponding c(Dα)
α ,

are classified according to their dimension Dα to provide a first categorization of their physics
effects, as explained below.

Any deviations from SM expectations of the yields observed in the data would provide con-
straints on the Wilson coefficients, and thus guidance for characterizing BSM effects. Effective
field theory interpretations of search outcomes have previously been presented by the ATLAS
and CMS Collaborations [12, 18–21]. Assuming that the leptonic universality is not broken
by the new operators, the ones with odd dimensions are ruled out. As a consequence, in this
study, we investigate operators of dimension 6 (dim-6) and 8 (dim-8), which induce anomalous
triple and quartic gauge couplings [22–24]. We refer to any contribution of dimension greater
than four as an EFT contribution.

In this paper, we introduce a machine-learning approach to the identification of the single-
τh final state in the SSWW VBS process and perform measurements of the cross section, both
for the EW contribution, fixing the QCD contribution, and for the unconstrained EW+QCD
combination of these processes. The same approach is implemented to develop models capable
of discriminating possible EFT contributions from SM processes.

In the remainder of this paper, Section 2 describes the CMS detector, Section 3 presents the
methods for simulating events, and Section 4 describes the particle reconstruction. The selec-
tion of signal and control samples is described in Section 5, along with the background estima-
tion, and in Section 6 we discuss systematic uncertainties. The results of the measurement are
given in Section 7, and of the EFT interpretation in Section 8. We conclude with a summary in
Section 9.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within this magnetic field volume are a silicon pixel
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and silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass-and-scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the coverage in pseudorapidity η provided by the bar-
rel and endcap detectors. 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 definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [25].

The silicon tracker used in 2016 measured charged particles within the range |η| < 2.5. For
nonisolated particles of transverse momentum pT in the range 1 < pT < 10 GeV and |η| <
1.4, the track resolutions were typically 1.5% in pT and 25–90 (45–150) µm in the transverse
(longitudinal) impact parameter. For isolated particles with pT = 100 GeV emitted at |η| < 1.4,
the resolutions are approximately 2.8% in pT, and in impact parameter 10 µm (transverse) and
30 µm (longitudinal) [26]. At the start of 2017, a new pixel detector was installed [27]; the
upgraded tracker measured particles up to |η| < 3.0 with typical resolutions of 1.5% in pT and
20–75 µm in the transverse impact parameter for nonisolated particles of 1 < pT < 10 GeV [28].

Events of interest are selected using a two-tiered trigger system [29]. 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. 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 that reduces the event rate to around 1 kHz before data storage.

3 Simulated samples
Monte Carlo (MC) simulation is used in the analysis for the design of the event selection, eval-
uation of signal efficiencies, and estimation of some backgrounds. The EW VBS signal sam-
ples are simulated at leading order (LO) with six EW and zero QCD vertices with the MAD-
GRAPH5 aMC@NLO v2.6.5 generator [30], requiring a final state with ℓνℓ , τντ pairs from the
decays of the two W bosons (Fig. 1, left). The MADGRAPH5 aMC@NLO generator is also used
to simulate the QCD-mediated SSWW process, which is generated at LO with up to three ad-
ditional partons in the matrix element calculations that have at least one QCD vertex at the tree
level (Fig. 1, right). In the phase space of interest, the LO cross section, measured with MAD-
GRAPH5 aMC@NLO for the EW VBS processes is 0.0287 pb, and for the residual QCD-mediated
contribution is 0.0223 pb. The interference between the SSWW EW and QCD diagrams, includ-
ing the terms of order αSα5

EW, contributes less than 4% to the inclusive cross section for the EW
signal over the phase space region of interest of the analysis [31], and is therefore neglected.

A complete set of next-to-LO (NLO) QCD and EW corrections for the SSWW scattering pro-
cesses, described above in the leptonic decay channel for each W boson, have been computed
as a function of the invariant mass of the VBS jet system [31–33]. They reduce the LO cross
section of the EW SSWW process by 10–15%, with the correction increasing in magnitude with
increasing dilepton and dijet invariant masses.

The effects of the EFT dim-6 and dim-8 operators are simulated with MADGRAPH5 aMC@NLO

at LO. For the dim-6 class, we introduce five bosonic operators acting on the scattering of the
W bosons (QW , QHW , QHWB, QH□, QHD, where the second subscript in QH□ refers to the
d’Alembertian that appears in the operator), two fermionic operators acting on contact interac-
tions between fermions (Q(1)

ll , Q(1)
qq ), and four mixed operators acting on interactions between

massive bosons and fermions (Q(1)
Hl ,Q(1)

Hq, Q(3)
Hl , Q(3)

Hq), defined in the Warsaw basis [17] via the
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SMEFTSIM [34, 35] package. For the dim-8 category, we introduce nine operators modifying
the interaction between two scattering W bosons (OS0, OS1, OS2, OM0, OM1, OM7, OT0, OT1,
OT2) defined in the Eboli basis [36]. In both cases, the effects of the new EFT operators are
evaluated and stored using the MADGRAPH5 aMC@NLO reweighting technique [37], and no
LO-to-NLO correction is imposed on their contribution.

The POWHEG v2 generator [38–40] is used to simulate, at NLO accuracy in QCD, the following
processes: production of tt pairs in which each t quark decays to a b quark and a lepton pair
(dileptonic tt); tW; Higgs boson production mediated by gluon-gluon fusion; and diboson
production. Production of ttW, ttZ, ttγ, triple vector boson, vector boson associated with a
Higgs boson, and Drell–Yan background events are simulated at NLO accuracy in QCD using
the MADGRAPH5 aMC@NLO generator. The tZq process is simulated at NLO in the four-flavor
scheme using MADGRAPH5 aMC@NLO. We generally refer to ZZ, Zγ, Wγ, WZ, tribosons,
associated production of a quark-antiquark top pair with a γ, Z, or W boson, and tZq processes
as “others”. The remaining backgrounds, excluding DY, are collectively referred to as “opposite
sign” (OS), since they enter the final event selection when the charge of one of the leptons in
the final state is misreconstructed.

The NNPDF3.1 next-to-NLO [41] parton distribution functions (PDFs) are used in the simula-
tion of the background and signal samples. The generators used for signal and background
processes are interfaced with the PYTHIA 8.306 [42] program, with the CP5 tune [43], to model
parton showering and hadronization.

Additional collisions in the same or adjacent bunch crossings (pileup) are included by superim-
posing simulated minimum bias interactions onto the hard-scattering process, with a multiplic-
ity distribution matching the one that is observed in the data. Simulated events are propagated
through the full GEANT4-based simulation [44] of the CMS detector.

4 Event reconstruction
Events are selected for the signal measurement and the estimation of most of the backgrounds
that have passed a trigger requiring the presence of either: one muon with pT > 24 GeV in 2016
and 2018 and pT > 27 GeV in 2017; or one electron with pT > 27 GeV in 2016 and pT > 32 GeV
in 2017 and 2018. Data are selected for the additional control samples used for background
estimation that were recorded with triggers requiring the presence of either a jet with pT >
40 GeV or a jet pT sum HT > 350 GeV.

Particle candidates are processed with an optimized combination of all subdetector information
using the CMS particle-flow (PF) algorithm [45] that reconstructs and identifies each individual
particle in the event. The missing transverse momentum vector p⃗ miss

T is defined as the projec-
tion onto the plane perpendicular to the beam axis of the negative vector sum of the momenta
of all reconstructed PF objects in an event. Its magnitude is referred to as pmiss

T .

Jets are reconstructed by clustering PF candidates using the anti-kT jet finding algorithm [46, 47]
with a distance parameter of 0.4. Jets are calibrated in the simulation, and separately in data,
accounting for energy deposits of neutral particles from pileup and any nonlinear detector
response. The effect of pileup is mitigated through a charged-hadron subtraction technique [48]
that removes the energy of charged hadrons not originating from the primary vertex (PV) of the
event. Corrections to jet energies to account for the detector response are propagated to pmiss

T .
Jets are required to have pT > 30 GeV, |η| < 5, and to meet jet quality criteria with measured
efficiencies that are almost 100%, for both data and simulated samples [49, 50].
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The PV is taken to be the reconstructed vertex with the largest value of summed physics-object
p2

T, as described in Section 9.4.1 of Ref. [51].

A deep neural network-based tagger, DEEPJET [52–54], is used to identify jets stemming from
the hadronization of b quarks, utilizing information from the tracks, neutral particles, and the
secondary vertices within the jet. The efficiency and purity of the resulting “b jets” are classified
in terms of various working points. The analysis uses a medium working point that correctly
identifies b jets with an efficiency of about 70%, and a loose working point with an efficiency
of about 85%. The misidentification rates for gluon or light-flavor quark jets for these two
working points are 1.0% and 10%, respectivsely.

Electrons (muons) are reconstructed by associating a track reconstructed in the tracking de-
tectors with a cluster of energy in the ECAL (track in the muon system). The candidates are
required to originate from the PV, pass quality selection criteria, and be isolated from other ac-
tivity in the event. For this purpose we define a lepton relative isolation variable Irel based on
the energy deposited on a cone ∆R =

√
(∆η)2 + (∆ϕ)2 = 0.3 (0.4) around the electron (muon).

Specifically, Irel = (Ech + Enh + Eph − 0.5 EPU
ch )/pT, where Ech is the transverse energy deposited

by charged hadrons from the PV, Enh and Eph are the transverse energies of the neutral hadrons
and photons, respectively, and pT is the electron or muon transverse momentum. The term
0.5 EPU

ch accounts for the contribution of neutral particles from pileup vertices, taken as half the
energy of the charged particles from pileup vertices.

The quality criteria for the light lepton selection are based on the isolation from other particles
in the event and the impact parameter of the candidate with respect to the PV, implemented via
multivariate discriminators. In this analysis we make use of both “loose” and “tight” working
points of these discriminators. The efficiency for loose (tight) electrons is 90 (80)% [55]. The
corresponding efficiencies for muons are 99 (95)% [56].

For a loose electron (muon) we require pT > 15 GeV and |η| < 2.5 (2.4) and Ielectron
rel < 0.20

(Imuon
rel < 0.40). For a tight electron (muon), the criteria are pT > 30 GeV (35 GeV for electrons in

2017 and 2018), and Ielectron
rel < 0.08 (Imuon

rel < 0.15).

Hadronically decaying τ leptons τh are reconstructed from jets using the hadrons-plus-strips
algorithm [57], which combines 1 or 3 tracks with energy deposits in the calorimeters to identify
the τ decay modes. Neutral pions are reconstructed as strips with dynamic size in the (η, ϕ)
plane from reconstructed electrons and photons, where the strip size varies as a function of
the pT of the electron or photon candidate. To furhter distinguish genuine τh decays from jets
originating from the hadronization of quarks or gluons, and from electrons or muons, we make
use of the DEEPTAU algorithm [58]. Information from all individual reconstructed particles
near the τh axis is combined with properties of the τh candidate and the event to provide
separate discriminators against hadronic jets (Dj), electrons (De), and muons (Dµ). Similarly
to the selection of electrons and muons, we employ a loose set of criteria to select τh with
pT > 30 GeV, |η| < 2.3, and satisfying Dj, De, Dµ working points for which the genuine τh
identification efficiencies are 70, 98, and 99.5%, respectively. We also make use of a working
point with a tighter Dj threshold, for which the identification efficiency for genuine τh is 50%.

5 Analysis strategy and background estimation
The analysis targets the VBS production of SSWW, with one of the W bosons decaying to a τ
lepton and the other into a µ or an e, in association with two jets originating from the scattered
incoming partons. Events are first selected by requiring one electron or muon, one τh candi-
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date, in each case satisfying the tight identification criteria, no additional loose leptons (e, µ,
or τh candidates), and at least two jets with a pseudorapidity separation |∆η| > 2.5. Among
all the possible jet pairs that satisfy the latter requirement, the pair with the highest invariant
mass mjj is chosen. We further define the signal region (SR) and several control regions (CRs)
to estimate and validate the background predictions, as specified in the following paragraphs.
All of these regions are disjoint, and for each of them we require the presence of exactly one
tight light lepton and one tight τh, rejecting events with additional light leptons or τh classified
as loose.

The SR is designed to enhance the yield of the VBS signal while minimizing that of the back-
ground. Events with a same-sign ℓτh pair, pmiss

T > 50 GeV, and mjj > 500 GeV are selected.
In this region, almost 95% of the background events are contain nonprompt lepton candidates,
which arise from jets misreconstructed as e, µ, or τh, including genuine leptons from the de-
cays of hadrons within jets. About 2% of background events arise from Z/γ∗+ jets and 1%
from dileptonic tt production.

Nonprompt leptons are produced mainly by QCD-mediated multijet, associated W + jets, and
hadronic and semileptonic tt production. They are estimated from data CRs by the “pass-fail”
method described in detail in Ref. [59]. This method estimates the probability that a non-
prompt lepton passes the tight selection criteria by using a region depleted of prompt leptons
to determine transfer factors, functions of their pT and η. These are then used to calculate the
nonprompt contributions in the main SRs and CRs, applying them to auxiliary regions defined
as the SRs and main CRs, but requiring that at least one of the light lepton and τh pass the loose
selection, while failing the tight one.

For this background source, we define two CRs: the “QCD-enriched” CR and the “nonprompt”
CR. To define these CRs, the transverse mass mT(ℓ, pmiss

T ) of the system comprising the light
lepton and pmiss

T is introduced as follows:

mT(ℓ, pmiss
T ) =

√
2pℓT pmiss

T [1 − cos ∆ϕ], (3)

where ∆ϕ is the azimuthal separation between the lepton momentum vector and p⃗ miss
T . The

QCD-enriched CR is used to perform the first step of the nonprompt-lepton background esti-
mations; it contains events with only one loosely identified lepton (e, µ, τh), pmiss

T < 50 GeV,
and mT(ℓ, pmiss

T ) < 50 GeV selected from data collected with a jet-based trigger. The nonprompt
CR serves to validate the yield estimate from the pass-fail method; it contains events with an
SS ℓτh pair and pmiss

T < 50 GeV. Lepton candidates in this CR arise mainly from W + jets and
QCD multijet production. The data and estimated background mjj distributions are compared
in the nonprompt CRs for the electron and muon final states in Fig. 2. The background yields
are evaluated before (“pre-fit”) the maximum likelihood (ML) fit introduced at the end of this
section. The plots show that the data generally agree with the prediction within uncertainties.

Finally, we define tt and OS CRs to constrain the MC simulations of these background sources.
Events with an OS ℓτh pair and no loose b-tagged jets are selected for the OS CR; events with
an OS ℓτh pair, at least one “medium” b-tagged jet, and pmiss

T > 50 GeV are selected for the
tt CR. Both the tt and OS CR are included in the simultaneous ML fit along with the SR. A
summary of the analysis phase space with the definitions of the SR and CRs is given in Table 1,
with the exclusion of the QCD-enriched CR.

Because of the large background and complex signal topology, sets of significant features to
separate signals and backgrounds are combined in three machine-learning discriminators, each
targeting a different signal. The discriminators are the outputs of feed-forward deep neural
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Figure 2: Distributions in the invariant mass of the dijet system for the data and the pre-fit
background prediction for the (left) eτh and (right) µτh nonprompt CRs. The stacked filled
histograms show the background components and the overflow count is included in the last
bin. The expectations for the EW SSWW signal, the OW dim-6 operator with cW = 1 TeV−2, and
the QT1 dim-8 operator with fT1 = 1 TeV−4 are shown by the red, blue, and green lines, respec-
tively. For the latter two, the interference with SM and pure EFT contributions are summed
together with the SM contribution. The hatched error band shows the bin-by-bin statistical
uncertainty. The lower panels show the ratio of data to the total background prediction, with
statistical uncertainties indicated by error bars and hatched shading, respectively. In all the
panels, the vertical bars represent the statistical uncertainty assigned to the observed number
of events.

Table 1: Definitions of the SR and the four CRs. The ✓ symbol indicates that the requirement
described in the column heading is applied in that region, whereas the × symbol means that the
opposite selection is applied. T refers to the tight selection rule, L refers to the loose selection
rule. The SR and three CRs (nonprompt, tt , OS) are selected from an inclusive lepton trigger.

Region
1 T ℓ, 1 T τh, >= 2 jets

SS ℓ, τh pmiss
T >50 GeV Additional requirements

any L ℓ/τh with |∆η| > 2.5
SR ✓ ✓ ✓ ✓ mjj >500 GeV
Nonprompt CR ✓ ✓ ✓ ×
tt CR ✓ ✓ × ✓ b-tagged jet (“medium”)
OS CR ✓ ✓ × ✓ b-tagged jet veto (“loose”)
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networks (DNNs). The three DNN models are devised to separate the SM VBS (SM DNN),
EFT dim-6 (dim-6 DNN), and EFT dim-8 (dim-8 DNN) from the SM background processes.
In particular, for the first EFT DNN model the signal is represented by a balanced mixture of
EFT linear and quadratic contributions weighted with unity values for cHW and cW . For the
second model a balanced mixture of linear and quadratic contributions from all the dim-8 EFT
operators included in the study is considered, with the corresponding Wilson coefficient values
approximately equal to the 95% confidence level (CL) limits obtained performing a statistical fit
with the variable m◦1 defined in Eq. (5) below. In both cases, the SM SSWW VBS contribution is
considered part of the background sample. The optimized models consist of 1, 2 and 4 hidden
layers. Adam Optimizer [60], early stopping, dropout, and L2 regularization [61] techniques
are utilized to avoid the overfitting effect, consisting of excessive adaptation to training data of
the DNN model.

The sets of input variables for the DNNs, detailed in Table 2, are each constructed with a dedi-
cated optimization that includes some quantities introduced to exploit the particular kinemat-
ical properties of the VBS SSWW reaction [62]. The agreement of the input variables used to
train the DNN models has been thoroughly checked in the CRs introduced at the beginning of
this section. First, there are the transverse masses

m2
1T =

(√
m2

τℓ + pτℓ
T

2
+ pmiss

T

)2

− | p⃗τℓ
T + p⃗ miss

T |2, and (4)

m2
◦1 =

(
pτ

T + pℓT + pmiss
T

)2
− | p⃗τ

T + p⃗ℓT + p⃗ miss
T |2. (5)

The variable m1T is the transverse mass of the τℓ system with pmiss
T . For the second quantity,

m◦1, the τ , ℓ momenta, and pmiss
T are treated as if coming from a system with a null invariant

mass when calculating the transverse mass of the three objects. These two variables are a proxy
for the energy of the scattering W boson pair, as well as for the angular distribution of the decay
objects coming from that pair. With these quantities it is possible to access direct information on
the process of interest for this study, more complete than the invariant mass of the VBS jet pair
and the pT of the leptons. In this way, it is possible to enhance the discrimination of the SSWW
VBS signal processes against the background, especially when investigating the sensitivity to
EFT contributions, as shown for m◦1 in Fig. 3. The three transverse masses introduced so far
are among the most important features for all of the DNNs.

Furthermore, the transverse masses mT(τh, p⃗ miss
T ) and mT(ℓ + τh, p⃗ miss

T ), defined similarly to
mT(ℓ, p⃗ miss

T ) in Eq. (3), are introduced. Next, we define the event Zeppenfeld variable [63]:

zevent =
1
2

ηℓ − |
ηj1

+ηj2
2 |

ηj1 − ηj2
+

1
2

ητh
− |

ηj1
+ηj2
2 |

ηj1 − ηj2
, (6)

introduced to exploit the centrality of the leptons in the VBS processes with respect to the
scattered VBS jets j1, j2. Finally we add the component prel

T, l j of the ℓ or τh momentum p⃗l per-
pendicular to the momentum p⃗j of VBS jet j:

prel
T, l j =

| p⃗l × p⃗j|
| p⃗j|

. (7)

This variable evaluates how close a lepton is to the flight direction of a jet. For VBS processes,
this quantity is expected to be distributed towards values larger than for the other processes,
since the light lepton and the τh produced by the scattered W bosons are far from the VBS jets.
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The pre-fit m◦1 distributions in the SRs for the electron and muon final states are shown in
Fig. 3.
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Figure 3: Distributions in m◦1 transverse mass for the data and the pre-fit background predic-
tion for the (left) eτh and (right) µτh SRs. The stacked filled histograms show the background
components, and the overflow count is included in the last bin. The expectations for the EW
SSWW signal, the OW dim-6 operator with cW = 1 TeV−2, and the QT1 dim-8 operator with
fT1 = 1 TeV−4 are shown by the solid red, blue, and green lines, respectively. For the latter
two, the interference with SM and pure EFT contributions are summed together with the SM
contribution. The hatched error band shows the bin-by-bin statistical uncertainty. The lower
panels show the ratio of data to the total background prediction, with statistical uncertainties
indicated by error bars and hatched shading, respectively. In all the panels, the vertical bars
represent the statistical uncertainty assigned to the observed number of events.

For the measurement of the SM VBS processes under investigation, the statistical analysis is
implemented with an ML fit to extract the signal strength, defined as the ratio of the signal
yield observed to that predicted by the model, taking the asymptotic limit of Wilks’s theorem
[64]. The ML fit is implemented with the CMS statistical analysis tool COMBINE [65], which
is based on the ROOFIT [66] and ROOSTATS [67] frameworks. To validate the results obtained
by relying on the asymptotic limit, we perform the same measurement by generating pseudo-
experiments for the signal and the background, taking into account their statistical fluctuations.
The outcomes from the pseudo-experiments are consistent with the ones returned by applying
Wilks’s theorem, and in the following the latter are presented. Data yields in both SRs and
CRs are incorporated in the likelihood via Poisson probability density functions. The inputs
to the fit are the distributions in the DNN output of the data, the signal, and the backgrounds
estimated as described above. The distributions in the SRs and CRs are affected by common
sources of systematic uncertainty, described in the next section, and thus their expectations are
treated as correlated in the fit.

The statistical analysis for the investigation of the EFT contributions in the VBS processes of
interest is also based on an ML fit, considering that the expected number of events Nexp inherits
the quadratic dependence on the EFT Wilson coefficients from the scattering amplitude |ABSM|
reported in Eq. (2). When the contribution of a single EFT dim-6 (with ci Wilson coefficient)
or dim-8 (with fα Wilson coefficient) operator is considered, and all the others are set to null
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Table 2: List of the input variables for the three DNN models developed in this study. The
check mark indicates that the variable is included in the DNN model identified in the column
header.

Input variable SM DNN dim-6 DNN dim-8 DNN
τh pT ✓ ✓ ✓
ℓ pT ✓ ✓ ✓
τh η ✓
ℓ η ✓

leading VBS jet pT ✓ ✓ ✓
subleading VBS jet pT ✓ ✓ ✓
leading VBS jet mass ✓ ✓

subleading VBS jet mass ✓ ✓
VBS jet pair ∆ϕ ✓

mjj ✓ ✓
m1T ✓ ✓ ✓
m◦1 ✓ ✓ ✓

mT(τh, p⃗ miss
T ) ✓

mT(ℓ, p⃗ miss
T ) ✓ ✓ ✓

mT(ℓ + τh, p⃗ miss
T ) ✓

prel
T (ℓ, j1) ✓

prel
T (ℓ, j2) ✓

prel
T (τh, j1) ✓

prel
T (τh, j2) ✓
∆ϕ(ℓ, j1) ✓
∆ϕ(ℓ, j2) ✓

∆ϕ(τh, j1) ✓
∆ϕ(τh, j2) ✓

pT, leading τh track/pT, τh
✓ ✓

zevent ✓
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values, the expected number of events can be written as follows:

Ni
exp = NSM +

ci
Λ2 Ni

Lin +
c2

i
Λ4 Ni

Quad, (8)

Nα
exp = NSM +

fα

Λ4 Nα
Lin +

f 2
α

Λ8 Nα
Quad, (9)

where NSM stands for the contribution from the SM processes, NLin for the one from the in-
terference of the considered EFT operator with the SM VBS processes, and NQuad for the pure
term produced by the specific operator. In the following, this fit setup will be referred to as a
1D dim-6 or dim-8 EFT study, respectively. When two EFT dim-6 operators with Wilson coeffi-
cients ci, cj are considered active, and all the other ones are set as negligible, the same quantity
reads:

Ni,j
exp = NSM + ∑

k=i,j

(
ck
Λ2 Nk

Lin +
c2

k
Λ4 Nk

Quad

)
+

cicj

Λ4 Nij
Cross, (10)

where NCross represents the interference between the two EFT operators under study. This fit
setup will be called a two-dimensional (2D) same-dimension EFT study in the rest of this paper.
Finally, when considering one EFT dim-6 and one dim-8 operator with Wilson coefficients ci, fα

to be active, the expected number of events becomes:

Ni,α
exp = NSM +

ci
Λ2 Ni

Lin +
c2

i
Λ4 Ni

Quad +
fα

Λ4 Nα
Lin +

f 2
α

Λ8 Nα
Quad. (11)

This fit setup will be referred to as a 2D different-dimension EFT study. It neglects the contri-
butions due to the possible interference between the dim-6 and the dim-8 operator, for which
there are no clear theoretical predictions.

6 Systematic uncertainties
Systematic uncertainties in the signal and background yields are introduced as nuisance pa-
rameters in the ML fit, both for the measurement of the VBS SSWW processes and for the EFT
investigations.

The uncertainties determined by the CMS luminosity monitoring are partially correlated among
the data sets [68–70], resulting in overall uncertainties of 1.2, 2.3, and 2.5% for the 2016, 2017,
and 2018 integrated luminosities, respectively. This uncertainty affects only the integrated
yields, not the shapes of the distributions.

Uncertainties at the matrix-element level, which impact both the normalization and shape of
the background and signal processes, are evaluated through separate variations of the renor-
malization and factorization scales. Specifically, the renormalization scale is varied by a factor
of 2 (or 0.5) while keeping the factorization scale fixed, and vice versa. The resulting uncer-
tainties are then combined by taking the envelope of these variations relative to the nominal
expectation [71]. These uncertainties are considered uncorrelated across different process cate-
gories but are correlated across the data-taking years.

The MC samples are generated using a default PDF set, as mentioned in Section 3, and event
weights corresponding to the 100 PDF alternative set members are also stored, evaluated with
the MADGRAPH5 aMC@NLO reweighting technique introduced in Section 3. These are used
to evaluate the PDF systematic uncertainties according to the procedure recommended by the
PDF4LHC group [72], which is based on the same strategy explained in the previous para-
graph. They are correlated among the data-taking years and processes.
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Among the possible theoretical uncertainties affecting MC simulations are those related to the
QCD-induced parton-shower modeling. These are divided into initial-state radiation (ISR) and
final-state radiation (FSR) and are considered correlated among the data-taking years and pro-
cesses.

Uncertainties in b tagging and mistagging data-to-simulation scale factors (SFs) are applied to
reproduce the corresponding efficiencies measured in the data, and implemented in the ML fit
as correlated among the data-taking years.

Systematic uncertainties related to the pileup modeling are introduced as a ±4.6% variation
in the total inelastic cross section of 69.2 mb that is used to estimate the data pileup distribu-
tions [73]. They are correlated among the data-taking years.

The impact of the uncertainty in the trigger efficiency measurement is estimated by varying
the SFs within their uncertainties separately for each data-taking year and final state. This
uncertainty is treated as uncorrelated among data-taking years.

In 2016 and 2017, a portion of trigger primitives in the ECAL was associated with the wrong
bunch crossing, leading to a trigger mistiming effect and a nonnegligible decrease in the trigger
efficiency that is not modeled in the simulated samples [74]. Events have been corrected for
this effect with a per-event weight, and the corresponding uncertainties have been propagated
throughout the analysis chain. They are correlated among the data-taking years.

In simulated events, reconstructed four-momenta of all of the jets are simultaneously varied
according to the η- and pT-dependent uncertainties in the jet energy scale; they are correlated
among data-taking years. These variations are then propagated to the p⃗ miss

T . Moreover, to prop-
erly evaluate the systematic effect coming from differences in the jet energy resolution between
data and simulations, smearing is also applied to the latter by varying the jet resolutions ac-
cording to their uncertainties; they are uncorrelated among the data-taking years [75]. Because
of the high efficiency of the jet quality requirements, no SFs or associated uncertainties for those
are applied.

Systematics related to uncertainties affecting unclustered energy in the calorimeters are in-
cluded in the fit and correlated among data-taking years.

Systematic uncertainties due to SFs used to match the efficiencies in light lepton reconstruction,
identification, isolation, and energy scale and resolution as measured in the MC samples with
those observed in data, are evaluated by varying the corresponding event weights by the SF
uncertainty. They are uncorrelated over the data-taking years.

For the uncertainty arising from charge sign misreconstruction in the eτh channel we assign a
uniform uncertainty of 15% to the distributions of the background processes, consistent with
the data-background agreement observed in the OS CR.

Statistical uncertainties related to the τ lepton identification SFs and the corrections to their en-
ergy scale and resolution [57] induce a systematic effect on the expected signal and background
distributions. Their impact is evaluated following a procedure similar to the one applied for
light-lepton systematic uncertainties. They are uncorrelated among the data-taking years.

The LO to NLO corrections to the VBS signal come with statistical uncertainties that are prop-
agated to the fit [31–33].

For the signal and background processes estimated from simulation, the precision of the mod-
eling is limited by the event count in the MC samples. The corresponding statistical uncertain-
ties are therefore taken as systematic uncertainties applied to each bin of the corresponding
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distribution, according to the lite Barlow-Beeston method [76].

The estimate of the nonprompt background is affected by the statistical uncertainties of the
auxiliary regions used to measure the transfer factors. This uncertainty is propagated by the
lite Barlow-Beeston method [76]. We assign a further 30% normalization uncertainty based on
a closure test performed in the nonprompt CR. This uncertainty is treated as correlated among
the data-taking years.

In the following, we collectively refer to the statistical uncertainties assigned to the back-
grounds, extracted from data CRs or from simulation, as background statistical. It represents
the dominant source of overall uncertainty.

The impacts of the systematic uncertainties in the signal strength, as extracted from the ML fit,
are summarized in Table 3.

Table 3: The impact of each systematic uncertainty, together with the impact of the data statis-
tical uncertainty, on the signal strength µ, as extracted from the fit to measure the SM SSWW
VBS signal with the DNN output distributions. Upper and lower uncertainties are given for
the various sources.

Uncertainty source +∆µ −∆µ

Theory (PDF, scales, ISR, FSR) +0.16 −0.10
Nonprompt background estimation +0.13 −0.12
tt normalization +0.051 −0.023
Trigger mistiming +0.105 −0.059
Luminosity +0.079 −0.092
b tagging and mistagging +0.007 −0.004
Jet energy scale, resolution, and identification +0.079 −0.097
Pileup +0.15 −0.16
LO-to-NLO VBS corrections +0.043 −0.025
Unclustered energy +0.003 −0.010
τh energy scale and identification +0.15 −0.15
Charge misidentification +0.005 −0.010
Lepton reconstruction, identification, and isolation +0.005 −0.024
Background statistical +0.32 −0.32
Total systematic +0.34 −0.30
Data statistical +0.52 −0.48
Total +0.62 −0.56
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7 Measurement of the SM SSWW VBS processes
We extract values of the signal strength and the statistical significance from the fit of the SM
SSWW VBS signal, with two separate interpretations. As the primary interpretation, we mea-
sure the purely EW signal strength keeping the QCD SSWW production contribution fixed to
the SM prediction. In the second interpretation, we measure the signal strength treating as
signal the combined EW and QCD SSWW processes, fixing the ratio between the two contribu-
tions to the SM value. For the primary result of the EW signal strength measurement, the DNN
output distributions of the SR and the tt and OS CRs are shown in Fig. 4 for both the electron
and muon flavors.
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Figure 4: Distribution of the DNN output for the (left) eτh and (right) µτh SR. The data points
are overlaid on the post-fit background (stacked histograms). The overflow is included in the
last bin. The middle panels show ratios of the data to the pre-fit background prediction and
post-fit background yield in yellow and green, respectively. The corresponding colored bands
indicate the systematic component of the uncertainty. The lower panels show the distributions
of the pulls, defined in the text. The blue shading in these panels represents the total uncer-
tainty in the signal and background estimates. In all the panels, the vertical bars represent the
statistical uncertainty assigned to the observed number of events.

In Fig. 4, the data are compared with the background estimated before (pre-fit) and after (post-
fit) the simultaneous fit of the SRs and CRs. The pulls shown in the lower panels are defined,
for each bin, as

Pull =
ndata − npost-fit√

σ2
data − σ2

post-fit

, (12)

where ndata and npost-fit are respectively measured event numbers and post-fit background pre-
dictions, and σdata and σpost-fit are their corresponding uncertainties. The quadratic difference of
the uncertainties appearing in the denominator is taken to account for the correlation between
the data and the post-fit prediction. The observed (expected) EW signal strength is 1.44+0.63

−0.56
(1.00+0.60

−0.53), corresponding to a signal significance of 2.7 (1.9) standard deviations. The simulta-
neous measurement of the EW and QCD-associated SSWW production results in an observed
(expected) signal strength equal to 1.43+0.60

−0.54 (1.00+0.57
−0.51), with a significance of 2.9 (2.0) standard
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deviations. The largest contribution to the overall uncertainty is the statistical uncertainty of
the data, as reported in Table 3.

Tabulated results are provided in the HEPData record for this analysis [77].

8 Effective field theory interpretation
The sensitivity of the measurement to the dim-6 and dim-8 EFT operators, considered one
at a time, is estimated from a likelihood scan performed by varying the corresponding Wilson
coefficients as they appear in the quadratic parametrization of the signal yields given by Eqs. (8)
and (9). For this part of the study, we use the distributions of the dim-6 and dim-8 DNN
outputs, respectively. No significant deviations from the SM predictions are observed. The
68 and 95% confidence intervals on the Wilson coefficients are extracted from the scan and
reported in Table 4. Although CMS and ATLAS have published dim-8 VBS analysis [12], these
represent the first limits set on EFT dim-6 operator contributions in VBS processes.

Table 4: Observed and expected 68 and 95% 1D confidence level (CL) intervals on the Wilson
coefficients associated with the EFT dim-6 and dim-8 operators considered. The results re-
ported here are obtained by fixing the Wilson coefficients other than the one of interest to their
SM values in the fit procedure.

Wilson coefficient
68% CL interval(s) 95% CL interval

Observed Expected Observed Expected

dim-6

c(1)ll /Λ2 [−11.6, 0.045] [−12.9,−8.03] ∪ [−2.95, 1.91] [−13.5, 2.11] [−14.6, 3.53]
c(1)qq /Λ2 [−0.341, 0.416] [−0.501, 0.576] [−0.605, 0.681] [−0.742, 0.818]
cW/Λ2 [−0.513, 0.481] [−0.681, 0.669] [−0.842, 0.818] [−0.987, 0.974]

cHW/Λ2 [−5.48, 4.31] [−7.00, 6.09] [−8.68, 7.60] [−9.99, 9.05]
cHWB/Λ2 [−30.7, 89.2] [−41.7, 69.6] [−49.7, 110] [−66.6, 96.4]
cH□/Λ2 [−12.0, 14.0] [−16.6, 18.1] [−20.9, 22.7] [−24.7, 26.3]
cHD/Λ2 [−15.3, 31.5] [−24.6, 34.7] [−31.4, 45.5] [−38.2, 48.8]
c(1)Hl /Λ2 [−38.2, 39.5] [−28.8, 29.9] [−69.3, 68.3] [−49.4, 49.7]
c(3)Hl /Λ2 [−0.045, 8.58] [−1.43, 2.23] ∪ [5.88, 9.54] [−1.59, 9.94] [−2.64, 10.8]
c(1)Hq/Λ2 [−3.27, 3.44] [−4.53, 4.42] [−5.55, 5.60] [−6.56, 6.44]

c(3)Hq/Λ2 [−1.88, 0.705] [−2.39, 1.37] [−2.82, 1.61] [−3.24, 2.16]

dim-8

fT0/Λ4 [−0.774, 0.842] [−1.02, 1.08] [−1.32, 1.38] [−1.52, 1.58]
fT1/Λ4 [−0.319, 0.381] [−0.426, 0.480] [−0.552, 0.613] [−0.640, 0.695]
fT2/Λ4 [−0.851, 1.12] [−1.15, 1.37] [−1.51, 1.76] [−1.75, 1.98]
fM0/Λ4 [−8.07, 7.70] [−9.89, 9.74] [−13.1, 12.8] [−14.6, 14.5]
fM1/Λ4 [−9.54, 11.15] [−12.5, 13.3] [−16.4, 17.7] [−18.7, 19.6]
fM7/Λ4 [−17.6, 15.3] [−20.3, 19.2] [−27.6, 25.8] [−29.9, 28.8]
fS0/Λ4 [−9.60, 9.82] [−11.6, 12.0] [−15.9, 16.1] [−17.4, 17.9]
fS1/Λ4 [−40.9, 41.3] [−37.4, 38.8] [−60.9, 61.8] [−57.2, 58.6]
fS2/Λ4 [−40.9, 41.3] [−37.4, 38.8] [−60.9, 61.8] [−57.2, 58.6]

In addition, a 2D likelihood scan is performed over pairs of Wilson coefficients as they appear
in Eqs. (10) and (11), exploiting the distributions of m◦1, which we find to be the most sensitive
variable to EFT effects among the kinematic quantities considered. For the same-dimension
fits, we consider pairs of EFT operators that both modify either the WW → WW amplitude or
the W pairing with fermions. For the different-dimension fits, we consider pairs that modify
the WW → WW amplitude. The operators in these pairs impact the scattering amplitude with
similar magnitudes in terms of linear and quadratic contributions.
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The results are reported in Figs. 5 and 6. For the same-dimension pairs shown in the upper
two rows of Fig. 5, combining the effects of two operators leads to a broadening of the 68 and
95% CL intervals extracted with the corresponding one-dimensional fit to the m◦1 distributions,
an effect that is more pronounced for the operators to which this analysis is less sensitive. In
general, the contours have an elliptical shape with correlation effects driven by the interference
between the operators considered in the pairs, particularly for the mixed dim-6 operators, as
shown in the lower row of Fig. 5. The results for the OHWB, OH□ operator pair (reported at the
middle right of Fig. 5) have some peculiarities, ascribable to the fact that these terms generate
very similar interference with the SM contribution when the corresponding Wilson coefficients
have unity values. For the expected contours, this is translated into a negative linear correlation
that tilts the axes of the ellipses; for the observed contours, the correlation effect is enhanced by
fluctuations in data that both operators can account for.

For the different-dimension pairs, the results show that the addition of the linear and quadratic
dim-8 contributions to the corresponding ones for a given dim-6 operator leads to a slight
broadening of the one-dimensional 68 and 95% intervals for the dim-6 operators, indepen-
dently of the specific dim-8 operator considered in the pair. The same broadening effect can
be observed for the dim-8 Wilson coefficients. However, the relative impact of this broaden-
ing effect on the dim-6 Wilson coefficients is not consistent among all of them, being more
pronounced when the dim-6 and dim-8 contributions are comparable within a few orders of
magnitude. The latter fact also has an impact on the shape of the contours, which is more
circular for the pairs with comparable dim-6 and dim-8 effects, and more rectangular when
dim-8 contributions are negligible with respect to the dim-6 terms. In addition, the contour
does not show evidence of linear correlations, as the possible interference between the dim-6
and the dim-8 operators in the pair is neglected in this study. These considerations lead to the
conclusion that, within the EFT framework, the one-dimensional constraints on a Wilson coef-
ficient associated with a given operator could be biased by neglect of the contributions of other
operators arising in the same physical process and at the same or different power of ΛBSM.

It is worth noting that the 2D EFT fits with two dim-6 operators represent the first results of
this type for an analysis investigating VBS processes, and the 2D EFT fits with one dim-6 and
one dim-8 operator represent the first results ever for combinations of different-dimension EFT
operators in the same physics processes.
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Figure 5: Observed (black) and expected (red) 68 (solid) and 95% (dashed) CL contours for
−2 ln ∆L as functions of the reported dim-6 bosonic (upper two rows) and mixed (lower row)
Wilson coefficient pairs. When there are two contours for the same CL value, the constrained
set of Wilson coefficient values is represented by the area between the two of them if they are
concentric, otherwise it consists of the internal areas of the contours.
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Figure 6: Observed (black) and expected (red) 68 (solid) and 95% (dashed) CL contours for
−2 ln ∆L as functions of the reported (dim-6, dim-8) Wilson coefficient pairs.
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9 Summary
Electroweak (EW) production of a same-sign W boson pair, with a hadronically decaying τ lep-
ton in the final state, is investigated for the first time, together with an interpretation of possible
deviations from the standard model expectations in terms of effective field theory (EFT) opera-
tors of dimension 6 and 8. The analysis is performed with a sample of proton-proton collisions
at

√
s = 13 TeV recorded by the CMS experiment at the CERN LHC in 2016–2018, correspond-

ing to an integrated luminosity of 138 fb−1. Events are selected with the requirement of one τ
lepton together with one light lepton (e or µ) of the same sign, missing transverse momentum,
and two jets with large pseudorapidity separation and large dijet invariant mass. Deep neu-
ral network algorithms are employed to discriminate different types of signal events from the
main backgrounds, significantly boosting the sensitivity of the search.

The amplitude for same-sign WW production includes terms that account for strong interac-
tions between partons with W boson radiation. A small fraction of these QCD-mediated events
falls within the acceptance of the search. The measured cross section for EW same-sign WW
scattering, extracted with the QCD-mediated amplitudes fixed to the standard model (SM) ex-
pectations, is 1.44+0.63

−0.56 times the SM prediction. The observed (expected) significance of the
EW signal is 2.7 (1.9) standard deviations. A measurement of the combined EW and residual
QCD-mediated contributions yields an observed (expected) significance of 2.9 (2.0) standard
deviations.

Also presented are the first limits in vector boson scattering on dimension-6 EFT operator con-
tributions, including both one operator and two operators active at the same time. This is the
first study of the combined effects of EFT operators with different dimensions, showing that
focusing on one dimensionality can lead to an overestimate of the sensitivity to the correspond-
ing EFT operator class, and that the contributions of terms combining operators with different
dimensions should not be neglected.
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INFN Sezione di Baria, Università di Barib, Politecnico di Baric, Bari, Italy
M. Abbresciaa,b , A. Colaleoa,b , D. Creanzaa,c , B. D’Anzia,b , N. De Filippisa,c ,
M. De Palmaa,b , W. Elmetenaweea ,b ,17 , L. Fiorea , G. Iasellia,c , L. Longoa ,
M. Loukaa,b, G. Maggia ,c , M. Maggia , I. Margjekaa , V. Mastrapasquaa,b , S. Mya,b ,
S. Nuzzoa,b , A. Pellecchiaa,b , A. Pompilia,b , G. Pugliesea,c , R. Radognaa,b ,
D. Ramosa , A. Ranieria , L. Silvestrisa , F.M. Simonea,c , Ü. Sözbilira ,
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zalez Caballero , J.R. González Fernández , P. Leguina , E. Palencia Cortezon ,
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Universität Zürich, Zurich, Switzerland
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85Also at Karamanoğlu Mehmetbey University, Karaman, Turkey
86Also at California Institute of Technology, Pasadena, California, USA
87Also at United States Naval Academy, Annapolis, Maryland, USA
88Also at Ain Shams University, Cairo, Egypt
89Also at Bingol University, Bingol, Turkey
90Also at Georgian Technical University, Tbilisi, Georgia
91Also at Sinop University, Sinop, Turkey
92Also at Erciyes University, Kayseri, Turkey
93Also at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH),
Bucharest, Romania
94Now at another institute or international laboratory covered by a cooperation agreement
with CERN
95Also at Texas A&M University at Qatar, Doha, Qatar
96Also at Kyungpook National University, Daegu, Korea
97Also at another institute or international laboratory covered by a cooperation agreement
with CERN
98Also at Institute of Nuclear Physics of the Uzbekistan Academy of Sciences, Tashkent,
Uzbekistan
99Also at Northeastern University, Boston, Massachusetts, USA
100Also at Imperial College, London, United Kingdom
101Now at Yerevan Physics Institute, Yerevan, Armenia
102Also at Universiteit Antwerpen, Antwerpen, Belgium


	1 Introduction
	2 The CMS detector
	3 Simulated samples
	4 Event reconstruction
	5 Analysis strategy and background estimation
	6 Systematic uncertainties
	7 Measurement of the SM SSWW VBS processes
	8 Effective field theory interpretation
	9 Summary
	A The CMS Collaboration 

