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Abstract

This note presents a search for new heavy neutral resonances (R) produced through vector
boson fusion process qq → Rqq → `+ν`− ν̄qq (` = e, µ) using 3.2 fb−1 of data at

√
s = 13TeV

recorded by the ATLAS detector at the Large Hadron Collider. No excess above the Standard
Model background expectation is observed. Limits are set on the production of five types
of neutral resonances of different spin and isospin quantum numbers (scalar isoscalar, scalar
isotensor, vector isovector, tensor isoscalar and tensor isotensor)with a K-matrix unitarization
of the vector boson scattering process.
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1 Introduction

The process of vector boson scattering can be sensitive to phenomena beyond the standard model (SM), in
particular the presence of diboson resonances and anomalous quartic couplings. Resonances of different
spin and isospin quantum numbers are generically predicted in composite Higgs models [1, 2], triplet
Higgs models [3–5], and extra dimension models [6, 7]. Cross sections and branching ratios of the
125 GeV scalar boson discovered at the Large Hadron Collider (LHC) are presently compatible, within
experimental precision, with those predicted for the SM Higgs boson. However, if the values of the Higgs
coupling to the vector bosons do not take the exact values predicted by the SM, an alternative mechanism
is needed to restore unitarity in the scattering amplitude of longitudinal gauge bosons, and new resonances
may appear [8–12]. If these resonances have weak or no coupling to fermions, vector boson scattering
processes could provide the best sensitivity to these resonance searches at the LHC.

In this search, a benchmark model is used which combines new resonances of different spin and isospin
quantum numbers with an effective chiral Lagrangian (EChL) [13–17]. These resonances are assumed
to only couple to longitudinal vector bosons and do not couple to fermions, photons and transverse
components of vector bosons. The resonance decay widths shown in Table 1 are calculated according to
Ref. [15]. These resonances contribute additional terms to the scattering amplitudes and are associated
with anomalous quartic gauge couplings implying a violation of unitarity. These effects are evaluated
in the EChL model and a unitarization procedure is required, as in Refs. [10, 14–17]. Here, a K-matrix
unitarization procedure [14] is used. The EChL gathers three gauge bosons ωa (a = 1, 2, 3) in a matrix
which transforms in an SU (2)L × U (1)Y invariant way and the Higgs boson is included in a nonlinear
representation.

ATLAS [18] and CMS [19] have provided evidence for the Higgs boson production via the qq → Hqq →
W+W−qq → `+ν`− ν̄qq fusion process using 7 and 8 TeV data. ATLAS also searched for a charged
Higgs boson, H±, produced via vector-boson fusion and decaying to a W boson and a Z boson using
8 TeV data [20]. In this note, a search is performed for the first time for neutral resonances above the
Higgs boson mass produced by the qq → Rqq → `+ν `− ν̄ qq (` = e, µ) fusion process, taking into
account interference with the SM production process of the same final state, and applying a K-matrix
unitarization. A representative Feynman diagram of the production and decay of the resonance is shown
in Figure 1. Only leptonic channels are considered due to the relatively small SM backgrounds expected.
Three channels are labeled based on the lepton flavors: ee, eµ, and µµ. The analysis is based on an
integrated luminosity of 3.2 fb−1 of proton-proton collision data taken at

√
s = 13 TeV in 2015.

R

V

V

V

V

qq

q q

  ℓ / ν

  ℓ / ν

  ℓ / ν

  ℓ / ν

Figure 1: Representative Feynman diagram for the production and decay of a heavy neutral resonance (R) by vector
boson fusion at the LHC. The symbol q represents all possible quarks or anti-quarks, and V represents W or Z
boson.

2



Type Spin J Isospin I Electric Charge Γ/Γ0
σ 0 0 0 6
φ 0 2 −−,−, 0,+,++ 1

ρ 1 1 −, 0,+ 4
3 ( υ

2

m2 )

f 2 0 0 1
5

t 2 2 −−,−, 0,+,++ 1
30

Table 1: Spin, isospin and corresponding electric charge for five types of resonances. Only neutral resonances are
considered. The last column gives the relative width Γ/Γ0 where Γ0 = g2m3/64πυ2 with g as the coupling of the
new resonance to the longitudinal vector bosons [15], m as the mass of the resonance, and υ as the electroweak scale
of 246 GeV.

2 ATLAS Detector

The ATLAS detector [21] is a multi-purpose particle physics apparatus with a forward-backward symmet-
ric cylindrical geometry and almost 4π coverage in solid angle1. The inner tracking detector (ID) covers
|η | < 2.5 in pseudorapidity and consists of a silicon pixel detector, a silicon microstrip detector, and a
transition radiation tracker. The ID is surrounded by a superconducting solenoid providing a 2 T magnetic
field and by a hermetic, finely-segmented calorimeter system covering |η | < 4.9, which provides three-
dimensional reconstruction of particle showers using lead-liquid argon sampling for the electromagnetic
compartment followed by a hadronic compartment which is based on iron-scintillating tiles sampling in
the central region and on liquid argon sampling with copper or tungsten absorbers for |η | > 1.7. The
muon spectrometer (MS) has one barrel and two endcap air-core toroids that bend muons. Three layers
of precision tracking stations, consisting of drift tubes and cathode strip chambers, allow precise muon
momenta to be measured up to |η | = 2.7. Resistive plate and thin-gap chambers provide muon triggering
capability up to |η | = 2.4.

3 Data and Simulated Events

The data were recorded with the ATLAS detector during the 2015 run and correspond to a total integrated
luminosity of 3.2 fb−1 at a center-of-mass energy of 13 TeV. They are required to satisfy a number of
conditions ensuring that the ATLAS detector was operating nominally. Events are selected if they satisfied
at least one of a set of single electron or muon triggers with pT thresholds of 24 GeV for the electron and
20 GeV for the muon.

Simulated Monte Carlo (MC) signal samples, qq → `+ν`− ν̄qq (` = e, µ), including a new resonance, the
contribution from the SM electroweak processes that produce the same final state, and the interference
between the SM and the new resonance, are generated with the Whizard generator v2.1.1 [22, 23]. The
programPythia8.186 [24]with theCTEQ6L1 [25] parton distribution function (PDF) set andA14 tune [26]

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Transverse momentum (pT) is defined relative
to the beam axis.
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are used for parton shower and hadronization. The factorization scale (µF) and the renormalization scale
(µR) are set to µF = µR = 2mW , where mW is the mass of the W boson. Events with W or Z bosons
decaying to τ lepton that resulting in the ee, eµ or µµ final state are also included in the signal generation.
Using the SM_km process model inWhizard, five types of new neutral resonance, as shown in Table 1, are
produced: scalar isoscalar (σ), scalar isotensor (φ), vector isovector (ρ), tensor isoscalar ( f ) and tensor
isotensor (t). Resonance masses ranging from 200 GeV to 500 GeV in steps of 100 GeV are produced.
The coupling of the resonance to longitudinal vector bosons is set to g = 2.5. A preselection is applied on
the event generation requiring the transverse momentum of jets and leptons to be greater than 15 GeV, the
distance between the outgoing quarks in the η −φ plane to be ∆Rqq′ ≡

√
(φq − φq′)2 + (ηq − ηq′)2 > 1.0,

and the invariant mass of the two leptons to be m`` > 10 GeV. The vector bosons from the resonance
decay are required to be on-shell, thus excluding the s-channel Higgs boson exchange contribution, where
H → WW ∗ and H → Z Z∗.

The signal cross section is defined here formally as the difference in the cross section obtained for the
full MC samples of qq → Rqq → `+ν`− ν̄qq (which includes the new resonance, the SM background
processes producing the same final state, and the interference between the SM and the new resonance)
and that of the pure electroweak sample qq → `+ν`− ν̄qq, also generated with Whizard. The signal
kinematic distributions are also obtained from the corresponding distribution difference between these
two samples. The signal production cross section thus excluding the SM electroweak processes is shown
for the five different resonance types as a function of the resonance mass in Figure 2. For σ resonances
above 500 GeV, the ratio of the decay width to the resonance pole mass (Γ/m) reaches around 50% for a
chosen coupling of g = 2.5 [16]. For higher masses the definition of a resonance is difficult due to the
large decay width, thus only resonances with mass below 500 GeV are considered.
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Figure 2: Production cross section times branching ratio of the signal process as a function of the resonance mass
for all five different resonance types and with coupling parameter g = 2.5. The SM continuum contribution is
subtracted.

SM background processes include those that lead to a final state with two opposite-sign prompt leptons and
at least two jets, such as tt̄, Z+jets, diboson, and Higgs production. Their contributions are estimated using
simulated events. In all samples, W and Z bosons are allowed to decay to all three leptonic channels.

Both tt̄ and single top quark production samples are generated with Powheg-Box v2 [27] using CT10
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PDF [28] at Next-to-Leading Order (NLO) and showering is simulated with Pythia6.428 [29]. The cross
sections are normalized to the Next-to-Next-to-Leading Order (NNLO) calculation including soft-gluon
resummation to Next-to-Next-to-Leading-Logarithm order (NNLL) using a k-factor [30]. The tt̄ +W/Z
samples are generated usingMadgraph v2.2.2 [31]withNNPDF23LOPDF set [32], with parton showering
and hadronization with Pythia6.428, and are normalized to the NLO calculations with k-factors [33].

The Z (→ `+`−)+jets QCD production is generated with Madgraph v2.2.2 at LO with the parton shower
and hadronization performed by Pythia8.186. The A14 tune is used together with the NNPDF23LO PDF
set. Events with up to four partons at the parton level are generated. The cross section is normalized to
the NNLO calculation [34–36]. The Z (→ `+`−)+jets production where pairs of jets result from the decay
of a vector boson, is generated with Sherpa2.1.1 [37] with CT10 PDF at LO.

The W+(→ `+ν)W−(→ `− ν̄) j j and other diboson processes in association with jets, W Z j j, Z Z j j and
Zγ j j, produced by QCD diagrams (O(α2

sα
2) ) and where the vector bosons decay leptonically, are

modelled with Sherpa2.1.1 with CT10 PDF at LO, and normalized to NLO [38, 39]. The production
of the WW j j process by electroweak diagrams (O(α4)), including vector boson scattering, is generated
with Whizard v2.1.1, as mentioned above. The contribution of electroweak diagrams to the other diboson
processes is estimated to be negligible.

Simulation of Higgs production by gluon fusion (gg → H (→ WW ∗ → `ν`ν)), denoted as ggH , and by
vector boson fusion (qq′ → qq′H (→ WW ∗ → `ν`ν)) are generated with Powheg-Box v2 at NLO, using
CT10 PDF, and interfaced with Pythia8.186 for partons shower and hadronization. The contributions of
the H → Z Z∗ process from both gluon fusion and vector boson fusion are found to be negligible.

All simulatedMCsamples include the effect ofmultiple interactions (pile-up) in the same and neighbouring
proton bunch crossings by the addition of simulated diffractive and non-diffractive pp collisions to each
generated signal or background event. The pile-up rate in MC simulation is weighted to reproduce the
measured pile-up rate in data. Finally, all generated samples are processed through the Geant4-based
ATLAS detector simulation [40, 41] and reconstructed with the standard ATLAS reconstruction software
used for collision data.

4 Object and Event Selection

Due to the presence of pile-up, each event can have multiple vertices reconstructed. Only events where
the primary vertex has at least three associated tracks with pT > 400 MeV are considered. The vertex
with the largest Σp2

T of associated tracks is denoted as the primary vertex.

Electrons are reconstructed from clusters of energy deposits in the EM calorimeter that match a track
reconstructed in the ID. They are identified using a maximum likelihood procedure described in [42].
The levels referred as “loose”, “medium” and “tight” identification criteria, correspond to approximately
96%, 94% and 88% identification efficiency for electrons with transverse energy of 100 GeV. Track and
calorimeter cluster isolation conditions are applied, based on the total pT of tracks and calorimeter energy
deposits around the electron track and cluster, within a cone radius of 0.2. The electrons are required to
originate from the primary vertex, to satisfy the “tight” isolation requirements [43], and to have transverse
momentum pT > 25 GeV and pseudorapidity |η | < 2.47, with a veto in the range 1.37 < |η | < 1.52 which
corresponds to the crack region between the barrel and endcap LAr calorimeters.

5



Muons are reconstructed by matching tracks in the inner detector and muon spectrometer. The quality
criteria are defined in Ref. [44]. The muon is removed from the event if a jet with number of associated
tracks greater than two is found within ∆R < 0.4 of the muon candidate. Candidate muons are required
to originate from the primary vertex, satisfy the “medium” identification criteria and “tight” isolation
requirements [44], and to have transverse momentum pT > 25 GeV and |η | < 2.5.

To improve the agreement between data and simulation, lepton selection efficiencies are measured using
dedicated samples of data and simulation, and correction factors are applied to the simulation to account
for differences with respect to data. The simulation is tuned to reproduce the calorimeter energy and the
muon momentum scale and resolution observed in data.

Jets are reconstructed using the anti-kt algorithm [45] with a radius parameter of R = 0.4, using calorimeter
clusters as input. The three-dimensional clusters are built from topologically connected calorimeter cells
that contain a significant signal above noise and the energy scale of the jets is calibrated to the hadronic
scale as in Ref. [46]. The clusters are corrected for dead material and out-of-cluster energy losses. To
remove poorly reconstructed jets, jet cleaning criteria as well as area-based pile-up subtraction and the
in-situ calibration corrections are applied [47]. A jet vertex tagger (JVT) [48] is a likelihood variable
employed to tag and suppress pile-up jets, having a large fraction of tracks not associated with the primary
vertex. Jets are required to have pT > 30 GeV and |η | < 4.5. Jets containing b-hadrons (“b-jet”) with
|η | < 2.5 are identified by combining information on the impact parameter significances of their tracks
and explicit secondary vertex reconstruction [48]. The ATLAS jet flavor tagging algorithm, MV2c20 [49],
with an efficiency of 85% for tagging b−jets in a MC sample of tt̄ events, is used. Since electrons are also
reconstructed as jets, if a reconstructed jet lies within R = 0.2 of an electron, it is discarded.

Due to the presence of two neutrinos in the final state, the missing transverse energy, Emiss
T , is an important

discriminating variable for signal events. It is calculated as the negative of the sum of 4-vectors of energy
clusters or track momenta from reconstructed objects such as electrons, muons, and jets. Photons and
hadronically decaying taus are included as jets in the reconstruction. Tracks not associated to these hard
objects are also taken into account as the track soft term.

Preselection cuts are applied on all signal and background MC samples. At least two leptons are required
with pT > 25 GeV. At least one of the two leptons is required to be geometrically matched to a lepton
reconstructed by the trigger algorithm. For the ee channel, at least one of them is required to pass the
“medium" identification criteria, as defined in Ref. [42] . For the eµ channel, the electron needs to pass
the “loose" identification criteria. The vector boson scattering signal process contains two forward tag
jets, which could be contaminated by pile-up jets. To suppress pile-up effect, a higher pT threshold of 50
GeV is set for jets which fall in |η | > 2.5.

Candidate events have a distinct experimental signature of exactly two high pT leptons (electrons or
muons), missing transverse energy (Emiss

T ), and at least two forward jets. Kinematic selection criteria
used in the final signal region are listed in Table 2. Candidate events are required to have exactly two
opposite-sign leptons passing the above selection criteria with m`` > 40 GeV. The dilepton invariant
mass must not be within 25 GeV of the Z boson mass to reduce Z+jets background for both ee and µµ
channels. Events are also required to have Emiss

T > 35 GeV. In order to reduce the top quark pair and
single top quark background, events must not contain any b-jet. In addition, the two jets must have an
invariant mass m j j that is greater than 500 GeV and large separation in pseudorapidities (|∆η j j | > 2.4).
They are also required to be present in the opposite sides of the detector (η j1 × η j2 < 0). To reduce the
background from strong production of double vector boson processes, the lepton centrality is required to
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# Selection criteria
1 event preselection requirements, see text
2 exactly two leptons with pT > 25 GeV
3 pass single lepton trigger and trigger matching
4 third lepton veto
5 dilepton mass m`` > 40 GeV
6 q`1 × q`2 < 0
7 |m`` − mZ | > 25 GeV in the ee and µµ channels
8 at least two selected jets with pT > 30 (50) GeV and |η | < 2.5 (2.5 < |η | < 4.5)
9 b-jet veto
10 Emiss

T > 35 GeV
11 m j j > 500 GeV
12 |∆η j j | > 2.4
13 η j1 × η j2 < 0
14 lepton centrality ζ > −0.5
15 f recoil < 2.0

Table 2: Kinematic selection criteria used in the signal region.

have ζ > −0.5. The centrality variable [16] is defined as ζ = min(η jet
1 − η

`
1, η

jet
2 − η

`
2), where the leptons

and jets are ordered such that η`1 ≥ η
`
2 and η jet

1 ≥ η
jet
2 .

In order to reject the Z/γ∗ → `` background with misreconstructed Emiss
T the variable f recoil [50] is

introduced. The two leptons in the Z → `` events need to be balanced by a hadronic recoil system. The
definition of f recoil is

f recoil =

���
∑

soft jets JVTj · ~p
j

T
���

p``T
, (1)

where p``T is the transverse momentum of the dilepton system, ~p j
T is the transverse momentum of the j−th

soft recoil jet. This variable measures the strength of the recoil system relative to the dilepton system,
with the pT of the soft jets weighted by JVT to reduce the effects of soft jets from pile-up. The soft recoil
system is reconstructed as the vector sum ~pT of soft jets with pT > 10 GeV and |η | < 4.5 in the transverse
quadrant opposite the dilepton system. Events are required to have f recoil < 2.0.

These selection criteria are applied for five resonance types and masses considered. The signal acceptance
times efficiency is in the range of 5% − 22% depending on the mass and type of resonance and the decay
channel.

5 Background Estimation

The SM backgrounds come from two sources: (1) SM processes with two prompt opposite-sign leptons
in the final states and (2) SM processes accompanied by jets that are misidentified as isolated leptons.

Contributions from background processes with two prompt opposite-sign leptons in the final state are
estimated using MC-simulated events. These processes include top pair production, Wt production, tt̄V ,
Z+jets,diboson, and Higgs production via gluon fusion and VBF. The contributions in the signal region
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are normalized according to the production cross sections and the integrated luminosity as described in
Section 3. The modelling of these backgrounds are validated in several validation regions described in
Section 6.

Processes with a single prompt lepton produced in association with hadronic jets enter the signal region
when one jet is misidentified as an isolated lepton. This fake-lepton background mainly originates
from W+jets, multijet (including semileptonic decays of b−quark pairs) and semileptonic decay of the tt̄
processes. Since the probability for a jet to be misidentified as an isolated lepton may not be accurately
modelled in the MC simulation, a data-driven technique, called the “matrix method” [51], is employed to
estimate this contribution.

The probability for a jet to be misidentified as an isolated muon is found to be small given the muon
selection criteria used, thus only jets misidentified as electrons are considered. A looser electron selection
criteria is defined in addition to the default selection criteria described in Section 4. For looser electrons,
the isolation requirement is dropped and the “loose” identification criteria is used instead of the “tight”
identification criteria. The matrix method uses the probabilities for a looser quality electron to pass the
default electron selection for both prompt and non-prompt leptons. These two probabilities are called
efficiency and fake probability, and are measured in data using Z → ee events and dijet events.

Lepton efficiency and fake probability are measured as a function of the lepton pT and the measured pT
dependence is used to determine the number of fake-lepton background events. The electron average
efficiency is found to be around 84% and the average fake probability is found to be 13%. The matrix
method is applied on each event and the resulting weights are then summed over all events to obtain the
fake-lepton background.

6 Background Validation

With all selection criteria applied, the Z+jets process is the dominant background source in the ee and
µµ channels while tt̄ is the main background source in the eµ channel. In the following, the validation of
these background estimates is described.

An inclusive Z+jets sample is selected by applying selection requirement #1 to #9, but reversing selection
requirement #7 in Table 2, some discrepancy is found between data and MC prediction for the Z boson
pT distribution in both ee and µµ channels. This indicates that the Z boson pT is not modelled well with
the event generator used. A reweighting function is derived to correct the MC prediction to match with
the observed Z boson pT distribution in data. This reweighting function is used for the Z+jets prediction
in both validation and signal regions.

Three validation regions (VRs), referred to as the “Z+jets VR”,“tt̄ VR”, and “low-m j j VR”, are used to
validate background predictions. Thee VRs select phase spaces similar to the one corresponding to the
signal region, with only one or two selection criteria loosened or inverted. The signal contribution to these
VRs are negligible. The selection criteria used for all VRs are listed in Table 3.

The Z+jets VR is used to test the Z+jets background prediction and the dilepton mass is required to be
within 25 GeV of the Z boson pole mass. The tt̄ VR is used to test the tt̄ background estimation, and is
defined by inverting the b-jet veto criteria to require the presence of at least one b-tagged jet in the event.
The m j j selection criteria is dropped in both VRs to obtain more statistics. The low m j j VR is used to
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Region Purpose Requirements
Z+jets VR Validate Z+jets background modelling no m j j cut,

|m`` − mZ | < 25 GeV (only ee and µµ channels)
tt̄ VR Validate tt̄ background modelling no m j j cut,

at least one b-tagged jet
low-m j j VR Validate low-mass background estimation m j j < 500 GeV

Table 3: Definitions of validation regions used, and the requirements listed in Table 2 are assumed unless otherwise
specified.

Z+jets VR ee µµ

Z+jets 808 ± 13 ± 337 1686 ± 20 ± 721
tt̄ 17.2 ± 0.7 ± 4.5 25.5 ± 0.9 ± 6.2
Wt 1.6 ± 0.2 ± 0.5 2.5 ± 0.2 ± 0.5
diboson_QCD 14.2 ± 1.4 ± 2.6 20.9 ± 1.7 ± 5.4
diboson_EW 0.7 ± 0.0 ± 0.1 0.9 ± 0.1 ± 0.1
Zγ 29.0 ± 0.9 ± 8.4 48.5 ± 1.2 ± 15.2
Higgs 0.1 ± 0.0 ± 0.3 0.1 ± 0.0 ± 0.0
ttV 0.1 ± 0.0 ± 0.0 0.1 ± 0.0 ± 0.0
fake-lepton 6.9 ± 2.9 ± 1.6 0.0 ± 0.0 ± 0.0
Total background 878 ± 13 ± 347 1784 ± 20 ± 741
Data 804 1630

Table 4: Background estimation and data yields in the Z+jets VR for the ee and µµ channels. The first uncertainty
is statistical and the second is systematic.

check the background modelling in a region with similar background composition to the signal region,
and is defined by requiring m j j < 500 GeV.

Tables 4, 5, and 6 show the number of data events compared to the expectations from signal and
various background sources for all three VRs. Good agreement between data and predictions is seen in
all regions. Backgrounds from different sources are grouped together. The term “Z+jets” includes both
electroweak and strong production of Z+jets processes, “tt̄” and “Wt” represent the top pair and single
top production, respectively. The term “diboson_QCD” includes strong production of ``νν(WW/Z Z ),
W (→ qq)Z (→ ``) and Z (→ qq)Z (→ ``), and “diboson_EW” includes electroweak production of
WW j j and Z Z j j. The term “Zγ” includes both electroweak and strong production of Zγ j j, while “tt̄V”
includes both tt̄W and ttZ contribution. The term “Higgs” includes both gluon-fusion (ggH) and VBF
processes.

7 Systematic Uncertainty

Experimental systematic uncertainties on the signal and background yields estimated fromMC simulation
are derived from uncertainties on object reconstruction and identification efficiency correction factors,
energy and momentum scaling and smearing parameters, the Emiss

T modelling, and the b-tagging effi-
ciency/mistag rate, luminosity and trigger efficiency. The dominant uncertainty comes from uncertainties
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tt̄ VR ee µµ eµ
Z+jets 14.1 ± 1.1 ± 5.6 24.6 ± 2.0 ± 8.7 2.8 ± 0.5 ± 1.4
tt̄ 247 ± 3 ± 24 364 ± 3 ± 35 954 ± 5 ± 92
Wt 17.8 ± 0.6 ± 2.0 26.7 ± 0.8 ± 2.7 64.6 ± 1.2 ± 7.4
diboson_QCD 1.6 ± 0.2 ± 0.4 2.1 ± 0.2 ± 0.5 4.6 ± 0.2 ± 1.0
diboson_EW 0.2 ± 0.0 ± 0.0 0.2 ± 0.0 ± 0.1 0.7 ± 0.0 ± 0.2
Zγ 1.5 ± 0.2 ± 0.7 1.8 ± 0.2 ± 1.0 0.0 ± 0.0 ± 0.2
Higgs 0.1 ± 0.0 ± 0.0 0.1 ± 0.0 ± 0.0 0.2 ± 0.0 ± 0.1
ttV 0.3 ± 0.0 ± 0.0 0.4 ± 0.0 ± 0.1 0.9 ± 0.0 ± 0.1
fake-lepton 4.0 ± 1.7 ± 0.5 0.0 ± 0.0 ± 0.0 2.2 ± 2.0 ± 0.3
Total background 287 ± 3 ± 29 420 ± 4 ± 40 1030 ± 6 ± 98
Data 279 444 1042

Table 5: Background estimation and data yields in the tt̄ VR for the ee, µµ and eµ channels. The first uncertainty is
statistical and the second is systematic.

low-m j j VR ee µµ eµ
Z+jets 30 ± 2 ± 13 58 ± 3 ± 24 7 ± 1 ± 2
tt̄ 21 ± 1 ± 5 30 ± 1 ± 8 73 ± 1 ± 19
Wt 2.4 ± 0.2 ± 0.6 2.9 ± 0.3 ± 0.7 6.8 ± 0.4 ± 1.6
diboson_QCD 3.3 ± 0.3 ± 0.4 5.2 ± 0.3 ± 0.5 13.4 ± 0.4 ± 1.7
diboson_EW 0.0 ± 0.0 ± 0.1 0.3 ± 0.0 ± 0.1 0.6 ± 0.0 ± 0.1
Zγ 4.3 ± 0.4 ± 1.4 7.1 ± 0.5 ± 2.5 0.1 ± 0.1 ± 0.1
Higgs 0.1 ± 0.0 ± 0.0 0.3 ± 0.0 ± 0.1 0.5 ± 0.0 ± 0.0
ttV 0.0 ± 0.0 ± 0.0 0.0 ± 0.0 ± 0.0 0.1 ± 0.0 ± 0.0
fake-lepton 3.2 ± 1.0 ± 0.1 0.0 ± 0.0 ± 0.0 1.2 ± 0.7 ± 0.1
Total background 64 ± 3 ± 17 103 ± 3 ± 29 103 ± 2 ± 21
Data 51 95 118

Table 6: Background estimation and data yields in the low-m j j VR for the ee, eµ and µµ channels. The first
uncertainty is statistical and the second is systematic.

on jet energy scale (JES) and jet energy resolution (JER). Uncertainties on the Z+jets background due to
the Z boson pT reweighting are estimated by varying the fit parameters within their uncertainties. The
uncertainty on the fake-lepton background estimate using the matrix method is dominated by prompt-
lepton contamination in the dijet sample, the uncertainty on the electron efficiency and fake probability
measurements, and the statistical uncertainty on number of data events used in the matrix method. Table 7
summarizes experimental systematic uncertainties for the SM background yield in the signal region. The
overall experimental systematic uncertainty is found to be 35%, 31%, and 20% in the ee, µµ, and eµ
channels, respectively.

Theoretical uncertainties on the production cross sections of various physics processes with contributions
estimated from MC simulation are 20% for Z+jets production [52] [53], 6% for tt̄ production [54], 5%
for single top quark production [55], 6% for strong production of WW j j [56], 10% for electroweak
production of WW j j [56], 5% for W Z [56], 6% for Z Z [56], 4% for Zγ [57], 9% for Higgs ggF
production [58], 3% for Higgs VBF production [58], 13% for tt̄W [59], and 12% for tt̄ Z [59]. Additional
shape systematic uncertainties are included for the two dominant background sources. For the Z+jets
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Source ee µµ eµ
JES and JER 33% 29% 12%
b-tagging 8% 7% 16%
Emiss
T modelling 7% 6% 1%

Lepton 3.1% 2.2% 1.5%
Trigger 0.1% 0.5% 0.5%
Matrix method 0.2% 0.0% 0.1%
Z boson pT reweighting 0.5% 0.4% 0.0%
MC statistics 4.1% 3.7% 2.6%
Luminosity 2.1% 2.1% 2.1%
Total experimental uncertainty 35% 31% 20%

Table 7: Summary of experimental systematic uncertainties on the number of predicted SM background events in
the signal region.

process, the predicted MWW
T shape difference between Sherpa and Madgraph is considered. For the tt̄

process, the MWW
T shape uncertainty due to hard scatter generation is estimated using Powheg+Herwig++

and aMC@NLO+Herwig++, the uncertainty due to fragmentation and hadronization model is estimated
using Powheg+Pythia6 and Powheg+Herwigpp, and the uncertainty due to additional parton radiation is
estimated using Powheg+Pythia6 by varying parton shower radiation parameters and scales.

Depending on the resonance type and the pole mass, the overall systematic uncertainty on the signal
yield varies from 10% to 70%. The dominant background sources come from uncertainties on JES, JER,
b−tagging, and Emiss

T modelling.

8 Results

The observed number of events in the signal region is compared to the expected background yield with
both statistical and systematic uncertainties in Table 8 for all three channels. Signal yields for all resonance
types with a mass of 300 GeV are also shown.

Figure 3 shows the observed transverse mass distribution of the WW system, MWW
T , compared to the SM

prediction in the signal region for all three channels. The definition of MWW
T is as follows:

(MWW
T )2 = (P`1 + P`2 + Pmiss)(P`1 + P`2 + Pmiss), (2)

where Pmiss is the four vector defined by (Emiss
T , Emiss

x , Emiss
y , 0). This definition is not a transverse mass

variable in the classical meaning as it includes the longitudinal momenta of the two visible leptons. It is
the sum of four-momenta of the two charged leptons and missing transverse momentum.

No excess is observed in data and 95% CL upper limits are therefore derived on the production cross
section times branching ratio for these five new resonances (σ(qq → Rqq → `+ν`− ν̄qq) with ` = e, µ).
Due to limited simulated signal sample size at high mass, a counting experiment is performed using the
observed data, SM background and signal events in the signal region. RooFit [60], RooStats [61] and
HistFactory [62] are used. A combined likelihood function is constructed from the likelihood functions
of each individual channel, given by Poisson distributions describing an event counting experiment for
each channel, and global constraints for the set of nuisance parameters ~α, which parametrize effects
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ee µµ eµ
Z+jets 17.6 ± 1.2 ± 11.6 36.6 ± 2.3 ± 19.0 6.7 ± 1.2 ± 1.7
tt̄ 12.1 ± 0.6 ± 3.2 18.2 ± 0.7 ± 4.6 46.9 ± 1.2 ± 12.1
Wt 1.2 ± 0.2 ± 0.3 1.5 ± 0.2 ± 0.5 3.1 ± 0.3 ± 0.8
diboson_QCD 3.1 ± 0.3 ± 0.5 4.2 ± 0.3 ± 0.7 10.2 ± 0.3 ± 1.6
diboson_EW 1.2 ± 0.1 ± 0.1 1.7 ± 0.1 ± 0.2 3.6 ± 0.1 ± 0.4
Zγ 2.1 ± 0.3 ± 0.6 3.8 ± 0.3 ± 0.7 0.1 ± 0.0 ± 0.1
Higgs 0.3 ± 0.0 ± 0.1 0.4 ± 0.0 ± 0.1 0.8 ± 0.0 ± 0.1
ttV 0.0 ± 0.0 ± 0.0 0.0 ± 0.0 ± 0.0 0.1 ± 0.0 ± 0.0
fake-lepton 0.6 ± 0.6 ± 0.1 0.0 ± 0.0 ± 0.0 1.3 ± 0.7 ± 0.1
σ (m = 300 GeV) 5.1 ± 0.3 ± 0.6 7.5 ± 0.3 ± 0.9 14.4 ± 0.4 ± 1.9
φ (m = 300 GeV) 0.3 ± 0.1 ± 0.2 1.0 ± 0.1 ± 0.4 1.6 ± 0.2 ± 0.4
ρ (m = 300 GeV) 8.0 ± 0.4 ± 1.6 11.7 ± 0.4 ± 1.4 24.1 ± 0.6 ± 3.1
f (m = 300 GeV) 15.6 ± 0.6 ± 1.9 22.6 ± 0.8 ± 1.9 50.4 ± 1.2 ± 3.8
t (m = 300 GeV) 3.3 ± 0.2 ± 0.4 4.7 ± 0.2 ± 0.6 6.9 ± 0.3 ± 1.1
Total background 38.2 ± 1.6 ± 13.9 66.4 ± 2.5 ± 21.6 72.6 ± 1.9 ± 14.8
Data 40 74 86

Table 8: Signal and background yields in the signal region for the ee, µµ and eµ channels. The first uncertainty is
statistical and the second is systematic.

from systematic uncertainties. This treatment allows full accounting of the correlation of systematic
uncertainties across various contributions (signal and backgrounds) and across channels.

The expected number of events in channel i is taken as a function of the integrated luminosity (L), the
signal efficiency (εi), the number of background events estimated (Ni,b), and the predicted signal cross
section in the fiducial region (σsig), and the signal strength (µ):

Nexp
i (µ, ~α) = µ · σsig · L · εi +

∑
b

Ni,b . (3)

Given the observed number of events Nobs
i in data, the combined likelihood function is:

L(µ, ~α) =
∏

i∈{ee,µµ,eµ }

Pois
(
Nobs
i |N

exp
i (µ, ~α)

) ∏
j∈syst

g(α′j |α j ). (4)

The term g(α′j |α j ) represents the set of constraints on ~α from auxiliary measurements α′j .

The upper limits on the production cross section times branching ratio are calculated from the profile-
likelihood-ratio test statistics [63], defined as:

t = −2 ln *.
,

L(µ, ˆ̂
~α(µ))

L( µ̂, ~̂α)
+/
-
, (5)

where µ̂, ~̂α are the values that maximize the likelihood function, and ˆ̂
~α(µ) are the values of ~α which

maximize the likelihood function given at a certain value of µ. The upper limits on µ can be expressed as
95% CL limit on the production cross section times branching ratio (σ), using σ = µ × σsig.
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Figure 3: Observed and predicted MWW
T distribution in the ee, µµ, and eµ channels in the signal region. The

distribution for the f resonance with m = 300 GeV is also shown. The hatching indicates the overall uncertainty on
the SM predictions. The lower plot for each decay mode shows the ratio of the data to the SM backgrounds. The
hatching represents the overall uncertainty on the ratio. The last bin includes overflow events.

Figure 4 shows the expected and observed limits at 95% CL as a function of the resonance mass, together
with the ±1 and ±2 standard deviation uncertainty bands. The observed limits are found to be in the range
of 380−220 fb for the σ particle, 460−240 fb for the φ particle, 330−270 fb for the ρ particle, 340−260
fb for the f particle, and 310 − 260 fb for the t particle. These limits are for the resonance mass in the
range of 200− 500 GeV. With a coupling of 2.5 to longitudinal vector bosons, ρ ( f ) particles with a mass
below 230 (300) GeV are excluded at 95% CL.

9 Conclusion

Studies of vector boson fusion above the Higgs boson mass are important for a better understanding of
the electroweak symmetry breaking mechanism. A search was performed for heavy neutral resonances
produced through vector boson fusion qq → Rqq → `+ν`− ν̄qq (` = e, µ) using 3.2 fb−1 of data
at
√

s = 13 TeV recorded by the ATLAS detector at the LHC. No excess above the SM background
expectation is observed. First sets of limits are obtained on the production cross section times branching
ratio of five types of new resonances of different spin and isospin (scalar isoscalar, scalar isotensor, vector
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Figure 4: Expected and observed 95% C.L. upper limits on the σ, φ, ρ, f and t production cross section times
branching ratio, σ(qq → Rqq → `+ν`− ν̄qq) with ` = e, µ, as a function of its mass. The expected limits are plotted
with the ±1 and ±2 standard deviation uncertainty bands.
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isovector, tensor isoscalar and tensor isotensor) with K-matrix unitarization of the vector boson scattering
process. The observed cross section limits are found to be in the range of 460 − 220 fb for resonance
masses from 200 to 500 GeV. For an assumed coupling of 2.5 to longitudinal vector bosons, ρ ( f ) particles
with a mass below 230 (300) GeV are excluded at 95% CL.
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