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1 Introduction

Weak interactions at hadron colliders offer both challenges and opportunities in searches
for physics beyond the Standard Model (SM). Despite their small cross-sections and low-
momentum final states when compared with strong interactions, the signatures of weak
interactions can enable discoveries of rare processes, such as: single-boson production through
vector boson fusion (VBF) [1–3]; diboson production through vector-boson scattering (VBS) [4–
13]; and triboson production [14–21]. Pure-electroweak processes, such as VBS and VBF,
have emerged as powerful new tools, used most notably in studies of the Higgs boson (see e.g.
ref. [22]). The extremely low production cross-sections of such processes, typically smaller
than a picobarn for pair-production of weak-scale particles, are mitigated by final states with
a unique signature of two high-momentum jets with large separation in rapidity. The large
amount of collision data available from the CERN Large Hadron Collider (LHC) increasingly
enables the use of such weak production modes, and their distinctive features, in searches
for physics beyond the Standard Model.

One extension of the Standard Model that has so far eluded discovery at the LHC is
Supersymmetry (SUSY) [23–28], which predicts new particles that have identical quantum
numbers to their SM partners with the exception of spin, with SM fermions having bosonic
partners and SM bosons having fermionic partners. Problems such as those related to
naturalness [29, 30] and the nature of dark matter motivate extensions of the SM like SUSY
that are intimately connected with electroweak symmetry breaking.
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SUSY models that address the naturalness problem often have some SUSY partners with
masses near the electroweak scale. Models with weakly interacting massive particle (WIMP)
dark matter candidates can avoid overabundance of dark matter through co-annihilation
mechanisms, which arise in SUSY models with compressed mass spectra that feature SUSY
partners with nearly degenerate masses [31–33]. SUSY scenarios featuring compressed mass
spectra can result in collisions at the LHC in which SUSY particles are produced, but their
SM decay products have such low momenta that they avoid detection. In R-parity conserving
SUSY models [34] the lightest supersymmetric particles (LSPs) are stable and often carry no
electric charge, presenting viable dark matter candidates [35, 36]. Since they do not interact
with the detector, such LSPs are only indirectly observed through the momentum imbalance
in the transverse plane left by their escape. Detection of a SUSY signal in such events is
challenged by large backgrounds and, in models where the lightest SUSY partners are the
SUSY counterparts of SM electroweak bosons, by low signal cross-sections. One strategy for
improving the sensitivity of searches for low-mass electroweak SUSY is to require additional
hadronic activity in the event, which has the dual effect of providing a significant Lorentz
boost to the SUSY particles and adding another visible physics object to the final state. The
resulting signature provides better separation of the SUSY signal from SM backgrounds.

Following this strategy, this paper presents a search for compressed, electroweak SUSY in
events with large missing transverse momentum, two or more jets rendering a VBF topology,
and no reconstructed electrons or muons. The search is optimised for SUSY models with LSP
masses within 2 GeV of the next-to-lightest SUSY partner (NLSP) mass, where the LSP is
taken to be a bino-like neutralino (χ̃0

1), and the mass-degenerate NLSPs include a neutralino
(χ̃0

2) and a pair of charginos (χ̃±
1 ), all of which are wino-like. A broad collection of signature-

based searches was studied in the context of the phenomenological minimal supersymmetric
extension of the SM (pMSSM) in ref. [37], and the region with ∆m(χ̃0

2, χ̃0
1) < 2 GeV was

found to be poorly constrained, motivating a focus on this region of SUSY parameter space.
The χ̃0

2, χ̃±
1 and χ̃0

1 states are collectively referred to as electroweakinos in the following. The
decays of unstable electroweakinos in this simplified model are assumed to proceed through
emission of off-shell W or Z bosons, which then decay into fermions. At such small mass
splittings the final decay products of the χ̃0

2 and χ̃±
1 have sufficiently low momenta that they

are not reconstructed in the detector, motivating the zero-lepton signature. The two jets can
arise from either QCD couplings or pure-electroweak couplings. In the pure-electroweak case,
the SUSY particles can be produced through a VBF process, illustrated in figure 1(a). Other
diagrams with QCD couplings, such as figure 1(b), result in the same final state and interfere
with the VBF process. The contributions of the VBF diagrams motivate searches in events
characterised by large separation between jets and large dijet invariant mass.

The use of the VBF signature as a way to probe SUSY models has been proposed
several times [38–41]. This approach was explored experimentally by the CMS experiment in
proton-proton (pp) collision data at

√
s = 8 TeV in ref. [42], and at

√
s = 13 TeV in ref. [43].

ATLAS studied the VBF final state in pp collision data at
√

s = 13 TeV in a two-lepton
search for SUSY in ref. [44], and CMS presented SUSY searches in one- and zero-lepton
topologies in ref. [43]. Similar final states have also been used to constrain the branching ratio
of Higgs bosons to invisible final states [45, 46]. The kinematic selections applied in the latter
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Figure 1. Diagrams illustrating both (a) pure-electroweak and (b) mixed electroweak-QCD production
of electroweakino pairs in association with two jets.

analyses were optimised for the production of a single SM Higgs boson, rendering them less
sensitive to the SUSY scenarios considered in this paper in which fermionic electroweakinos
are pair-produced with an overall mass of roughly twice the mass of the SM Higgs boson.
ATLAS has also performed a differential cross-section measurement of dijet kinematics in
events with missing transverse momentum in VBF phase space [47], which observed good
modelling of most kinematic distributions except the dijet invariant mass, partially motivating
dedicated searches for non-SM contributions in this signature.

2 ATLAS detector

The ATLAS detector [48] at the LHC covers nearly the entire solid angle around the collision
point.1 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [49, 50]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |η| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

1ATLAS 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 upwards. Polar coordinates (r, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2) and is equal to the rapidity y = 1

2 ln
(

E+pzc
E−pzc

)
in the relativistic limit. Angular distance is

measured in units of ∆R ≡
√

(∆y)2 + (∆ϕ)2.
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The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T m across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |η| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |η| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [51] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [52].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1 kHz.

A software suite [53] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

Data events were selected with a missing transverse momentum (pmiss
T ) trigger [54], employing

varied trigger thresholds depending on the data-taking periods. The trigger is > 95% efficient
in all data-taking periods for events where the offline magnitude of pmiss

T , conventionally
denoted by Emiss

T , is above 200 GeV. In addition, events selected by single-electron (muon)
triggers [55, 56] are considered to collect a sample of events to constrain the dominant SM
backgrounds with online lepton transverse momentum (pT) thresholds starting from 24–26
(20–24) GeV dependent on the period of data taking. The data sample used corresponds to
140 fb−1 of

√
s = 13 TeV pp collision data, where the uncertainty in the integrated luminosity

is 0.83% [57]. The average number of interactions per bunch-crossing was 33.7.
Samples of Monte Carlo (MC) simulated events are used to estimate the signal yields,

and to estimate the background from SM processes with significant Emiss
T from invisible

particles such as neutrinos. MC samples are also used to derive systematic uncertainties
in the signal and background predictions.

The SUSY signal is modelled using MadGraph5_aMC@NLO 2.7.3 [58] with the
NNPDF2.3LO [59] parton distribution function (PDF) set. Pythia 8.244 [60] is used to
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model the parton shower, hadronisation, and underlying event, using the A14 set of tuned
parameters [61].

Simulated signal samples consist of wino-like χ̃0
2χ̃±

1 , χ̃±
1 χ̃∓

1 , χ̃0
2χ̃0

2, and χ̃±
1 χ̃±

1 production
in association with exactly two additional partons in the final state.2 The parton-level jets
are required to have pT > 30 GeV and to be separated by at least 2.5 units in pseudorapidity.
MadSpin [62] is used to decay the electroweakinos into a χ̃0

1 and a pair of SM fermions. The
generated samples cover scenarios of χ̃0

2/χ̃±
1 masses between 75–175 GeV and mass splittings

between the NLSPs and LSP of 0.2–5 GeV. While the signal kinematics do not depend
strongly on the electroweakino mass in this regime, samples with larger mass splittings
feature more energetic leptons in the decay chain rendering such signals less efficient to
the zero-lepton requirement of the analysis. Samples are normalised to leading-order (LO)
cross-sections from MadGraph5_aMC@NLO assuming pure wino-like states. The total
signal cross-section including all production modes ranges from approximately 1.6 pb to
0.06 pb for χ̃0

2/χ̃±
1 masses between 75 GeV and 175 GeV. Some kinematics of the SM decay

products are sensitive to the relative sign of the signed mass eigenvalues m(χ̃0
2) and m(χ̃0

1);
in this analysis, the product m(χ̃0

2) × m(χ̃0
1) is assumed to be positive.3

Production of two electroweakinos in association with two jets can proceed through either
VBF-like diagrams with a t-channel process, such as those shown in figure 1(a), or s-channel
diagrams such as figure 1(b). The s-channel diagrams can also be either pure-electroweak,
in which the boson exchanged by incoming partons is a photon, W boson, or Z boson, or
have both electroweak and QCD couplings, in which case the exchanged boson is a gluon.
All such diagrams have identical initial and final states, and all must therefore be included to
ensure gauge-invariant predictions. The interference between these diagrams affects the total
cross-section and the kinematics in phase space traditionally targeted by VBF searches, such
as large dijet invariant mass (mjj) and large pseudorapidity separation between jets (∆ηjj).
The effect of the interference in these SUSY models is illustrated in figure 2, where the impact
on the inclusive cross-section is modest, but can be a factor of two or more for mjj > 5 TeV.

The SM background processes are estimated from a combination of MC simulation samples
and data-driven approaches. The most important backgrounds, from SM Z → νν and W → ℓν

events (where the lepton is not reconstructed), are modelled with Sherpa 2.2.11 [66] using
the NNPDF3.0NNLO PDF set [67]. For strong production of V + jets (V = W, Z, γ∗), where
a QCD coupling facilitates the production of the additional jets, processes with up to two
coloured partons are modelled at next-to-leading-order (NLO) in the strong coupling, while
processes with up to five additional partons are modelled at LO accuracy. Electroweak
production of V + jets is modelled separately using the same generator, in which processes
with up to two partons are modelled at LO accuracy.

Subdominant backgrounds include SM diboson production, events with one or more
top quarks, and triboson production. Diboson production with either fully leptonic or

2The χ̃0
2χ̃0

2, χ̃+
1 χ̃+

1 and χ̃−
1 χ̃−

1 productions feature only pure-electroweak diagrams while the others production
modes occur also via mixed electroweak-QCD couplings.

3The mixing matrix used to diagonalise the neutral electroweakino states can be complex but is forced to
be a real matrix in the SLHA2 format [63] at the cost of introducing negative mass eigenstates. The sign will
affect the couplings and thus the distributions in the decay under consideration. For additional discussion of
this, see ref. [64] and appendix A in ref. [65].
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Figure 2. Comparison of different process definitions for χ̃0
2χ̃+

1 production in association with two jets,
made at particle level using the anti-kt algorithm with a radius parameter of R = 0.4. The ‘Nominal’
sample is generated according to the details in section 3. The ‘No Interference’ sample generates pure-
electroweak processes separately from processes with mixed electroweak-QCD couplings. Events are
selected by requiring two jets with pT > 30 GeV and |η| < 5.0, and oppositely signed pseudorapidities.

semileptonic decays of the bosons is modelled with Sherpa 2.2.1 or 2.2.2 (depending on
the process) at NLO accuracy for up to one additional parton, and at LO accuracy for up
to three additional partons. Electroweak diboson production with fully leptonic decays is
modelled with Sherpa 2.2.12 at LO accuracy with up to one additional parton. The tt̄

and single top-quark processes are generated at NLO with Powheg Box v2 [68–71] for the
matrix element, using the NNPDF3.0NLO PDF set [67], and Pythia 8.230 for the parton
shower. The diagram removal scheme [72] is used to account for interference between tt̄ and
Wt. Triboson production was modelled with Sherpa 2.2.2 at NLO for inclusive processes,
and at LO for up to two additional parton emissions, using the NNPDF3.0NNLO PDF set.

The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up)
is modelled by overlaying the simulated hard-scattering event with inelastic pp collisions
generated with Pythia 8.186 [73] using the NNPDF2.3LO PDF set and the A3 set of tuned
parameters [74]. The MC events are weighted to reproduce the distribution of the average
number of interactions per bunch crossing observed in the data.

Background and signal samples make use of EvtGen 1.6.0 and 1.2.0 [75] to model
the decay of b- and c-hadrons, with the exception of the background samples modelled
with Sherpa, which performs these decays internally. All MC simulated samples are
processed through the ATLAS simulation framework [76] in Geant4 [77], except the signal
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samples, which are processed with a fast simulation which relies on a parameterisation of
the calorimeter response [78].

4 Event reconstruction

Each event is required to have a primary vertex built from at least two associated tracks with
pT > 0.5 GeV. The primary vertex with the highest sum of squared transverse momenta∑

p2
T of associated tracks [79] is selected as the hard-scatter vertex of interest in each event.

As described below, reconstructed jets and leptons are categorised according to ‘baseline’
and ‘signal’ criteria, where the latter category includes tighter requirements on the quality
of the reconstructed object.

Hadronic jets are reconstructed using the anti-kt algorithm [80, 81] with a radius parameter
of R = 0.4 using particle-flow objects [82] calibrated at the electromagnetic (EM) scale. The
jet energy scale and resolution are calibrated using simulations with in situ corrections
obtained from data [83]. Baseline jets, used for removing overlaps between different types of
physics objects, are required to satisfy pT > 20 GeV and |η| < 4.5. Signal jets, which are a
subset of baseline jets and are used for event selection and categorisation, must satisfy stricter
requirements that suppress contributions from additional pp collisions in the same or nearby
bunch crossings. All signal jets are required to have pT > 30 GeV. Central signal jets with
|η| < 2.4 must additionally satisfy the Medium working point of the jet vertex tagger [84]
if they have pT < 60 GeV. Signal jets with 2.4 < |η| < 4.5 must satisfy the Loose working
point of the forward jet vertex tagger [85] if they have pT < 120 GeV. Jets within |η| < 2.5
that satisfy the 85% efficiency working point of the DL1r algorithm [86] are identified as
containing b-hadrons and are referred to as b-tagged jets.

Baseline electrons are reconstructed using ID tracks matched to energy clusters in the
EM calorimeter. These satisfy pT > 4.5 GeV and |η| < 2.47 with a LooseAndBLayerLLH
identification [87]. The longitudinal impact parameter z0 of baseline electron tracks is required
to satisfy |z0 sin θ| < 0.5 mm. Signal electrons must also satisfy the Tight likelihood-based
identification criteria as well as the Loose_VarRad isolation requirements [88], and have a
transverse impact parameter d0 with uncertainty σ(d0) satisfying |d0/σ(d0)| < 5.

Baseline muons are reconstructed by combining tracks from the ID and the muon
spectrometer subsystems. The Loose identification criteria [89] are applied. Baseline muons
are required to have pT > 3 GeV and |η| < 2.7, and satisfy |z0 sin θ| < 0.5 mm. Signal
muons must also have |η| < 2.5, and satisfy the Medium identification requirements and
Loose_VarRad isolation criteria. Signal muons must have impact parameter significance
|d0/σ(d0)| < 3, a tighter requirement than applied for electrons due to the lower levels of
material scattering for muons relative to electrons.

To prevent the use of the same reconstructed detector signals in multiple objects, an
overlap removal procedure is applied to the baseline leptons and jets in the following order.
First, any electron sharing an ID track with a muon is removed. Next, jets are removed if they
are within ∆R < 0.2 from a remaining electron. After this, electrons are in turn rejected if they
are within 0.4 < ∆R < min (0.4, 0.04 + 10 GeV/pT(e)) of any remaining jet. Jets are removed
if they are closer than ∆R < 0.4 to a muon and the jet has fewer than three associated tracks
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with pT > 500 MeV. Finally, any muon within 0.4 < ∆R < min (0.4, 0.04 + 10 GeV/pT(µ))
of a jet are removed.

The missing transverse momentum is calculated as the negative vector sum of the
transverse momenta of all baseline leptons and jets calibrated to their respective energy
scales, and an additional soft term constructed from tracks originating from the hard-scatter
vertex but not associated with any of the reconstructed objects [90].

5 Event selection and analysis strategy

Several cleaning criteria are applied to all events, including a requirement that the leading
jet satisfy the Tight jet cleaning criterion to efficiently veto non-collision backgrounds [91].

All events used in the analysis are required to have zero b-tagged jets, and at least two jets
with oppositely signed pseudorapidity. If multiple pairs of jets satisfying that requirement are
present in the event, then the jet pair with the largest value of mjj is chosen to represent the
VBF tagging jets. The VBF tagging jet with higher pT is labelled jVBF

1 , while the subleading
jet is labelled jVBF

2 . Events satisfy the preselection criteria and are retained for further study
if they contain a VBF pair that satisfies mjj > 600 GeV, |∆ηjj| > 3.0, pT

(
jVBF
1

)
> 80 GeV,

pT
(
jVBF
2

)
> 40 GeV, and have all baseline jets sufficiently well-separated from the pmiss

T in ϕ

to satisfy min
(
∆ϕ

(
j, pmiss

T
))

> 0.4 in order to suppress the multijet background.
Events that enter the signal region (SR) are preselected events that first satisfy a set

of additional requirements that enhance the sensitivity of the analysis to the SUSY signal.
Specifically, events in the SR must contain zero baseline electrons or muons, satisfy the
inclusive-Emiss

T trigger, and have Emiss
T > 250 GeV.

A boosted decision tree (BDT) is trained on the preselected signal and SM background
MC events described in section 3 to provide the final requirement used to select events for
the SR. The LightGBM [92] framework is used to construct the BDT, which is trained to
separate the SUSY signal from background events originating the SM processes described
in section 3, weighted according to their cross-section. Gradient boosting with the binary
cross entropy as optimisation objective was used to train the BDT. The maximum number
of trees in the BDT is restricted to 1500 where each tree has a maximum depth and number
of leaves of five and eight, respectively. Only signal samples with m(χ̃0

2,χ̃±
1 ) = 100 GeV were

supplied in the training to optimise the BDT performance for this mass regime. A k-fold
cross-validation (with k = 5) approach is employed, with one fold used for validation, one
fold used for testing, and the remaining folds used for training.

The list of input variables for the BDT consists of: Emiss
T ; pT of the two individual

VBF-tagged jets; the pT sum of the VBF-tagged jets as well as the same sum divided by
Emiss

T ; the separation in pseudorapidity ∆ηjj, and separation in azimuthal angle ∆ϕjj, of the
two VBF-tagged jets; the separation in ϕ between each of the two VBF tagged jets and pmiss

T ,
∆ϕ(j, pmiss

T ), the absolute value of the difference |∆ϕ(jVBF
1 , pmiss

T )−∆ϕ(jVBF
2 , pmiss

T )|, and the ϕ

separation between pmiss
T and the vector sum of the two VBF tagged jets; two transverse masses

mT, one for each of the VBF-tagged jets, as well as the sum of the two transverse masses,
where the transverse mass is computed as mT(j, pmiss

T ) =
√

2pj
TEmiss

T (1 − cos(∆ϕ(j, pmiss
T )));

properties of the VBF jet system (mjj and pT); the weighted sum of mjj and Emiss
T , where
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Feature CR−Z VR−Z CR−W VR−W VR−0L Multi-bin SR Single-bin SR

Nleptons 2 1 0
mℓℓ |mℓℓ − mZ | < 30 GeV — —
Emiss

T /
√

ΣET — Emiss
T /

√
ΣET > 5

√
GeV —

BDT score [0.50, 0.84) [0.84, 1.0] [0.50, 0.84) [0.84, 1.0] [0.4, 0.6) [0.6, 1.0] [0.88, 1.0]
BDT score bins 1 2 1 2 5 8 1

Table 1. Summary of the selections defining the CRs, VRs and SRs. Each region is additionally
split into 2j and ≥3j categories. The requirements of the preselection described in the text and on
the number of baseline and signals leptons defined in section 4 are also applied. The Emiss

T /
√

ΣET
requirement for the W + jets regions is only applied to events with electrons, to enhance the fraction
of W + jets in those regions.

the weighted sum is calculated as mjj/1430 GeV + Emiss
T /320 GeV with the ‘normalisation’

values in the denominators representing the average of mjj and Emiss
T of the SM background

at preselection level, respectively; the minimum ϕ separation of any baseline jet with the
pmiss

T ; and the mT and separation in ϕ of the Υ- and Ξ-tagged jets with the pmiss
T , where

jet Υ minimises ∆ϕ(j, pmiss
T ), and jet Ξ minimises mT(j, pmiss

T ) using all baseline jets passing
the overlap removal as candidates for Υ and Ξ.

The result of the BDT is a score assigned to each event, where scores close to unity
are more consistent with signal processes, while scores close to zero are more similar to
background processes. The most important input features were found to be ∆ηjj and the
pT of the subleading jet. Only events with scores above 0.6 are kept in the SR; control
and validation regions use events with BDT scores as low as 0.4, as described in section 6.
Depending the region, the BDT score distribution is either considered inclusively within some
range, or binned in steps of 0.04, except the last bin, which covers scores from 0.88 to 1.0.
This last bin shows the best sensitivity to the benchmark signals and is hence also used as
single-bin SR to derive constraints on the number of events from generic physics processes
beyond the SM as described in section 8. After the training of the BDT, events in the SR are
further split into two channels based on their jet multiplicity (Njets): one channel containing
events with exactly two jets (dubbed as ‘2j’ in the following), and another containing events
with three or more jets (‘≥3j’). This split mildly increases the sensitivity but in particular
takes into account the observed dependence of the normalisation and modelling uncertainties
of the V + jets backgrounds as described below.

6 Background estimation

Predictions for SM background contributions to the SR are made using different strategies
depending on the background process. The largest backgrounds arise from W and Z bosons
produced in association with two or more jets, which are modelled using MC samples that
are normalised in dedicated control regions (CRs). Backgrounds from processes that produce
Emiss

T through jet mismeasurement or instrumental effects (referred to here as multijet
backgrounds) are modelled using a data-driven method. All other subdominant backgrounds
listed in section 3 are modelled using MC.

– 9 –



J
H
E
P
1
2
(
2
0
2
4
)
1
1
6

Monte Carlo predictions of Z + jets, where the Z boson decays into νν̄, are normalised
in CRs identical to the SRs except that they require the presence of two opposite-sign, same-
flavour signal leptons with an invariant mass within 30 GeV of the Z-boson mass. The lepton
momenta are added to the pmiss

T for the purposes of applying the Emiss
T requirements in the SR

and calculating the BDT inputs using this adjusted definition of pmiss
T . This approach allows

using Z → ee/µµ events as proxy for the Z → νν̄ background present in the SR. Events
in CR−Z are collected using single-lepton triggers. To ensure stable trigger efficiencies the
leptons in CR−Z are required to be sufficiently energetic and lie within detector acceptance.
Thus, the leading lepton is required to have a pT > 27 GeV and must be matched to the
online trigger object. To efficiently veto mis-identified electrons, the energy deposits of
each electron in the EM calorimeter must satisfy |η| < 1.37 or 1.52 < |η| < 2.47 and the
subleading electron must have pT > 25 GeV. Subleading muons must have pT > 9 GeV,
with both muons satisfying |η| < 2.5.

The W + jets predictions are normalised in separate CRs that includes events with
exactly one signal lepton. As with CR−Z, the lepton momentum is added to the pmiss

T before
application of the remaining SR criteria and calculation of the BDT score. A combination of
single-lepton triggers and the inclusive-Emiss

T trigger are used to collect events in this CR.
Due to larger rates of multijet processes in which a hadron (or one of its decay products)
is misidentified as a lepton, additional kinematic requirements are imposed to enhance the
fraction of W + jets in this region. This includes requiring leptons to satisfy pT > 27 GeV, and
for electron events requiring Emiss

T /
√

ΣET > 5.0
√

GeV, where ΣET = pT(j1)+pT(j2)+pT(e),
with Emiss

T /
√

ΣET used as an approximation of the Emiss
T significance [93].

Events in CR−W and CR−Z are required to have BDT scores between 0.5 and 0.84, and
are split into 2j and ≥3j channels in accordance with the SRs. This allows the normalisation
of the W and Z backgrounds individually for each category, resulting in four normalisation
factors in total. While the lower requirement on the BDT score ensures that the normalisation
factors are derived in a phase space similar to the SRs, events with BDT scores between
0.84 and 1.0 are reserved for validation regions (VRs) used to check the extrapolation of
the V + jets predictions into high-BDT regions, which provide the best sensitivity to SUSY
signals in the SRs. Distributions of the BDT scores for CR−W and CR−Z in both the 2j and
≥3j channels are shown in figure 3. In addition, a separate set of validation regions, called
VR-0L, are constructed from SR events with BDT scores between 0.4 and 0.6 to validate
the extrapolation of the V + jets normalisations derived in one- or two-lepton regions to
the zero-lepton phase space. A summary of the selections employed to define the regions
used in the analysis is presented in table 1.

A small but non-negligible amount of SM background also originates from multijet
processes in which the Emiss

T originates from mismeasured jets. It would be computationally
expensive to simulate this background with sufficient MC statistics in the high-Emiss

T phase
space considered in this search. Hence, multijet backgrounds are estimated via a semi
data-driven approach using dedicated CRs enriched by multijet contributions utilising an
‘ABCD’-like region layout where ‘D’ labels the phase space of the SR for which the multijet
estimate is derived. The region CR-A is identical to the SR, except for a requirement that
min

(
∆ϕ

(
j, pmiss

T
))

< 0.4. Regions CR-B and CR-C are identical to CR-A and the SR,
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Figure 3. The BDT score distribution in (a) CR−W2j, (b) CR−W≥3j, (c) CR−Z2j, and (d) CR−Z≥3j
used to normalise the W + jets and Z + jets estimates. The total background prediction is shown
after the fit to the data. The ‘Other’ category contains rare backgrounds from diboson, triboson and
top-quark production processes. The hatched band represents the post-fit experimental, theoretical,
and statistical uncertainties in the total background. The bottom panel of each plot shows the ratio
between the data and the post-fit background prediction.

respectively, except that they require events to have 200 < Emiss
T /GeV < 220 and BDT scores

above 0.4 to be orthogonal but still kinematically similar to the SR. The inclusive yield NSR
of multijet events in the SR, i.e. integrated over all SR bins, is then computed as

NSR = Ndata
CR-C − NMC

CR-C
Ndata

CR-B − NMC
CR-B

(
Ndata

CR-A − NMC
CR-A

)
, (6.1)

where e.g. Ndata
CR-C represents the observed data yield in CR-C. Contributions from other

SM processes to all three CRs are estimated with MC and subtracted from the data yields,
denoted by e.g. NMC

CR-C. A minor dependence of the V + jets normalisation with respect
to min

(
∆ϕ

(
j, pmiss

T
))

was found, thus predictions from V + jets are scaled using dedicated
one- and two-lepton CRs for which min

(
∆ϕ

(
j, pmiss

T
))

< 0.4 before performing the MC
subtraction. Except for the lepton requirements, these CRs are otherwise identical to CR-
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A/B. The obtained multijet predictions in CR-A are binned as a function of the BDT
score, using identical binning as in the SR. These vary smoothly as a function of the
BDT score, dropping to near zero for BDT scores above 0.84. To mitigate the impact of
statistical fluctuations, a χ2-based fit is performed on the binned multijet estimates using
the BDT score as a dependent variable. Several functions were tested to fit the spectrum
where a parameterisation via a five-parameter ‘Gaussian + linear’ function yielded the best
results. The final multijet estimates are then taken as the values of the fitted function at
the centres of each bin. Tests of this procedure in a region similar to the SR but requiring
220 < Emiss

T /GeV < 250 show that this data-driven estimate significantly improves the
comparison between predictions and data relative to multijet estimates taken from MC where
the latter also suffer from large statistical fluctuations.

7 Systematic uncertainties

Predictions of the BDT score distribution in the signal regions are affected by systematic
uncertainties, which are due to both experimental effects and MC generator uncertainties.
The V + jets backgrounds are normalised in dedicated control regions such that systematic
uncertainties in those backgrounds only affect the extrapolation of the V + jets predictions
from the control regions to the signal regions. A summary of all systematic effects is shown
in figure 4.

The trigger, reconstruction, identification and isolation efficiencies for electrons [87] and
muons [94], as well as the momentum resolution and scale, primarily affect the signal region
through CR−W and CR−Z. The uncertainty in the muon reconstruction efficiency was
found to be the largest experimental effect on the background yield in the SR as it restricts
how precisely the normalisation of the V + jets backgrounds can be determined.

Other sources of experimental systematic uncertainties are the jet energy scale and
resolution [95]. The systematic uncertainties related to the modelling of Emiss

T in the simulation
are estimated by propagating the uncertainties in the energy and momentum scale of each of
the objects entering the calculation, as well as the uncertainties in the soft-term resolution
and scale [90].

Several uncertainties arise from MC generator modelling of SM backgrounds. The
uncertainties related to the choice of the QCD renormalisation and factorisation scales are
assessed by varying the corresponding generator parameters in the matrix element and parton
shower up and down by a factor of two around their nominal values, removing combinations
where the variations differ by a factor of four. The resulting yield variations for V + jets are
approximately 20% for both strong and electroweak V + jets samples before normalisation
in the control regions, except for strong V + jets in the 2j regions where variations range
from 25% to 45%. An additional uncertainty arises from the scheme, which can be additive,
multiplicative, or exponential, used to evaluate NLO electroweak corrections for the strong
V + jets backgrounds. The uncertainty in this choice is calculated as the difference in
predictions between the scheme that is closest to the nominal and that which deviates most
from nominal. The uncertainties associated with the choice of PDF set, NNPDF [59, 67, 96],
and the uncertainty in the strong coupling constant, αs, used in the PDF evaluation are also
included. These modelling uncertainties are treated as uncorrelated between the W + jets and
Z + jets backgrounds as well as between their strong and electroweak contributions. To take
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Figure 4. The relative systematic uncertainties in the BDT score distribution for background after
the exclusion fit. The ‘Normalisation’ uncertainty arises from the use of CRs to normalise W + jets
and Z + jets, while ‘Background Modelling’ includes the different sources of theoretical modelling
uncertainties in the distribution of BDT scores, as well as the uncertainties in the data-driven multijet
background estimate. The uncertainties associated with the measurement of the integrated luminosity
as well as the reconstruction and selection of signal leptons, jets and Emiss

T are included under the
‘Experimental’ category. The ‘MC Statistics’ uncertainty originates from the limited size of the MC
samples used to model the irreducible background contributions. The individual uncertainties can be
correlated and do not necessarily add up in quadrature to the total uncertainty.

into account imperfect modelling of the minor backgrounds such as top-quark production,
a normalisation uncertainty of 30% is added to these in the SRs. The impact of these
normalisation uncertainties were found to be below 2% on the final results.

Theoretical uncertainties in the signal predictions include uncertainties in the cross-
section and shape uncertainties due to the renormalisation and factorisation scales, choice
of PDF set and parton showering. The total cross-section uncertainty was found to be of
around 10% and 25% for pure-electroweak and mixed electroweak-QCD production modes
at electroweakino mass of 100 GeV, respectively.

Several sources of uncertainty are considered for the multijet background estimate and
implemented as individual nuisance parameters. Validation regions with 220 < Emiss

T /GeV <

250, i.e. adjacent to CR-A, CR-B, CR-C and CR-D, are used to estimate an uncertainty in
the extrapolation from the CR to the SR phase space that is performed in the estimation.
The fitted parameters of the Gaussian + linear fit to the BDT distribution in CR-A are
varied within their 1σ confidence intervals to generate alternative estimates of the multijet
background; the variation leading to the largest deviation of the multijet prediction is used
to define the fit uncertainty. The impacts of uncertainties on leptons, jets, and Emiss

T as
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Region CR−W CR−Z

2j 0.800 ± 0.007 0.829 ± 0.018
≥3j 0.986 ± 0.013 1.046 ± 0.019

Table 2. Normalisation factors for W + jets and Z + jets MC samples derived from one- and
two-lepton control regions. The uncertainties include both statistical and systematic contributions.

well as theoretical uncertainties in the MC predictions in CR-A, CR-B, CR-C, and CR-D
are also considered. As CR-B and CR-C are located within a Emiss

T regime where the Emiss
T

trigger might not be fully efficient yet dependent on the event topology, a 5% uncertainty is
considered to cover any potential mismodelling of the trigger efficiency in MC simulation.
The total pre-fit uncertainty in the multijet background estimate is found to be around
100% in the inclusive SR2j and SR≥3j.

As seen in figure 4, there is no clear dominant source of systematic uncertainty among
any of the SR bins; rather, all sources contribute roughly equally to the total uncertainty
in the background estimates.

8 Results

Data in the CRs, VRs and SRs are compared with SM predictions using a profile likelihood
method [97] implemented in the HistFitter package [98]. Systematic uncertainties are
treated as nuisance parameters with Gaussian constraints in the likelihood, where experimental
systematic uncertainties are correlated between signal and backgrounds for all regions.

A background-only fit is performed using only CR−W and CR−Z to constrain
the normalisation parameters of the W + jets and Z + jets backgrounds. The resulting
normalisation parameters are shown in table 2. With these normalisation parameters applied,
the background prediction is checked in VR−W , VR−Z and VR-0L, as shown in figures 5
and 6, respectively. All VRs are shown separately in the 2j and ≥3j channels. Overall, the
predictions agree well with the observed data within the systematic uncertainties, confirming
the applicability of the derived V + jets normalisations at large BDT scores and to zero-lepton
events. The second bin of VR−W2j shows a small excess that is slightly below the 2σ level,
which is interpreted as a statistical fluctuation of the data. Overall, the deviations between the
background predictions and the observed yields in all VRs are within two standard deviations.

To test for the presence of excesses, the background-only fit is extended to include a
single-bin signal region consisting of events in either SR2j and SR≥3j with BDT scores greater
than 0.88. An independent fit is performed in each single-bin region containing a signal
model with an unconstrained normalisation parameter to estimate the contributions of any
phenomena beyond those predicted by the SM. Each region is fit simultaneously with the
control regions, which are assumed to contain no signal. To quantify the probability under
the background-only hypothesis to produce event yields greater than or equal to the observed
data, p-values are calculated for each single-bin region. The results of the two fits are shown
in table 3. The lowest p-value is observed in the ≥3j region, corresponding to a significance of
less than 1σ. The CLs prescription [99] is used to perform a hypothesis test that sets upper
limits at the 95% confidence level (CL) on the observed (expected) number of signal events
S95

obs (exp) in each single-bin region. Dividing S95
obs by the integrated luminosity defines the
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(d)

Figure 5. Observed and predicted background distributions of the BDT score in (a) VR−W2j, (b)
VR−W≥3j, (c) VR−Z2j, and (d) VR−Z≥3j validation regions shown after the control region fit. The
‘Other’ category contains rare backgrounds from diboson, triboson and top-quark production processes.
The hatched band represents the post-fit experimental, theoretical, and statistical uncertainties in the
total background. The bottom panel of each plot shows the ratio between the data and the post-fit
background prediction.

upper limits on the visible cross-sections ⟨ϵσ⟩95
obs. Generic non-SM processes that predict more

than 13 (25) events in SR2j (SR≥3j) with BDT scores greater than 0.88 are excluded at 95%
CL, with corresponding upper limits on their visible cross-sections set at 0.09 fb (0.18 fb).

In the absence of significant excesses in these bins, a fit configuration, referred to as the
exclusion fit, is formed by extending the background-only fit to include all of the BDT score
bins within SR2j and SR≥3j. Figure 7 shows the distributions of BDT scores in the signal
regions after a fit using this configuration under the assumption that the only contributions
are due to SM processes. The corresponding event yields in each SR bin are broken down by
process in tables 4 and 5. The extracted normalisation factors for the V + jets backgrounds
in this fit are found to agree within uncertainties with those from the background-only fit
that only includes the CRs as constraining regions. Again, no significant excess of events
is observed above the SM predictions.
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Figure 6. Observed and predicted background distributions of the BDT score in (a) VR−0L2j and (b)
VR−0L≥3j low-BDT validation regions, using data-driven estimates for the multijet background. The
‘Other’ category contains rare backgrounds from diboson, triboson and top-quark production processes.
The hatched band represents the post-fit experimental, theoretical, and statistical uncertainties in the
total background. The bottom panel of each plot shows the ratio between the data and the post-fit
background prediction.

Single-Bin Region Nobs Nexp ⟨ϵσ⟩95
obs [fb] S95

obs S95
exp p(s = 0)

SR2j 50 55.9 ± 3.7 0.09 13 18+7
−5 0.50

SR≥3j 44 39.8 ± 4.3 0.18 25 19+9
−6 0.19

Table 3. Results of the fits in the single-bin signal regions. Left to right: the first column indicates
the single-bin SRs under study. The next two columns present observed and expected event yields
in the single-bin regions, Nobs and Nexp. The latter are obtained after the control-region fit, and
the errors include both the statistical and systematic uncertainties. The next two columns show the
observed 95% CL upper limits on the visible cross-section, ⟨ϵσ⟩95

obs, and on the number of signal events,
S95

obs. The next column shows the 95% CL upper limit on the number of signal events, S95
exp, given the

expected number (and ±1σ deviations from the expectation) of background events. The last column
indicates the discovery p-value, p(s = 0).

BDT Score [0.60, 0.64) [0.64, 0.68) [0.68, 0.72) [0.72, 0.76) [0.76, 0.80) [0.80, 0.84) [0.84, 0.88) [0.88, 1.0]
Observed events 3712 2774 1946 1441 1054 729 326 50
Fitted SM events 3590 ± 40 2806 ± 32 1953 ± 24 1490 ± 20 1100 ± 17 774 ± 13 347 ± 9 54.4 ± 2.5
Z + jets, QCD 2104 ± 34 1648 ± 28 1117 ± 22 826 ± 15 576 ± 12 387 ± 10 145 ± 6 16.8 ± 1.1
W + jets, QCD 993 ± 30 691 ± 23 422 ± 18 292 ± 11 190 ± 10 108 ± 7 36.6 ± 3.4 3.7 ± 0.7
Z + jets, EWK 322 ± 8 307 ± 6 273 ± 5 249 ± 5 224 ± 6 192 ± 6 117 ± 5 25.4 ± 1.9
W + jets, EWK 139 ± 3 131 ± 3 117 ± 3 109 ± 3 98 ± 3 79 ± 3 45 ± 2 8.1 ± 0.6
Other 30 ± 7 28 ± 7 23 ± 5 14.0 ± 3.2 12.3 ± 3.0 7.2 ± 1.6 2.8 ± 0.7 0.4 ± 0.1
Multijet 0.5+1.6

−0.5 0.6+1.9
−0.6 0.6+1.8

−0.6 0.5+1.4
−0.5 0.3+1.0

−0.3 0.2+0.5
−0.2 < 0.1 < 0.1

Table 4. Observed event yields and fit results for SR2j using the exclusion fit. The category ‘Other’
contains rare backgrounds from diboson, triboson, and top-quark production processes. Uncertainties
in the fitted background estimates combine statistical and systematic uncertainties.
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BDT Score [0.60, 0.64) [0.64, 0.68) [0.68, 0.72) [0.72, 0.76) [0.76, 0.80) [0.80, 0.84) [0.84, 0.88) [0.88, 1.0]
Observed events 5504 4295 3068 2358 1611 936 398 44
Fitted SM events 5530 ± 60 4310 ± 50 3120 ± 40 2344 ± 34 1570 ± 25 904 ± 18 358 ± 10 36.6 ± 2.6
Z + jets, QCD 3530 ± 80 2740 ± 60 1980 ± 40 1481 ± 33 974 ± 24 564 ± 18 202 ± 10 21.3 ± 2.1
W + jets, QCD 1390 ± 60 1050 ± 40 708 ± 29 503 ± 21 310 ± 17 138 ± 8 55 ± 5 3.6 ± 0.7
Z + jets, EWK 249 ± 5 226 ± 4 204 ± 5 177 ± 4 154 ± 4 121 ± 4 68 ± 3 6.7 ± 0.8
W + jets, EWK 129 ± 5 111 ± 4 93 ± 3 77 ± 2 56 ± 2 42 ± 2 19 ± 1 2.9 ± 0.4
Other 220 ± 50 170 ± 40 131 ± 30 103 ± 24 74 ± 18 40 ± 10 14 ± 4 2.0 ± 0.5
Multijet 10+50

−10 10+31
−10 6+19

−6 3+10
−3 1+4

−1 0.3+1.1
−0.3 < 0.1 0.1+0.4

−0.1

Table 5. Observed event yields and fit results for SR≥3j using the exclusion fit. The category ‘Other’
contains rare backgrounds from diboson, triboson, and top-quark production processes. Uncertainties
in the fitted background estimates combine statistical and systematic uncertainties.

The CLs prescription in conjunction with the exclusion fit configuration is also used to
perform hypothesis tests of specific SUSY scenarios to set limits on the class of simplified
models used to optimise the search. Exclusions at 95% CL are presented in a two-dimensional
plane with the horizontal axis given by the mass of the χ̃0

2, and the vertical axis defined by
the difference in mass between the χ̃0

2 and χ̃0
1, and are shown in figure 8. The presented

mass limits are restricted to ∆m(χ̃0
2/χ̃±

1 , χ̃0
1) ≥ 0.2 GeV to match the smallest available mass

splittings in the simulated signal samples. Since the analysis strategy does not depend on
the reconstruction of the χ̃0

2/χ̃±
1 decay products, the results are expected to remain valid for

mass splittings below 0.2 GeV as well, assuming that the potentially long lifetime of the χ̃±
1

does not degrade the signal acceptance. The observed limit on χ̃0
2 masses for mass splittings

below 1 GeV is approximately 117 GeV, depending only slightly on the mass splitting. This
is greater than the expected limit of between 100 and 104 GeV for the same ∆m(χ̃0

2/χ̃±
1 , χ̃0

1)
range due to the mild deficit of observed events in the high BDT score bins of SR2j. The SR2j
behavior is partially mitigated by the opposite trend in SR≥3j, where the high BDT score
bins show an excess. The use of separate normalisation factors for V + jets backgrounds in
the 2j and ≥3j channels reduces the correlation between the two signal regions, allowing both
channels to influence the limits through their sensitivity to the benchmark signal models.
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Figure 7. Observed and predicted background distributions of the BDT score in (a) SR2j and (b)
SR≥3j after the exclusion fit. The nominal, pre-fit prediction of an example benchmark signal with
(m(χ̃0

2/χ̃±
1 ), m(χ̃0

1)) = (100, 99) GeV is shown in red. The ‘Other’ category contains rare backgrounds
from diboson, triboson and top-quark production processes. The hatched band represents the post-fit
experimental, theoretical, and statistical uncertainties in the total background. The bottom panel of
each plot shows the ratio between the data and the post-fit background prediction.

Figure 8. Expected (dashed black line) and observed (solid red line) 95% CL exclusion limits on the
compressed SUSY simplified model with a bino-like LSP and wino-like NLSPs being considered. These
are shown with ±1σexp (yellow band) from experimental systematic and statistical uncertainties, and
with ±1σSUSY

theory (red dotted lines) from signal cross-section uncertainties, respectively. The limits set
by the ATLAS searches using the soft lepton [44, 100] signature is illustrated by the blue region while
the limit imposed by the LEP experiments [101] is shown in grey.
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9 Conclusion

A search for beyond the SM physics is performed using events consistent with the production
of invisible particles via VBF processes using

√
s = 13 TeV pp collision data corresponding to

an integrated luminosity of 140 fb−1 recorded by the ATLAS detector CERN’s LHC. The
events are required to contain at least two jets with a large separation in pseudorapidity and
dijet invariant mass, large missing transverse momentum, and no reconstructed leptons. The
events are further classified into two categories that require exactly two or at least three
reconstructed jets. Discrimination between SM backgrounds and signal is enhanced by the
use of a BDT that is trained on a simplified SUSY model in which a pair of mass-degenerate,
wino-like charginos and neutralinos is produced in association with jets before decaying into a
close-in-mass (∆m(χ̃0

2/χ̃±
1 , χ̃0

1) ≲ 1 GeV) bino-like neutralino LSP and soft SM particles. This
strategy provides unique sensitivity to compressed SUSY scenarios where existing searches
relying on soft-lepton signatures become insensitive due to limitations in the reconstruction
thresholds for leptons. Unlike those searches, the final state targeted here also allows this
search to remain agnostic to the branching ratios of the χ̃0

2/χ̃±
1 decays. The data are found

to be consistent with the SM predictions and upper limits are set at 95% CL on the visible
cross-section of generic, non-SM processes in the targeted phase space and on the chargino
and neutralino masses in a simplified SUSY model featuring wino-like χ̃0

2/χ̃±
1 states that are

nearly degenerate in mass with the bino-like χ̃0
1. Including the effects of interference that

impact the total signal cross-section and kinematics, a lower limit of 117 GeV is set on the
wino-like χ̃0

2 and χ̃±
1 masses when they are within 1 GeV of the bino-like χ̃0

1 mass, surpassing
previously constraints from the LEP experiment by up to approximately 25 GeV.
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