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Search for chargino-neutralino production with mass splittings near
the electroweak scale in three-lepton final states

in
ffiffi
s

p
= 13 TeV pp collisions with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 18 December 2019; accepted 25 February 2020; published 7 April 2020)

A search for supersymmetry through the pair production of electroweakinos with mass splittings near
the electroweak scale and decaying via on-shellW and Z bosons is presented for a three-lepton final state.
The analyzed proton-proton collision data taken at a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV were collected
between 2015 and 2018 by the ATLAS experiment at the Large Hadron Collider, corresponding to an
integrated luminosity of 139 fb−1. A search, emulating the recursive jigsaw reconstruction technique with
easily reproducible laboratory-frame variables, is performed. The two excesses observed in the 2015–2016
data recursive jigsaw analysis in the low-mass three-lepton phase space are reproduced. Results with the
full data set are in agreement with the Standard Model expectations. They are interpreted to set exclusion
limits at the 95% confidence level on simplified models of chargino-neutralino pair production for masses
up to 345 GeV.
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I. INTRODUCTION

Supersymmetry (SUSY) [1–6] is a space-time symmetry
that extends the Standard Model (SM), predicting the
existence of new partners for each SM particle. The new
particles have quantum numbers identical to those of their
partners with the exception of spin, with SM fermions
having bosonic partners and SM bosons having fermionic
partners. This extension presents solutions to deficiencies
in the SM, addressing the hierarchy problem [7–10] and
providing a candidate for dark matter as the lightest
supersymmetric particle (LSP), which will be stable if R
parity [11] is conserved [12,13].
The electroweakinos consist of two generations of

charginos (χ̃�i , i ¼ 1, 2) and four generations of neutralinos
(χ̃0i , i ¼ 1, 2, 3, 4), where the indices are ordered by
ascending mass, with the LSP assumed to be the lightest
neutralino, χ̃01. The electroweakinos are formed from the
mixing of the SUSY partners of the Higgs field (known as
Higgsinos) with the SUSY partners of the electroweak
gauge fields, the bino for the U(1) gauge field and winos for
the W fields.

This paper presents a search for chargino-neutralino
(χ̃�1 χ̃

0
2) pair production with χ̃�1 − χ̃01 and χ̃02 − χ̃01 mass

splittings near the electroweak scale. The targeted decay
chain is shown in Fig. 1, with the chargino and neutralino
decaying into the invisible LSP χ̃01 and either a W or Z
gauge boson, respectively. Simplified models [14–16],
where the masses of the SUSY particles are the only free
parameters, are used for interpretation. The χ̃�1 and χ̃02 are
assumed to be purely wino and mass degenerate, and to
decay with 100% branching ratio into W and Z bosons.
The χ̃01 LSP is assumed to be pure bino. Both the W
and Z bosons decay leptonically via SM branching ratios,
leading to a final-state signature with three leptons and
missing transverse momentum from two χ̃01 and a neutrino.
The presence of initial-state radiation (ISR) may lead to
jets in the final state and boost the χ̃�1 χ̃

0
2 system, enhancing

the signature of the missing transverse momentum. The
search targets a range of χ̃�1 =χ̃

0
2 masses between 1001 and

450 GeV and mass splittings relative to the χ̃01 LSP,
Δm ¼ mðχ̃�1 =χ̃02Þ −mðχ̃01Þ, larger than the Z boson mass.
Previous searches for χ̃�1 χ̃

0
2 production by the ATLAS

[21–23] and CMS [24–27] collaborations using laboratory-
frame, or conventional, observables in final states with two
or three leptons, have found no significant excess of events
in data over background expectations, yielding limits on the
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1A model-independent lower limit of 103.5 GeV at the
95% confidence level on the mass of promptly decaying
charginos was set at the Large Electron-Positron Collider experi-
ment [17–20].

PHYSICAL REVIEW D 101, 072001 (2020)

2470-0010=2020=101(7)=072001(32) 072001-1 © 2020 CERN, for the ATLAS Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.072001&domain=pdf&date_stamp=2020-04-07
https://doi.org/10.1103/PhysRevD.101.072001
https://doi.org/10.1103/PhysRevD.101.072001
https://doi.org/10.1103/PhysRevD.101.072001
https://doi.org/10.1103/PhysRevD.101.072001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


χ̃�1 and χ̃02 masses up to 580 and 570 GeV, respectively.
A search by the ATLAS Collaboration using the recursive
jigsaw reconstruction (RJR) technique [28,29] in 36.1 fb−1
of data collected between 2015 and 2016 [30] found
excesses of three-lepton events in two regions. The
excesses corresponded to a local significance of 2.1σ in
the signal region targeting low-mass χ̃�1 χ̃

0
2 production, SR-

low, and to a local significance of 3.0σ in the signal region
targeting χ̃�1 χ̃

0
2 produced in association with ISR, SR-ISR,

with mass differences with respect to the LSP close to the
Z boson mass. The signal regions of the RJR analysis
targeting high-mass χ̃�1 χ̃

0
2 production showed no substantial

excess, with limits set on the χ̃�1 and χ̃02 masses of up to
600 GeV for a massless χ̃01.
This new, independent analysis explores the intersection

between the conventional and RJR approaches to better
understand the tension between the exclusion limits pro-
duced by the two analyses. It emulates the variables used
by the RJR technique with conventional laboratory-
frame discriminating variables, providing a simple set of
variables that are easily reproducible. The object and region
definitions using these new emulated recursive jigsaw
reconstruction (eRJR) variables are kept as close as possible
to those in Ref. [30]. This technique reproduces the three-
lepton excesses in the low-mass region and ISR regions in
the laboratory frame using the same 36.1 fb−1 of pp
collision data. Results of this conventional search are also
presented using a larger data set, corresponding to 139 fb−1
of pp collision data collected between 2015 and 2018.
A brief overview of the ATLAS detector is presented in

Sec. II, and a description of the data set and the simulation
of the χ̃�1 χ̃

0
2 signal process and SM background processes is

given in Sec. III. The reconstruction of the event and of
objects used in the search is described in Sec. IV. The eRJR
kinematic discriminating variables are introduced in Sec. V.
The search strategy is presented in Sec. VI, followed by the
background estimation and validation in Sec. VII, and the
systematic uncertainty derivation in Sec. VIII. The results

of the search are presented in Sec. IX, followed by the
conclusion in Sec. X.

II. ATLAS DETECTOR

The ATLAS detector [31] is a multipurpose particle
detector with almost 4π coverage in solid angle.2 It consists
of an inner tracking system covering the pseudorapidity
region jηj < 2.5, sampling electromagnetic and hadronic
calorimeters covering jηj < 4.9, and a muon spectrometer
covering jηj < 2.7. The inner detector (ID) reconstructs
charged-particle tracks using silicon pixel and microstrip
detectors and a straw-tube transition radiation tracker. An
additional innermost layer of the silicon pixel tracker, the
insertable B-layer [32,33], was installed before 2015 at an
average radial distance of 3.3 cm from the beam line to
improve track reconstruction and flavor identification of
quark-initiated jets. The ID is surrounded by a thin,
superconducting solenoid providing an axial magnetic field
of 2 T, allowing the measurement of charged-particle
momenta. Beyond the ID is a high-granularity lead/
liquid-argon (LAr) electromagnetic sampling calorimeter
covering jηj < 3.2 and a steel/scintillator-tile hadronic
sampling calorimeter covering jηj < 1.7. The forward
regions in jηj are also covered by the copper/LAr hadronic
end cap calorimeter (1.7 < jηj < 3.2) and by copper or
tungsten/LAr forward calorimeters (3.1 < jηj < 4.9).

(a) (b)

FIG. 1. Diagrams of χ̃�1 χ̃
0
2 production with subsequent decays into two χ̃

0
1 and, via leptonically decayingW and Z bosons, three leptons

and a neutrino. Diagrams are shown both (a) without and (b) with a jet from initial-state radiation.

2ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the (z) axis along the beam pipe. The (x) axis points from
the IP to the center of the LHC ring, and the (y) axis points
upwards. Cylindrical coordinates (r;ϕ) are used in the transverse
plane, with ϕ being the azimuthal angle around the (z) axis.
The pseudorapidity η is defined in terms of the polar angle θ
as η ¼ − ln tanðθ=2Þ and the rapidity y is defined as y ¼
ð1=2Þ ln½ðEþ pzÞ=ðE − pzÞ�, where E is the energy and pz is
the longitudinal momentum of the physics object. Angular
distance is measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

, defined
using η unless otherwise specified.
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The muon spectrometer (MS) surrounds the calorimeters
and measures muon tracks within a system of three
superconducting air-core toroidal magnets with eight coils
each. The MS consists of three layers of precision tracking
and triggering chambers.
The ATLAS trigger system consists of a hardware-based

first-level (L1) trigger followed by a software-based high-
level trigger (HLT) [34]. The L1 trigger is designed to use a
subset of detector information to accept events at an
average rate of 100 kHz, while the HLT is designed to
reduce the rate to an average of 1 kHz. Candidate electrons
are identified by the L1 trigger within the range jηj < 2.5 as
compact electromagnetic energy deposits in the electro-
magnetic calorimeter, and by the HLT using additional fast
track reconstruction [35]. Candidate muons are identified
by the L1 trigger through a coincidence of MS trigger
chamber layers and further selected by the HLT using fast
reconstruction algorithms with input from the ID and MS.

III. DATA AND MONTE CARLO SIMULATION

The data used for this search were collected between
2015 and 2018 by the ATLAS experiment and correspond
to an integrated luminosity of 139 fb−1. The LHC collided
protons at bunch-crossing intervals of 25 ns, with the
average number of interactions per crossing measured in
the data set to be hμi ¼ 34.
Monte Carlo (MC) simulation is used to model the

expected contributions of various SM processes as well as
possible SUSY signals. The MC simulation is also used to
optimize the event selection criteria and estimate the
systematic uncertainties of the event yield measurement.
A full description of the MC simulation samples used is
given below and summarized in Table I. For most SM
backgrounds, the expected contributions are taken from
MC simulation, either directly or after normalization to data
in dedicated control regions. For Z þ jets processes a data-
driven method is used to predict the expected yield as
described in Sec. VII, with MC simulation used in devel-
oping the method and estimating uncertainties.

Diboson, triboson, and Z þ jets samples [36,37] were
simulated with the SHERPA2.2 [38] generator. Diboson
samples include fully leptonic and semileptonic decays
as well as loop-induced and electroweak VVjj production,
where V refers to a Z or W vector boson and j indicates a
jet. The WH and ZH processes, with the Higgs boson (H)
decaying into two W or two Z bosons, are included in the
diboson and triboson samples. The fully leptonic, the loop-
induced, and the electroweak VVjj diboson processes were
simulated with SHERPA2.2.2, while the triboson, Z þ jets,
and semileptonically decaying diboson samples were
simulated with SHERPA2.2.1.
In the SHERPA samples the additional hard parton

emissions [39] were matched to parton showers based
on Catani-Seymour dipole factorization [40]. The
NNPDF3.0nnlo [41] set of parton distribution functions
(PDFs) and a dedicated set of tuned parton-shower param-
eters (tune) developed by the SHERPA authors were used
[40]. The matching of the matrix element to the parton
shower [42–45] was employed for the various jet multi-
plicities, which were then merged into an inclusive sample
using an improved CKKW matching procedure [44] that is
extended to next-to-leading-order (NLO) accuracy using
the MEPS@NLO prescription [43]. The virtual QCD
correction for matrix elements at NLO accuracy was
provided by the OPENLoops library [46,47]. The Z þ jets
(diboson) simulations were calculated for up to two (one)
additional partons at NLO and up to four (three) additional
partons at LO, while the triboson simulations were calcu-
lated for up to one additional parton at LO. The cross
sections predicted by these event generators were used for
all samples except for the Z þ jets processes, which were
normalized to a next-to-next-to-leading-order (NNLO)
cross-section prediction [48].
The production of tt̄ [49], tt̄H [50], and single-top tW

[51], s-channel [52], and t-channel [53] events was
modeled using the POWHEG-BOX [54–56] v2 generator at
NLO with the NNPDF3.0nnlo PDF set. The events were
interfaced with PYTHIA8.230 [57] using the A14 tune [58]

TABLE I. Monte Carlo simulation details by physics process. Listed are the generators used for matrix element
calculation and for parton showering, the underlying-event parameter tunes, the PDF sets, and the order in αS of
cross-section calculations used for the yield normalization. “Other top” includes tZ, tWZ, tt̄WZ, tt̄WW, three-top,
four-top, and rare top decay tt̄ (t → WbllÞ processes.
Process Event generator PS and hadronization UE tune Cross section

χ̃�1 χ̃
0
2 MadGraph2.6 PYTHIA8 A14 NLOþ NLL

Diboson SHERPA2.2 SHERPA2.2 Default NLO
Triboson SHERPA2.2 SHERPA2.2 Default LO
Z þ jets SHERPA2.2 SHERPA2.2 Default NNLO
tt̄ POWHEG-BOXv2 PYTHIA8 A14 NNLOþ NNLL
Single top POWHEG-BOX v2 PYTHIA8 A14 NLOþ NNLL
tt̄H POWHEG-BOX v2 PYTHIA8 A14 NLO
tt̄V MadGraph5_aMC@NLO2 PYTHIA8 A14 NLO
Other top MadGraph5_aMC@NLO2 PYTHIA8 A14 LO
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and the NNPDF2.3lo PDF set [59]. The hdamp parameter3

was set to 1.5 times the top-quark mass [60]. The tt̄
inclusive production cross section was corrected to the
theory prediction at NNLO in QCD including the resum-
mation of next-to-next-to-leading-logarithmic (NNLL)
soft-gluon terms calculated using TOP++2.0 [61]. The tW
inclusive cross section was corrected to the theory pre-
diction calculated at NLO in QCD with NNLL soft-gluon
corrections [62,63]. Samples were generated in the five-
flavor scheme, setting all quark masses to zero except for
the top quark, and a diagram removal strategy [64] was
employed in the tW sample to handle the interference with
tt̄ production [60].
The production of other top-quark processes was mod-

eled using the MadGraph5_aMC@NLO v2 [65] generator with
the NNPDF3.0nnlo PDF set for the calculation of the
matrix elements, which were interfaced with PYTHIA8 using
the A14 tune and the NNPDF2.3lo PDF set. Generator
versions MadGraph5_aMC@NLO v2.2.2 and PYTHIA8.186 were
used for tt̄WW, three-top, and four-top processes, while
MadGraph5_aMC@NLO v2.3.3 and PYTHIA8.212 were used for
tZ, tWZ, tt̄V, and tt̄WZ processes, as well as for tt̄ events
that include the rare top decay t → Wbll. All these top-
quark processes were generated at LO except for tt̄V,
which was generated at NLO.
The SUSY χ̃�1 χ̃

0
2 signal events were produced with up to

two additional partons at LO using MadGraph5_AMC@NLO

v2.6.1 with the NNPDF2.3lo PDF set, and were interfaced
with PYTHIA8.230 using the A14 tune and NNPDF2.3lo
PDF set. The scale parameter for jet-parton CKKW-L
matching was set to a quarter of the χ̃�1 =χ̃

0
2 mass. Signal

cross sections were calculated at NLO in αS, adding the
resummation of soft-gluon emission at next-to-leading-
logarithm accuracy (NLL) [66–70]. The nominal cross
section and the uncertainty are taken from an envelope
of cross section predictions using different PDF sets and
factorization and renormalization scales [71]. The inclusive
cross section for χ̃�1 χ̃

0
2 production, when each has a mass of

200 GeV, is 1.8� 0.1 pb.
The decays of c and b hadrons in samples generated with

MadGraph5_aMC@NLO or POWHEG-BOX were modeled with
EvtGen1.2.0 [72]. Events from all generators were propagated
through a full simulation of the ATLAS detector [73] using
GEANT4 [74], which describes the interactions of particles
with the detector. A parameterized simulation of the
ATLAS calorimeter called Atlfast-II [73] was used for
faster detector simulation of signal samples and is found to
agree well with the full simulation. The effect of multiple
interactions in the same and neighboring bunch crossings
(pileup) was modeled by overlaying each hard-scattering

event with simulated minimum-bias events generated with
PYTHIA8.210 using the A3 tune [75] and NNPDF2.3lo
PDF set.

IV. EVENT RECONSTRUCTION

Analysis events were recorded during stable beam
conditions and must pass detector and data quality require-
ments. Each event is required to have a primary vertex that
is associated with a minimum of two tracks of transverse
momentum pT > 500 MeV, where the primary vertex is
defined as the reconstructed vertex with the largest Σp2

T of
associated tracks [76].
Two identification levels are defined for leptons and jets,

referred to as “baseline” and “signal,” with signal objects
being a subset of baseline. The baseline leptons are required
to satisfy looser identification and isolation criteria, pro-
viding a higher selection efficiency for leptons and jets for
use in calculating missing transverse momentum (pmiss

T ),
resolving ambiguities between overlapping physics objects,
and calculating the data-driven estimate of the background
arising from fake or nonprompt leptons.
Electron candidates are reconstructed using energy

clusters in the electromagnetic calorimeter which are
matched to an ID track, and they are calibrated in situ
using Z → ee decays [77]. Baseline electrons must have
pT > 10 GeV and fall within the ID acceptance,
jηj < 2.47. The electrons must also satisfy the “loose
likelihood” quality criteria [77]. The trajectory of baseline
electrons must be consistent with the primary vertex to
suppress electrons originating from pileup. Therefore, the
tracks associated with baseline electrons must have a
longitudinal impact parameter relative to the primary vertex
(z0) such that jz0 sin θj < 0.5 mm. Signal electrons are
required to satisfy the tighter “medium” identification
criteria and must be well isolated from additional activity,
passing a pT -dependent “tight” isolation requirement that
imposes fixed requirements on the values of the isolation
variables. The isolation is measured within a cone of size
ΔR ¼ 0.2 around the electron, and the amount of non-
associated calorimeter transverse energy and scalar sum of
track pT must both be below 6% of the electron pT. Tracks
are only considered by the isolation criteria if they are
consistent with the primary vertex. For track isolation, the
cone size decreases linearly with pT above 50 GeV as the
electron’s shower becomes more collimated. The track
associated with each signal electron must also pass a
requirement on the transverse-plane distance of closest
approach to the beam line (d0) such that jd0=σd0 j < 5,
where σd0 is the uncertainty in the value of d0.
Muon candidates are reconstructed from either ID tracks

matched to track segments in the MS or from tracks formed
from a combined fit in the ID and MS [78], and they are
calibrated in situ using Z → μμ and J=ψ → μμ decays [78].
Baseline muons must have pT > 10 GeV, have jηj < 2.4

3The hdamp parameter controls the transverse momentum pT of
the first additional emission beyond the leading-order Feynman
diagram in the parton shower and therefore regulates the high-pT
emission against which the tt̄ system recoils.
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and pass an impact parameter cut of jz0 sin θj < 0.5 mm.
Signal muons must meet the “medium” identification
criteria [78] and the “tight” isolation criteria, defined
similarly to those for electrons but rejecting candidates
with nonassociated calorimeter energy above 15% and
nonassociated track pT above 4% of the muon pT. The size
of the track-isolation cone is ΔR ¼ 0.3 for muons with
pT ≤ 33 GeV and decreases linearly to ΔR ¼ 0.2 at
pT ¼ 50 GeV, improving the selection efficiency for
higher-pT muons. The track associated with each signal
muon must pass an impact parameter requirement
of jd0=σd0 j < 3.
Jet candidates are reconstructed from three-dimensional

topological energy clusters [79] using the anti-kt algorithm
[80,81] with radius parameter R ¼ 0.4. The jet energy scale
(JES) and resolution (JER) are first calibrated to particle
level using MC simulation and then in situ through Z þ jet,
γ þ jet, and multijet measurements [82]. Baseline jets are
required to have pT > 20 GeV and fall within the full
calorimeter acceptance of jηj < 4.5. To suppress jets
originating from pileup, jets are required to pass the
“medium” working point of the track-based jet vertex
tagger [83,84] if the jet has pT < 120 GeV and falls within
the ID acceptance of jηj < 2.5. Signal jets are required to
have jηj < 2.4 to ensure full application of the pileup
suppression, and events are rejected if they contain a jet
that fails to meet the “loose” quality criteria [85],
reducing contamination from noise bursts and noncollision
backgrounds.
The identification of jets containing b hadrons, called b

jets, is performed using a multivariate discriminant built
with information from track impact parameters, the pres-
ence of displaced secondary vertices, and the reconstructed
flight paths of b and c hadrons inside the jet [86]. The
identification criteria are tuned to an average identification
efficiency of 77% as obtained for b jets in simulated tt̄
events, corresponding to rejection factors of 110, 4.9, and
15 for jets originating from light quarks and gluons, c
quarks, and τ leptons, respectively.
To avoid reconstructing a single detector signature as

multiple leptons or jets, an overlap removal procedure is
applied to baseline leptons and jets. For overlap removal,
ΔR is calculated using rapidity, rather than η, to ensure the
distance measurement is Lorentz invariant for jets that may
have non-negligible masses. First, any electron that shares a
track with a muon in the ID is removed, as the track is seen
to be consistent with track segments in the MS. Then, jets
are removed if they are withinΔR ¼ 0.2 of a lepton, as they
have likely formed from an electron shower or muon
bremsstrahlung. For the overlap with associated muons,
the nearby jet is discarded only if it is associated with less
than three tracks of pT ≥ 500 MeV. Finally, electrons and
muons with pT ≤ 50 GeV that are close to a remaining jet
are discarded to reject nonprompt or fake leptons origi-
nating from hadron decays. Leptons with pT ≤ 25 GeV are

discarded if their distance from a jet is ΔR < 0.4; for larger
lepton pT values up to 50 GeV the ΔR discard range
decreases linearly to ΔR < 0.2.
The missing transverse momentum pmiss

T , with magni-
tude Emiss

T , is calculated as the negative vector sum of the
transverse momenta of the baseline leptons, jets, and the
soft term, the latter given by the sum of the transverse
momenta of additional low-momentum objects in the event
[87]. The soft term is reconstructed from particle tracks in
the ID that are associated with the primary vertex but not
with any reconstructed analysis objects.
Data events were collected with triggers requiring either

two electrons, two muons or an electron plus a muon. The
triggers have lepton pT thresholds in the range 8–22 GeV,
and higher pT thresholds are applied offline to ensure that
the trigger efficiencies are constant in the relevant phase
space. All MC simulation samples emulate the triggers and
have corrections applied to account for small differences
with data in lepton identification, reconstruction, isolation
and triggering efficiencies, as well as in jet pileup rejection
and flavor identification efficiencies.

V. KINEMATIC DISCRIMINANTS

In most R-parity-conserving SUSY models, the LSP is
an invisible particle that rarely, if ever, interacts with matter.
It is therefore not directly observed by the ATLAS detector,
but manifests itself as missing transverse momentum in
an event whose particle transverse momenta would other-
wise balance. The relative boost of quarks in the colliding
protons makes it impossible to know the true vector of the
missing momentum, allowing only the transverse compo-
nent to be measured accurately. For SUSY particles with
multiple decay steps the loss of this information can make it
difficult to match the decay products and correctly recon-
struct the originally produced particles, resulting in ambi-
guities in the reconstruction of the χ̃�1 and the χ̃02.
The RJR technique [28,29] attempts to resolve these

ambiguities by analyzing each event starting from the
laboratory-frame particles and boosting back to the rest
frames of the parent particles. Reconstructed jets, muons,
and electrons are used as inputs for the RJR algorithm,
which determines which leptons originate from the char-
gino or neutralino decays, assuming a specific decay chain.
The ISR jets are selected by minimizing the invariant mass
of the system formed by the potential ISR jets and the
sparticle system (consisting of the leptons and the missing-
momentum vector) in the center-of-mass frame. The only
unknowns are the masses and longitudinal momenta of
the invisible objects (two neutralinos and a neutrino), and
how each individually contributes to the total missing
energy. The RJR algorithm determines the smallest
Lorentz-invariant function of the visible particles’ four-
momenta that results in non-negative mass parameters for
the invisible particles [29].
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This search targets χ̃�1 χ̃
0
2 signals using an ISR region

requiring the presence of one or more jets and a low-mass
region with a jet veto. The eRJR technique emulates the
RJR variables by using minimal assumptions about the
mass of the invisible system and calculates all kinematic
variables in the laboratory frame.
The eRJR variables, with original RJR variable names

from Ref. [30], used to select the ISR regions are defined
as follows:
(1) Emiss

T : pI
T, the pT of the invisible particles, is

emulated as the magnitude of the missing transverse
momentum.

(2) pjets
T : pISR

T , the pT in the vector sum of the ISR jets’
momenta. In the eRJR technique, the ISR system
includes all signal jets in the event.

(3) jΔϕðEmiss
T ; jetsÞj: ΔϕISR;Emiss

T
, the azimuthal angle

between the ISR system and the invisible particles,
is emulated using the missing transverse momentum,
pmiss
T , and the vector sum of the signal jets’ momenta.

(4) RðEmiss
T ; jetsÞ: RISR, the normalized projection of the

invisible system onto the ISR system, representing a
ratio of pmiss

T to total jet pT, is emulated as
jpmiss

T · p̂jets
T j=pjets

T , where p̂jets
T is the unit vector of

the vector sum of the signal jets’ transverse momenta.
(5) psoft

T : pCM
T , the transverse momentum in the center-

of-mass frame, where the ISR system recoils against
the system containing the leptons and the missing
energy, is emulated as the pT in the vector sum of the
four-momenta of the signal jets, leptons, and pmiss

T ,
and is highly correlated with the Emiss

T soft term,
defined in Sec. IV.

Similarly, the eRJR variables, with original RJR variable
names from Ref. [30] in parentheses, used in the low-mass
regions are defined as follows:
(1) psoft

T : pPP
T , the transverse momentum in the rest frame

of the pair-produced sparticles (PP), is emulated as
the pT in the vector sum of the four-momenta of the
signal leptons and pmiss

T , and is identical to that of
the ISR region except for the jet veto applied to the
low-mass region.

(2) m3l
eff : H

PP
T3;1, the scalar sum of the pT of the signal

leptons and the invisible system (neutrino and LSPs)
in the PP frame, is emulated as the scalar sum of the
pT of the signal leptons and Emiss

T .
(3) Hboost: HPP

3;1, the scalar sum of the magnitude of the
momenta of the signal leptons and the invisible
system (neutrino and LSPs) in the PP frame, is
emulated as the scalar sum of the momentum of the
signal leptons and the missing-momentum vector
(which includes longitudinal and transverse compo-
nents), jpmissj, after applying a boost.

To calculate Hboost, the longitudinal component of the
missing-momentum vector, pmiss

k , and the boost need to be

determined. The pmiss
k variable is calculated as [29]

pmiss
k ¼ pV;k

jpmiss
T jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpV;TÞ2 þm2
V

q ;

where pV;k is the z component of the vector sum of the four-
momenta of the three signal leptons, pV;T is the magnitude
of the transverse momentum in the vector sum of the four-
momenta of the three leptons, and mV is the mass of the
three-lepton system. The invariant mass of the system of
invisible particles is assumed to be zero and does not appear
in the equation. The boost of the system can then be
calculated as

β ¼ p
E
¼ pV þ pmiss

EV þ jpmissj ;

where pV is the vector sum of the three-momenta of the
three leptons, calculated in the laboratory frame. This boost
is applied to the three leptons and the pmiss. These new
objects are used in the calculation of Hboost.
The eRJR technique was validated against the published

RJR result [30] and was able to reproduce an excess similar
to that seen in the RJR analysis with the data set collected in
2015 and 2016. In SR-low, exactly the same data events
were selected using the emulated variables as when using
the RJR variables with similar background expectation. In
SR-ISR, because all signal jets are considered part of the
ISR system in the eRJR method, additional data events
were selected alongside a proportional increase in the
expected number of background events, with the signifi-
cance of the excess in agreement with the RJR search. The
signal significance in both the low-mass and ISR regions
is comparable for both techniques. A strong correlation is
found between eRJR and RJR variables in loosened signal
regions, with only a slight decorrelation seen in psoft

T due
to the differing jet selection, leading to the additional
SR-ISR events. The eRJR technique provides a simple set
of conventional variables in the laboratory frame that can
easily be reproduced.

VI. SEARCH STRATEGY

This search is performed in signal regions (SRs)
designed to select the targeted χ̃�1 χ̃

0
2 signal events while

accepting only a small but well-measured number of SM
background events. The SM background yields in the SRs
are estimated using dedicated control regions (CRs) and
confirmed in validation regions (VRs), as described in
Sec. VII. The full set of event selections is summarized in
Table II and described below. To target leptonically
decayingW and Z bosons from the electroweakinos, events
must have exactly three leptons which pass the baseline and
signal requirements defined in Sec. IV. The leptons must
have at least one same-flavor opposite-charge (SFOS) pair
(eþe− or μþμ−) with an invariant mass mll of the pair
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between 75 and 105 GeV, consistent with the Z boson
mass. If there is more than one SFOS pair, the pair chosen
is the one that has an invariant mass closest to the Z
boson mass.
The leading source of SM background isWZ production,

which for fully leptonic decays has three leptons and Emiss
T

from a neutrino in the final state. To reduce the WZ
contribution, the transverse mass is calculated from the
unpaired third lepton and the Emiss

T . It is defined as
mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTEmiss

T ð1 − cosðΔϕÞÞ
p

, where Δϕ is the azimu-
thal separation between the lepton and pmiss

T , and it will
typically be at or below the W boson mass in SM events
where the Emiss

T is predominantly from the neutrino of the
W decay. The mT calculated in χ̃�1 χ̃

0
2 events does not have

such a constraint, and the SRs therefore require mT ≥
100 GeV to reduce the SM WZ background. Additionally,
signal events usually have larger values of Emiss

T due to the
undetected LSPs. The backgrounds in which one or more
leptons are fake or nonprompt are reduced by targeting
the source of the additional leptons. Events containing
b-tagged jets are rejected to minimize contributions from
the top backgrounds tt̄ andWt. In the Z þ jets background,
a third signal lepton can arise from photon conversion,
where the photon originates from the bremsstrahlung of a
lepton off the Z boson. In this situation, all three signal
leptons originate from the Z boson, and this background
can be reduced by requiring that the invariant massmlll of
the three-lepton system be larger than 105 GeV.
The signal regions are split into two different topologies:

SR-low, the low-mass region that requires a signal jet veto,
and SR-ISR, the ISR region that requires at least one central
signal jet. Both SRs are optimized for signals with small
mass splittings, which can lead to events with lower-pT

leptons or smaller Emiss
T in the final state. The inclusion of

recoiling ISR boosts the invisible decay products in the
same direction, enhancing the measured Emiss

T and improv-
ing the discrimination between signal and the lower-Emiss

T
WZ background.
The low-mass signal region requires the pT of the first,

second, and third leptons (ordered in decreasing pT) to
be greater than 60, 40, and 30 GeV, respectively, to
minimize contributions from backgrounds with fake or
nonprompt leptons. Tight selection thresholds for Hboost,
psoft
T =ðpsoft

T þm3l
effÞ, and m3l

eff=H
boost further reduce the WZ

contribution in the signal region. The ISR region has a
requirement of Emiss

T ≥ 80 GeV to reduce the Z þ jets
background, which does not have a source of real Emiss

T .
The pT requirements on the three leptons can then be
relaxed to be greater than 25, 25, and 20 GeV, respectively,
while ensuring that the dilepton triggers remain fully
efficient. To select the ISR topology in which the system
of leptons and Emiss

T is recoiling against the ISR jets, the
azimuthal separation between the signal jets and pmiss

T ,
ΔϕðEmiss

T ; jetsÞ, is required to be greater than 2.0. The ratio
of the pmiss

T to the total transverse momenta of the jets is
required to be 0.55 ≤ RðEmiss

T ; jetsÞ ≤ 1.0 to ensure that
most of the transverse momentum along the jet axis is
carried by the invisible particles and not by the high-pT

leptons from the WZ background. Requirements of psoft
T

less than 25 GeV and jet multiplicity Njet less than four
further reduce background contamination fromWZ events.

VII. BACKGROUND ESTIMATION
AND VALIDATION

The backgrounds in this analysis can be classified into
two groups: irreducible backgrounds with at least three
prompt leptons in the final state, and reducible backgrounds

TABLE II. Selection criteria for the low-mass and ISR regions. The variables are defined in the text. In addition, events are required to
have three signal leptons, and a b-jet veto is applied. The invariant mass of the two leptons identified as coming from the Z boson decay
is between 75 and 105 GeV, and the invariant mass of the three leptons is greater than 105 GeV.

Selection criteria

Low-mass region
pl1
T

[GeV]
pl2
T

[GeV]
pl3
T

[GeV] Njet

mT
[GeV]

Emiss
T

[GeV] Hboost [GeV]
m3l

eff

Hboost

psoft
T

psoft
T þm3l

eff

CR-low >60 >40 >30 ¼ 0 ∈ ð0; 70Þ >40 >250 >0.75 <0.2
VR-low >60 >40 >30 ¼ 0 ∈ ð70; 100Þ - >250 >0.75 <0.2
SR-low >60 >40 >30 ¼ 0 >100 - >250 >0.9 <0.05

ISR region
pl1
T

[GeV]
pl2
T

[GeV]
pl3
T

[GeV] Njet

mT
[GeV]

Emiss
T

[GeV] jΔϕðEmiss
T ; jetsÞj RðEmiss

T ; jetsÞ
pjets
T

[GeV]
psoft
T

[GeV]

CR-ISR >25 >25 >20 ≥1 <100 >60 >2.0 ∈ ð0.55; 1.0Þ >80 <25
VR-ISR >25 >25 >20 ≥1 >60 >60 >2.0 ∈ ð0.55; 1.0Þ >80 >25
VR-ISR-small psoft

T >25 >25 >20 ≥1 >60 >60 >2.0 ∈ ð0.55; 1.0Þ <80 <25
VR-ISR-small
RðEmiss

T ; jetsÞ
>25 >25 >20 ≥1 >60 >60 >2.0 ∈ ð0.30; 0.55Þ >80 <25

SR-ISR >25 >25 >20 ∈ ½1; 3� >100 >80 >2.0 ∈ ð0.55; 1.0Þ >100 <25
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containing at least one fake or nonprompt lepton. The
dominant irreducible background isWZ production, which
is estimated by normalizing the yields in MC simulation to
data in CRs using a log-likelihood fit described in Sec. IX.
Additional irreducible backgrounds include ZZ and tribo-
son production and processes that include a Higgs boson,
three or more tops, and tops produced in association with a
W or Z boson. These backgrounds are estimated directly
from MC simulation because of their small contribution.
The reducible backgrounds can be categorized into the top-
quark-like tt̄, Wt, and WW processes, which are kinemat-
ically similar and mostly consist of nonprompt leptons from
heavy-flavor hadron decays, and the Z þ jets process,
which also accounts for the Z þ γ process, with fake or
nonprompt leptons originating primarily from misidentified
jets or photon conversions. The majority of the fake leptons
from Z þ jets are electrons from light flavor hadron decays,
while few events are from photon conversions. The
reducible backgrounds are estimated separately in regions
enriched in fake and nonprompt leptons, one region
targeting top-quark-like processes and another targeting
other fake/nonprompt sources, usually Z þ jets processes,
as described below.
The CRs for the WZ background are designed to

be kinematically similar but orthogonal to SR-low and
SR-ISR. They are enriched in WZ events and the potential
signal contamination is kept small (less than 10% for all
signal models). To achieve this, an upper bound is placed
on the mT of the CRs, targeting events that are likely to

have a leptonically decayingW boson and no other sources
of real Emiss

T . The low-mass CR (CR-low) therefore requires
mT < 70 GeV while the ISR CR (CR-ISR) has a slightly
looser requirement of mT < 100 GeV, benefiting from the
boost of the Emiss

T system by the ISR. The other kinematic
selections are similar to those for the corresponding SRs
but are also loosened to accept moreWZ events and reduce
contamination from signal, as shown in Table II. Figure 2
shows the background composition in the CR-low and CR-
ISR regions, with good agreement seen between data and
the background prediction after the fit.
The data-driven fake-factor method [88,89] is used to

estimate the fake/nonprompt-lepton background associated
with the Z þ jets process. The fake-factor method uses two
levels of lepton identification criteria. The regular identi-
fication (“reg-ID”) criteria correspond to the signal lepton
criteria used in the analysis. The reversed identification
(“anti-ID”) criteria have one or more of the identification,
isolation, or impact parameter criteria inverted relative to
those of the signal leptons to obtain a selection enriched in
fake leptons. A fake factor is then defined as the ratio of the
yield of reg-ID leptons to the yield of anti-ID leptons in a
given region of phase space. The fake factors are measured
in a region dominated by Z þ jets events, requiring
Emiss
T < 40 GeV, mT < 30 GeV, jmll −mZj < 15 GeV,

and a b-jet veto. The two leptons identified as the Z boson
decay products must pass the signal lepton requirements,
while the unpaired lepton must satisfy either the reg-ID
or anti-ID criteria. Electron and muon fake factors are then
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FIG. 2. Examples of kinematic distributions after the background-only fit, showing the data and the post-fit background in (a) CR-low
for m3l

eff=H
boost and (b) CR-ISR for pjets

T . The corresponding CR event selections are applied for each distribution except for the variable
shown, where the selection is indicated by a red arrow. The first (last) bin includes underflow (overflow). The “Top-quark like” category
contains the tt̄, Wt, and WW processes while the “Others” category contains backgrounds from triboson production and processes that
include a Higgs boson, three or more tops, and tops produced in association withW or Z bosons. The bottom panel shows the ratio of the
data to the post-fit background prediction. The hatched bands indicate the combined theoretical, experimental, and MC statistical
uncertainties.

G. AAD et al. PHYS. REV. D 101, 072001 (2020)

072001-8



measured separately and as a function of lepton pT. They are
validated in a statistically independent region with a similar
selection but requiring Emiss

T < 40 GeV and 30 < mT <
50 GeV, so as to be closer to the signal region. The derived
fake factors are applied to events satisfying the same criteria
as for the CRs, VRs, and SRs (defined in Table II), while
additionally requiring that at least one of the signal leptons is
replaced by an anti-ID lepton. In both the derivation and
application of the fake factors, the prompt lepton and top-
quark-like backgrounds that have one or more anti-ID
leptons are subtracted to avoid double counting.
The top-quark-like background contribution is estimated

using MC simulation normalized to data in a top-quark-
dominated CR. The region is constructed using different-
flavor, opposite-charge (e�e�μ∓ or μ�μ�e∓) trilepton

events with lepton pT thresholds of 25, 25, and 20 GeV
as well as a b-jet veto. The normalization factors are
applied to the same-flavor opposite-charge events in the
top-quark-like MC simulation.
Four validation regions are designed in order to check

that the background estimate agrees with data in regions
kinematically closer to the SRs, typically targeting the
extrapolation from CR to SR in a specific variable. The
full VR definitions are summarized in Table II. The VR
definitions are also chosen to keep the contamination from
signal below 10%. A low-mass validation region, VR-low,
is designed to test the extrapolation in mT between CR-
low and SR-low, requiring 70 < mT < 100 GeV. Three
ISR validation regions, VR-ISR, VR-ISR-small psoft

T , and
VR-ISR-small RðEmiss

T ; jetsÞ, invert different selections to
validate the modeling in a varied phase space. The total
yields in the CRs and VRs are shown in Table III for the
low-mass regions and in Table IV for the ISR regions.
Figure 3 shows distributions in VR-low, VR-ISR, VR-
ISR-small psoft

T , and VR-ISR-small RðEmiss
T ; jetsÞ for

the full background prediction. The background predic-
tions and the observed data are generally in good agree-
ment after the fit. The data and background predictions in
VR-low and VR-ISR-small psoft

T agree within 2σ, and
good agreement is seen in the shapes of relevant kinematic
distributions.

VIII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are derived for the signal and
background predictions and include experimental uncer-
tainties in detector measurements as well as theoretical
uncertainties in the expected yields and MC simulation
modeling.
Experimental uncertainties reflect the accuracy of the

experimental measurements of jets, electrons, muons, and
Emiss
T . The JES and JER uncertainties [82,90] are derived as

a function of jet pT and η and account for dependencies on

TABLE III. The observed and expected yields after the back-
ground-only fit in the low-mass CR and VR. The normalization
factors of the WZ sample for the low-mass and ISR regions are
different and are treated separately in the combined fit. The “Top-
quark like” category contains the tt̄,Wt, andWW processes while
the “Others” category contains backgrounds from triboson pro-
duction and processes that include a Higgs boson, three or more
tops, and tops produced in association with W or Z bosons.
Combined statistical and systematic uncertainties are presented.
The individual uncertainties can be correlated and do not neces-
sarily add in quadrature to equal the total background uncertainty.

CR-low VR-low

Observed events 412 338

Fitted SM events 412� 20 291� 20

WZ 343� 27 262� 22
ZZ 19.2� 1.6 18.2� 1.7
Others 3.0� 1.5 1.6� 0.8
Top-quark like 0.5� 0.4 0.02þ0.25

−0.02
Fake/nonprompt leptons 46� 17 10� 5

TABLE IV. Theobserved and expectedyields after the background-only fit in the ISRCRandVRs.The normalization
factors of the WZ sample for the low-mass and ISR regions are different and are treated separately in the combined
fit. The “Top-quark like” category contains the tt̄, Wt, and WW processes while the “Others” category contains
backgrounds from triboson production and processes that include a Higgs boson, three or more tops, and tops produced
in association with W or Z bosons. Combined statistical and systematic uncertainties are presented. The individual
uncertainties can be correlated and do not necessarily add in quadrature to equal the total background uncertainty.

CR-ISR VR-ISR VR-ISR-small psoft
T VR-ISR-small RðEmiss

T ; jetsÞ
Observed events 442 101 72 253

Fitted SM events 442� 21 111� 19 96� 7 256� 13

WZ 415� 22 98� 17 89� 7 245� 13
ZZ 9.1� 0.8 2.1� 0.5 2.6� 0.4 2.7� 0.4
Others 12� 6 6.9� 3.5 1.7� 0.9 6.2� 3.2
Top-quark like 4.7� 1.6 2.7� 1.1 1.5� 1.2 2.0� 1.0
Fake/nonprompt leptons 1.5þ2.3

−1.5 0.9þ1.6
−0.9 1.3þ1.6

−1.3 0.01þ0.05
−0.01
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the pileup conditions and on the flavor composition of jets.
The JES reflects the uncertainty in the average jet pT
measurement, varying from about 4% for 20 GeV jets to
1% above 300 GeV, while the JER reflects the uncertainty
in the precision of the jet pT measurement, varying from
about 2% to 0.4% across the same pT range. Varying the
JES and JER can alter the jet multiplicity of an event,
affecting its inclusion in the SR-low or SR-ISR regions, as
well as affecting the eRJR variables that depend on jet and
Emiss
T kinematics. Similar types of uncertainties account for

the energy scales and resolutions for electrons [77] and
muons [78]. Variations reflecting the per-object uncertain-
ties are propagated through the Emiss

T calculation, with

additional uncertainties for the scale and resolution of the
soft term [87].
Additional experimental uncertainties account for

differences between the data and MC simulation in the
efficiency of the identification, reconstruction, isolation,
and triggering of electrons [77] and muons [78], in the
identification of pileup jets by the jet vertex tagger [83], and
in the identification of b jets by the flavor-tagging algo-
rithm [86]. An uncertainty on the pileup modeling is also
considered and found to be small. The uncertainty in the
combined 2015–2018 integrated luminosity is 1.7% [91],
obtained using the LUCID-2 detector [92] for the primary
luminosity measurements.
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FIG. 3. Kinematic distributions showing the data and post-fit background in (a) VR-low for Hboost, (b) VR-ISR for pjets
T , (c) VR-ISR-

small psoft
T for RðEmiss

T ; jetsÞ, and (d) VR-ISR-small RðEmiss
T ; jetsÞ for psoft

T . The first (last) bin includes underflow (overflow). The
“Top-quark like” category contains the tt̄, Wt, and WW processes while the “Others” category contains backgrounds from triboson
production and processes that include a Higgs boson, three or more tops, and tops produced in association with W or Z bosons. The
bottom panel shows the ratio of the data to the post-fit background prediction. The hatched bands indicate the combined theoretical,
experimental, and MC statistical uncertainties.
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The theoretical uncertainties account for mismodeling
in the MC simulation, particularly for the WZ process.
They include QCD scale uncertainties affecting the WZ
cross section, PDF uncertainties, and the uncertainty in
αS. The effects of QCD scale uncertainties are evaluated
using seven-point variations of the factorization and
renormalization scales in the matrix elements. The scales
are varied upwards and downwards by a factor of 2,
allowing for both independent and correlated variations
of the two scales but prohibiting the anticorrelated
variations. The PDF uncertainties are evaluated by taking

the envelope of the 100 variation replicas of the nominal
PDF set and the central values of the CT14nnlo [93] and
MMHT2014 NNLO [94] PDF sets. The impact of �0.001
shifts of αS on the acceptance is also considered. The
QCD scale uncertainty is dominant and affects the
prediction of the amount of additional radiation, and
therefore the jet multiplicity, within an event. The effect
of the QCD scale uncertainty grows with the number
of jets in an event, but the total uncertainty in the CR-to-
SR transfer factor is reduced by similarities between the
jet multiplicity distributions in the control and signal

TABLE V. Summary of the dominant experimental and theo-
retical uncertainties in the SM background prediction in the low-
mass and ISR signal regions. The individual uncertainties can be
correlated and do not necessarily add in quadrature to equal the
total post-fit background uncertainty.

Uncertainty in signal regions SR-low SR-ISR

Jet energy scale and resolution 7.1% 6.1%
WZ normalization procedure 6.6% 4.5%
Emiss
T 3.3% 2.1%

MC statistics 2.9% 3.9%
Anti-ID CR statistics 2.7% 0.21%
WZ theory 1.9% 1.3%
30% uncertainty in minor backgrounds
(“Others”)

1.7% 3.1%

Fake-factor estimation 1.2% <0.01%
Muon momentum scale and resolution 0.30% 0.04%
Electron energy scale and resolution 0.22% 0.34%
Pileup 0.20% 0.94%
Top-quark-like background estimation <0.01% 1.4%
Flavor tagging <0.01% 0.47%

TABLE VI. The observed and expected yields after the back-
ground-only fit in the SRs. The normalization factors of the WZ
sample for the low-mass and ISR regions are different and are
treated separately in the combined fit. The “Top-quark like”
category contains the tt̄, Wt, and WW processes while the
“Others” category contains backgrounds from triboson produc-
tion and processes that include a Higgs boson, three or more tops,
and tops produced in association with W or Z bosons. Combined
statistical and systematic uncertainties are presented. The indi-
vidual uncertainties can be correlated and do not necessarily add
in quadrature to equal the total background uncertainty.

SR-low SR-ISR

Observed events 51 30

Fitted SM events 46� 5 23.4� 2.1

WZ 38� 5 19.7� 2.0
ZZ 4.9� 0.6 0.38� 0.08
Others 1.6� 0.8 1.5� 0.8
Top-quark like 0.03þ0.18

−0.03 1.9� 0.8
Fake/non-prompt leptons 1.6� 1.3 0.01þ0.05

−0.01
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FIG. 4. The observed data and expected SM background yields in the VRs and SRs. The SM background prediction is derived with
the background-only fit configuration, and the hatched band includes the experimental, theoretical, and statistical uncertainties. The
“Top-quark like” category contains the tt̄, Wt, and WW processes while the “Others” category contains backgrounds from triboson
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regions. An additional uncertainty on the WZ normali-
zation procedure arises from the use of CRs to normalize
the WZ contributions in the SRs.
Uncertainties in the cross section are included for the

signals and minor backgrounds whose yields are taken
directly from MC simulation, with signal uncertainties
varying with χ̃�1 =χ̃

0
2 mass from 4.3% at 100 GeV to

11.5% at 750 GeV. Uncertainties in the amount of initial-
and final-state radiation are derived for each signal sample
in the two signal regions by considering the ten eigenvar-
iations of the A14 [58] tune summed in quadrature, giving
uncertainties of 15%.

The systematic uncertainty of the data-driven fake/
nonprompt (FNP) lepton estimate accounts for statistical
uncertainties of the measured fake factors, assumptions
made in the fake-factor method, and the closure of the
method using MC simulation. The number of MC simu-
lation events with prompt leptons, primarily from WZ
events, that is subtracted in the fake-factor estimation is
varied upwards and downwards by the WZ cross-section
uncertainty of 5% [95], leading to an uncertainty in the FNP
lepton estimate of 6.7% for electrons and 15.3% for muons.
The nominal FNP lepton estimate is derived as a function of
lepton pT, and good agreement is generally seen for other
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FIG. 5. Distributions in SR-low of the data and post-fit background prediction for (a) mT, (b) Hboost, (c) m3l
eff=H

boost, and
(d) psoft

T =ðpsoft
T þm3l

effÞ. The SR-low event selections are applied for each distribution except for the variable shown, where the selection
is indicated by a red arrow. The normalization factor for theWZ background is derived from the background-only estimation described
in Sec. VII. The expected distribution for a benchmark signal model is included for comparison. The first (last) bin includes underflow
(overflow). The “Top-quark like” category contains the tt̄, Wt, and WW processes while the “Others” category contains backgrounds
from triboson production and processes that include a Higgs boson, three or more tops, and tops produced in association with W or Z
bosons. The bottom panel shows the ratio of the data to the post-fit background prediction. The hatched bands indicate the combined
theoretical, experimental, and MC statistical uncertainties.
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kinematic variables in the FNP lepton control and vali-
dation regions. A slight dependence on jηj is seen, with
typical deviations of 25% for electrons and 21% for muons
taken as additional uncertainties. The method closure
uncertainty instead uses the Z þ jets MC simulation to
derive the FNP lepton estimate and compares the predic-
tions in a loosened signal region with the known FNP
lepton yield from MC simulation, accounting for potential
differences in the FNP lepton composition between
regions. Uncertainties of 12% and 18% are derived for
electrons and muons, respectively. The total impact of the

fake-factor uncertainties is relatively small in both signal
regions given the small contribution from backgrounds
with FNP leptons.
The dominant uncertainties are summarized in Table V for

both the SR-low and SR-ISR regions. The largest exper-
imental uncertainties reflect the unknowns of the energy and
pT calibration of jets and the measurement of the soft term of
the Emiss

T . The largest theoretical source is the uncertainty in
the QCD factorization and renormalization scales for theWZ
cross section. The analysis also accounts for the statistical
uncertainty of the MC simulation samples.
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FIG. 6. Distributions in SR-ISR of the data and post-fit background prediction for (a)mT, (b) RðEmiss
T ; jetsÞ, (c) psoft

T , and (d) pjets
T . The

SR-ISR event selections are applied for each distribution except for the variable shown, where the selection is indicated by a red arrow.
The normalization factor for the WZ background is derived from the background-only estimation described in Sec. VII. The expected
distribution for a benchmark signal model is included for comparison. The first (last) bin includes underflow (overflow). The “Top-quark
like” category contains the tt̄, Wt, and WW processes while the “Others” category contains backgrounds from triboson production and
processes that include a Higgs boson, three or more tops, and tops produced in association withW or Z bosons. The bottom panel shows
the ratio of the data to the post-fit background prediction. The hatched bands indicate the combined theoretical, experimental, and MC
statistical uncertainties.
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IX. RESULTS

The HistFitter package [96] is used to compute the
statistical interpretation based on a log-likelihood method
[97]. All the systematic uncertainties are treated as Gaussian
nuisance parameters in the likelihood.
To determine the background prediction, the control

regions are used to constrain the WZ normalization
assuming no signal events in the CR, referred to as a
background-only fit. Normalization factors for theWZ MC
simulation are derived from a simultaneous background-
only fit of the two orthogonal CRs with all other
background processes held constant. The normalization
factors are found to be 0.84� 0.07 for CR-low and
0.95� 0.05 for CR-ISR. The two normalization factors
are compatible within their uncertainties (described in
Sec. VIII), with small differences due to the modeling of
higher-order radiation in the electroweak WZ process.
The observed event yields in the low-mass and ISR

regions are compared with the fitted background estimates
derived from the log-likelihood fits in Table VI and
visualized alongside the validation regions in Fig. 4. The
data agree well with the background estimates in both
signal regions. Kinematic distributions for these SRs are
shown in Figs. 5 and 6, demonstrating good agreement
between the data and the background estimates in the SRs
and across the boundaries of the SR selections.
As no significant excess is observed, model-independent

limits are derived at the 95% confidence level (C.L.) using
the CLs prescription [99]. An upper limit on the visible
cross section of beyond-the-SM (BSM) processes is
derived for each SR. A log-likelihood fit is applied to
the number of observed events in the target SR and the
associated CR, and a generic BSM process is assumed to
contribute to the SR only. No uncertainties are considered
for the signal model except the luminosity uncertainty. The
observed (S95obs) and expected (S

95
exp) limits on the number of

BSM events are shown in Table VII. Also shown are the
observed limits on the visible cross section σvis, defined
as S95obs normalized to the integrated luminosity, which

represents the product of the production cross section,
acceptance, and selection efficiency of a generic BSM
signal. Limits on σvis are set at 0.16 fb in SR-low and
0.13 fb in SR-ISR. The p-value, representing the proba-
bility of the SM background alone fluctuating to at least the
observed number of events, and the associated significance
Z are also shown.
Exclusion limits are derived at 95% C.L. for models in

which pair-produced χ̃�1 χ̃
0
2 decay exclusively into two χ̃01

LSPs, aW boson and a Z boson. Limits are obtained through
a profile log-likelihood ratio test using the CLs prescription,
following the simultaneous fit to the low-mass and ISR CRs
and SRs [96]. The signal models are accounted for in this
likelihood in both the CRs and SRs. The low-mass and ISR
regions do not affect the nominal fit in the other region due
to their orthogonality, but uncertainties that are correlated
across regions may be constrained. Experimental uncertain-
ties are treated as correlated between signal and background
events and across low-mass and ISR regions. The theoretical
uncertainty of the signal cross section is accounted for by
repeating the limit-setting procedure with the varied signal
cross sections and reporting the effect on the observed limit.
The expected and observed exclusion contours as a

function of the signal χ̃�1 =χ̃
0
2 and LSP χ̃01 masses are shown

in Fig. 7. Masses can be excluded when the Z=W bosons of
the decay are on the mass shell, such that the mass splittings
Δm are close to or larger than the Z boson mass. Signal

TABLE VII. Summary of the expected background and data
yields in SR-low and SR-ISR. The second and third columns
show the data and total expected background with systematic
uncertainties. The fourth column gives the model-independent
upper limits at 95% C.L. on the visible cross section (σvis). The
fifth and sixth columns give the visible number of observed (S95obs)
and expected (S95exp) events of a generic beyond-the-SM process,
where uncertainties in S95exp reflect the �1σ uncertainties of
the background estimates. The last column shows the discovery
p-value and Gaussian significance Z assuming no signal.

Signal
channel Nobs Nexp σvis[fb] S95obs S95exp pðs ¼ 0Þ (Z)
SR-low 51 46� 5 0.16 22.1 19.9þ7.8

−3.6 0.27 (0.61)

SR-ISR 30 23.4� 2.1 0.13 17.8 12.0þ5.3
−1.8 0.11 (1.21)

100 150 200 250 300 350 400 450 500
) [GeV]

2

0χ∼/
1

±χ∼(m

0

50

100

150

200

250

300

) 
[G

eV
]

10 χ∼ (
m

(Z
)

m
) +

 
1

0
χ∼(

m
) =

 
2

0
χ∼(

m

)
1

0
χ∼(

m
) =

 
2

0
χ∼(

m

)expσ1±Expected Limit (

)SUSY
theoryσ1±Observed Limit (

ATLAS
, All limits at 95% C.L.-1 = 13 TeV, 139 fbs

1

0
χ∼ ll) → Z(

1

0
χ∼)ν l→ W(→

2

0
χ∼

1

±χ∼

FIG. 7. Expected (dashed black) and observed (solid red)
exclusion contours for χ̃�1 χ̃

0
2 production assuming on-shell

W=Z decays as a function of the χ̃�1 =χ̃
0
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χ̃�1 =χ̃
0
2 events are excluded for masses up to 345 GeV for

small χ̃01 masses, for which Δm is large.
These results extend the exclusion limits in the low-mass

and ISR regions beyond those of the RJR analysis from
Ref. [30]. The excesses from the RJR analysis were validated
in the 36 fb−1 of data from the 2015 and 2016 data sets and
found to be reduced with the inclusion of 103 fb−1 of data
from the 2017 and 2018 data sets, corresponding to local
significances of 0.6σ in SR-low and 1.2σ in SR-ISR.

X. CONCLUSION

This paper presented a search for pair-produced χ̃�1 χ̃
0
2

decaying via W and Z bosons into final states with three
leptons and missing transverse momentum. The search
targeted electroweakino production for which current limits
derived from the recursive jigsaw reconstruction technique
and from conventional techniques in the laboratory frame
are in tension. This new search used 139 fb−1 of proton-
proton collisions collected at

ffiffiffi
s

p ¼ 13 TeV by the ATLAS
detector at the LHC between 2015 and 2018. The data
were analyzed with a new emulated recursive jigsaw
reconstruction method that uses conventional variables in
the laboratory frame to target low-mass electroweakinos
and those produced in the presence of initial-state radiation.
A subset of the data collected between 2015 and 2016 was
analyzed and excesses were seen for two signal regions of
similar construction to those of the recursive jigsaw
reconstruction search [30]. In the full data set the observed
event yields were found to be in agreement with Standard
Model expectations, with no significant excess seen in
either signal region. The results were interpreted with
simplified models of electroweakino pair production,
excluding neutralinos and charginos with masses up to
345 GeV at the 95% confidence level when the W and Z
bosons are on the mass shell.
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36CERN, Geneva, Switzerland

37Enrico Fermi Institute, University of Chicago, Chicago Illinois, USA

SEARCH FOR CHARGINO-NEUTRALINO PRODUCTION WITH … PHYS. REV. D 101, 072001 (2020)

072001-27
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102CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France

103Department of Physics, University of Massachusetts, Amherst Massachusetts, USA
104Department of Physics, McGill University, Montreal QC, Canada
105School of Physics, University of Melbourne, Victoria, Australia

106Department of Physics, University of Michigan, Ann Arbor Michigan, USA
107Department of Physics and Astronomy, Michigan State University, East Lansing Michigan, USA

108B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus
109Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Belarus

110Group of Particle Physics, University of Montreal, Montreal QC, Canada
111P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia

112National Research Nuclear University MEPhI, Moscow, Russia
113D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University,

Moscow, Russia
114Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
115Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany

116Nagasaki Institute of Applied Science, Nagasaki, Japan
117Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
118Department of Physics and Astronomy, University of New Mexico, Albuquerque New Mexico, USA
119Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef,

Nijmegen, Netherlands
120Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands

121Department of Physics, Northern Illinois University, DeKalb Illinois, USA
122aBudker Institute of Nuclear Physics and NSU, SB RAS, Novosibirsk, Russia

SEARCH FOR CHARGINO-NEUTRALINO PRODUCTION WITH … PHYS. REV. D 101, 072001 (2020)

072001-29



122bNovosibirsk State University Novosibirsk, Russia
123Institute for High Energy Physics of the National Research Centre Kurchatov Institute, Protvino, Russia
124Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of National Research

Centre “Kurchatov Institute”, Moscow, Russia
125Department of Physics, New York University, New York New York, USA

126Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
127The Ohio State University, Columbus Ohio, USA

128Faculty of Science, Okayama University, Okayama, Japan
129Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma,

Norman Oklahoma, USA
130Department of Physics, Oklahoma State University, Stillwater Oklahoma, USA

131Palacký University, RCPTM, Joint Laboratory of Optics, Olomouc, Czech Republic
132Center for High Energy Physics, University of Oregon, Eugene Oregon, USA

133Graduate School of Science, Osaka University, Osaka, Japan
134Department of Physics, University of Oslo, Oslo, Norway

135Department of Physics, Oxford University, Oxford, United Kingdom
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ooAlso at Louisiana Tech University, Ruston Louisiana, USA.
ppAlso at School of Physics, Sun Yat-sen University, Guangzhou, China.
qqAlso at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia, Bulgaria.
rrAlso at Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow, Russia.
ssAlso at Department of Applied Physics and Astronomy, University of Sharjah, Sharjah, United Arab Emirates.
ttAlso at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany.
uuAlso at CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France.
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