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Search for charginos and neutralinos with 𝑩 − 𝑳
𝑹-parity violating decays in

√
𝒔 = 13 TeV and

13.6 TeV 𝒑 𝒑 collisions with the ATLAS detector

The ATLAS Collaboration

A search is performed for the electroweak pair production of charginos and associated
production of a chargino and neutralino, each of which decays through an 𝑅-parity-violating
coupling into a lepton and a 𝑊 , 𝑍 , or Higgs boson. This search targets the Higgs boson decay
channel of the charginos and neutralinos, using events with three or more 𝑏-tagged jets and
one or two electrons or muons. The analyzed data corresponds to an integrated luminosity of
140 fb−1 and 56 fb−1 of proton–proton collision data produced by the Large Hadron Collider
at center-of-mass energies of

√
𝑠 = 13 TeV and

√
𝑠 = 13.6 TeV respectively, collected by

the ATLAS experiment between 2015 and 2023. The data are found to be consistent with
predictions from the Standard Model. The results are interpreted as limits at 95% confidence
level on model-independent cross sections for processes beyond the Standard Model. Limits
are also set on the production of charginos and neutralinos for a Minimal Supersymmetric
Standard Model with an additional 𝐵 − 𝐿 gauge symmetry that is spontaneously broken.
Charginos and neutralinos with masses between 150 GeV and 1100 GeV are excluded at 95%
confidence level for a scenario in which they decay via Higgs bosons, assuming equal decay
branching fractions to each lepton flavor. Additional limits are derived for flavor-specific decay
scenarios.
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1 Introduction

Supersymmetry (SUSY) is an extension of the Standard Model (SM) [1–6] that offers solutions to many
open problems in particle physics, including the hierarchy problem [7–10]. However, the full SUSY model
space allows for baryon number (𝐵) and lepton number (𝐿) violation. While this can lead to rapid proton
decay or large flavor-changing neutral currents in processes like 𝜇 → e𝛾, these processes can be prevented
by requiring conservation of 𝑅-parity [11], a multiplicative quantum number defined as 𝑅 = (−1)3(𝐵−𝐿)+2𝑠,
where 𝑠 is the particle’s spin. Enforcing the conservation of 𝑅-parity (or equivalently, the quantity 𝐵 − 𝐿)
has additional phenomenological consequences for SUSY models. SM particles have 𝑅 = +1, whereas
their SUSY partner particles (“superpartners”) have 𝑅 = −1. Therefore, in 𝑅-parity conserving SUSY
models, superpartners must be pair-produced at the Large Hadron Collider (LHC) [12], and the lightest
supersymmetric particle (LSP) must be stable.

𝑅-parity conservation, however, is an ad hoc solution, and may be too restrictive; there are phenomeno-
logically viable 𝑅-parity violating (RPV) SUSY theories. One such theory, known as the 𝐵 − 𝐿

Minimal Supersymmetric Standard Model, introduces a U(1)𝐵−𝐿 gauge symmetry in addition to the
SM SU(3)𝐶 × SU(2)𝐿 × U(1)𝑌 gauge group, along with right-handed sterile neutrinos [13–16]. When
the superpartners to the right-handed neutrino fields obtain a vacuum expectation value, the U(1)𝐵−𝐿
symmetry is spontaneously broken in a way that violates only lepton number, while providing a mechanism
to give the left-handed Standard Model neutrinos their small masses. RPV couplings allow direct decay of
superpartners to SM particles, including the decay of the LSP, producing signatures that are forbidden in
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𝑅-parity conserving theories. These couplings remain weak, so the production mechanisms of superpartners
are not significantly affected.

A wino LSP and next-to-lightest supersymmetric particle (NLSP), superpartners to the electroweak bosons
whose primary component comes from the W boson superpartners, provide a unique search scenario for this
model due to the possibility of a charged LSP. The charged component, the chargino 𝜒̃

±
1 , and the neutral

component, the neutralino 𝜒̃
0
1 , are expected to be nearly mass-degenerate, with less than 200 MeV mass

difference [17, 18]. This small mass splitting suppresses 𝑅-parity conserving decays of the NLSP to the
LSP. The chargino undergoes prompt RPV decays into a Higgs boson and a charged lepton (𝜒̃±

1 → hℓ±),
to a Z boson and a charged lepton (𝜒̃±

1 → Zℓ±), or to a W boson and a neutrino (𝜒̃±
1 → W±

𝜈). Similarly,
the neutralino undergoes prompt decays into a Higgs boson and a neutrino (𝜒̃0

1 → h𝜈), to a Z boson and a
neutrino (𝜒̃0

1 → Z𝜈), or to a W boson and a charged lepton (𝜒̃0
1 → W±

ℓ
∓). While the proportion of these

decays depends on parameters of the SUSY theory, the branching fractions for decays for 𝜒̃±
1 → hℓ± and

𝜒̃
0
1 → h𝜈 are expected to be above 80% for most scenarios [18] and are therefore targeted in this search.

The relative branching fractions of these decays for different lepton flavors depends on the neutrino mass
hierarchy [18].

This paper presents a search for chargino-chargino pair production (𝜒̃±
1 𝜒̃

∓
1 ) and chargino-neutralino

production (𝜒̃±
1 𝜒̃

0
1) with RPV 𝜒̃

±
1 → ℎℓ

± and 𝜒̃
0
1 → ℎ𝜈 decays. The data was collected with the ATLAS

detector in proton–proton (𝑝𝑝) collisions at the LHC and comprises 140 fb−1 at
√
𝑠 = 13 TeV taken

from 2015–2018 (Run 2) and 56 fb−1 at
√
𝑠 = 13.6 TeV taken from 2022–2023 (partial Run 3). This

analysis only considers the dominant decay of the Higgs boson into 𝑏-quarks (B(ℎ → 𝑏𝑏̄) = 58%). Higgs
bosons are reconstructed from pairs of jets, and the selection requires at least three jets to be identified
as originating from 𝑏-hadrons (𝑏-tagged jets). Diagrams for the signal model are shown in Figure 1. In
the case of 𝜒̃±

1 𝜒̃
∓
1 production, final states should contain two leptons with opposite-sign electric charge,

while for 𝜒̃±
1 𝜒̃

0
1 production, final states should contain one lepton and missing transverse momentum ( ®𝑝miss

T ,
with magnitude 𝐸

miss
T ), due to the undetected neutrino. While 𝜏-leptons are not explicitly targeted by this

search, they are included in the signal sample generation and contribute to the sensitivity through their
leptonic decays. The search strategy aims at reconstructing the mass of the chargino 𝑚𝐶 from Higgs–lepton
resonances and the transverse mass of the neutralino 𝑚𝑁,T from a Higgs boson and the ®𝑝miss

T .
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Figure 1: Representative diagrams of the signal model processes considered in this analysis with (a) the chargino–
chargino process (𝜒̃±

1 𝜒̃
∓
1 ) and (b) the chargino–neutralino process (𝜒̃±

1 𝜒̃
0
1). The RPV effective vertices are marked

with the bilinear RPV coupling 𝜖 .

A previous ATLAS search for electroweakino pair production with RPV decays targeted chargino decays
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into Zℓ with subsequent 𝑍 → ℓℓ by searching for a trilepton resonance using the full Run 2 dataset [19].
The search described in this paper provides complementary sensitivity by targeting chargino and neutralino
decays into Higgs bosons and leptons, making use of different regions of phase space.

A dedicated series of Run 2 searches for RPV 𝐵 − 𝐿 scenarios has also been carried out considering the
superpartner of the top quark to be the LSP [20, 21]. These were optimized for the pair production of top
squarks with RPV decays into a bottom quark and charged lepton. The final state signature is a pair of
resonances formed from a 𝑏-jet and a lepton, requiring ≥ 1 𝑏-jets in the signal region.

This analysis benefits from developments in the capability of identifying jets originating from 𝑏-hadrons,
namely the GN2 algorithm [22], which allows significantly better background reduction as compared with
the previous algorithm. The analysis also benefits from strong background rejection due to the requirement
of reconstructing two Higgs boson candidates. The sensitivity in the 𝜒̃

±
1 𝜒̃

0
1 channel is driven by low

background due to tight selections, while the sensitivity in the 𝜒̃
±
1 𝜒̃

∓
1 channel is due to good mass resolution

for the chargino resonance from the reconstruction algorithms.

This paper is organized as follows. The ATLAS detector is described in Section 2. The data and simulated
samples used are described in Section 3. Analysis objects are defined in Section 4. The definition of analysis
regions and the background estimation strategy are described in Section 5 and Section 6 respectively.
Systematic uncertainties are discussed in Section 7, and analysis results are shown in Section 8. Concluding
remarks are made in Section 9.

2 ATLAS detector

The ATLAS experiment [23, 24] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). The inner tracking detector
covers the pseudorapidity range |𝜂 | < 2.5. It consists of silicon pixel (including the insertable B-
layer), silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements with high granularity within the region
|𝜂 | < 3.2. A steel/scintillator-tile hadronic calorimeter covers the central pseudorapidity range (|𝜂 | < 1.7).
The endcap and forward regions are instrumented with LAr calorimeters for EM and hadronic energy
measurements up to |𝜂 | = 4.9. The muon spectrometer surrounds the calorimeters and is based on three
large superconducting air-core toroidal magnets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a system of
precision tracking chambers up to |𝜂 | = 2.7 and fast detectors for triggering up to |𝜂 | = 2.4. The luminosity
is measured mainly by the LUCID–2 detector that is located close to the beampipe. A two-level trigger
system was used to select events [25, 26]. The first-level trigger is implemented in hardware and used
a subset of the detector information to accept events at a rate close to 100 kHz. This is followed by a
software-based trigger that reduced the accepted rate of complete events to 1.25 kHz and 3 kHz on average

1 ATLAS 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.
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+𝑝𝑧
𝐸−𝑝𝑧

)
in the relativistic limit.

Angular distance is measured in units of Δ𝑅 ≡
√︃
(Δ𝑦)2 + (Δ𝜙)2.
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in Run 2 and Run 3, respectively, depending on the data-taking conditions. A software suite [27] 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 samples

This analysis is performed using 𝑝𝑝 collision data collected by the ATLAS experiment during Run 2 of
the LHC from 2015 to 2018 and Run 3 of the LHC from 2022 to 2023. The LHC collided protons at a
center-of-mass energy of

√
𝑠 = 13 TeV during Run 2 and

√
𝑠 = 13.6 TeV during Run 3. The data sample

corresponds to a total integrated luminosity of 196 fb−1, with 140 fb−1 from Run 2 and 56 fb−1 from
Run 3. The uncertainty in the 2015–2018 (2022–2023) integrated luminosity is 0.83% [28] (2.0% [29]),
obtained using the LUCID-2 detector [30] for the primary luminosity measurements, complemented by
measurements using the inner detector and calorimeters. Data quality requirements are applied to ensure
that only data with stable LHC beams and operational subdetectors are used [31]. Data were collected
using triggers requiring the presence of an electron or a muon [26, 32, 33]. The triggers have varying
requirements on the identification working point, isolation, and transverse momentum (𝑝T) thresholds of
the leptons.

Monte Carlo (MC) simulations are used to model the signals and SM background processes for this analysis.
All samples were produced with the ATLAS simulation framework [27, 34] based on Geant4 [35]. The
signal samples simulate 𝜒̃

±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 production at leading order (LO) with up to two additional partons

in the matrix element. In the benchmark model considered, the masses of the chargino and neutralino
are set to be equal. The production cross sections are computed at next-to-leading-order (NLO) plus
next-to-leading-logarithm (NLL) precision in a limit of mass-degenerate wino 𝜒̃

±
1 and 𝜒̃

0
1 , with all the

other sparticles assumed to be heavy and decoupled [36–38]. These vary from about 2612 fb (5181 fb)
for 𝜒̃

±
1 𝜒̃

∓
1 (𝜒̃±

1 𝜒̃
0
1) production at a chargino and neutralino mass of 150 GeV to about 0.62 fb (1.34 fb)

for 𝜒̃±
1 𝜒̃

∓
1 (𝜒̃±

1 𝜒̃
0
1) production at 1000 GeV for Run 2, with slightly higher cross sections for Run 3. The

decay branching ratios are set to B( 𝜒̃±
1 → ℎℓ

±) = 100% and B( 𝜒̃0
1 → ℎ𝜈) = 100%, with equal branching

fractions to each lepton generation. Samples were generated with MadGraph5_aMC@NLO 3.5.3 [39]
with the NNPDF3.0nlo [40] parton distribution function (PDF). The parton shower, hadronization, and
underlying event were modeled using Pythia 8.310 [41] with the A14 set of tuned parameters (tune) [42].
The MC setup for the signal, along with the SM background processes, is shown in Table 1.

The dominant background in this analysis is from top-quark pair production (tt). The production of tt
events was modeled using the Powheg Box v2 [47–50] generator at NLO with the NNPDF3.0nlo PDF
set and the ℎdamp parameter2 set to 1.5𝑚top [65]. The events were interfaced to Pythia 8.230(8.308) [51]
for Run 2 (Run 3) to model the parton shower, hadronization, and underlying event, with parameters set
according to the A14 tune and using the NNPDF2.3lo set of PDFs [66].

These tt events are separated by particle flavor into tt with additional light-flavor jets (tt + light), 𝑐-jets
(tt + ≥1c), or 𝑏-jets (tt + ≥1b). This classification uses generator-level jets, which are reconstructed from
stable particles using the anti-𝑘𝑡 algorithm [67, 68] with a radius parameter of 𝑅 = 0.4. The filtering
classifies the flavor of generator-level jets by using a Δ𝑅 matching with heavy-flavor hadrons (excluding

2 The ℎdamp parameter is a resummation damping factor and one of the parameters that controls the matching of Powheg matrix
elements to the parton shower. It thus effectively regulates the high-𝑝T radiation against which the tt system recoils.
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Table 1: Details of the MC simulation for each physics process, including the calculations used for normalization,
the generator used for the parton shower (PS) and hadronization, the PS parameter tunes, and the order in 𝛼𝑠 of
the production cross-section calculations. NLO stands for next-to-leading-order, NNLO stands for next-to-next-to-
leading-order, NLL stands for next-to-leading-logarithm, and NNLL stands for next-to-next-to-leading-logarithm.
The default table values are for Run 2, with Run 3 in parentheses if they differ.

Process Event generator PS and PS tune Cross section accuracyhadronization

𝜒̃
±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 MadGraph5_aMC@NLO 3.5.3 [39] Pythia 8.310 [41] A14 [42] NLO+NLL

ttbb Powheg Box Res [43] and OpenLoops [44–46] Pythia 8.309(8.312) A14 NLO
tt Powheg Box v2 [47–50] Pythia 8.230(8.308) [51] A14 NNLO+NNLL [52–58]
tth Powheg Box v2 Pythia 8.230(8.308) A14 NLO [59]
tt𝑊 Sherpa2.2.14 [60] Sherpa2.2.14 Default NLO [59]
tt𝑍 MadGraph5_aMC@NLO 2.8.1(3.5.1) Pythia 8.210(8.309) A14 NLO [59]
Single-top (𝑠/𝑡-channel) Powheg Box v2 Pythia 8.230(8.308) A14 NNLO [61]
Single-top (Wt) Powheg Box v2 Pythia 8.309(8.308) A14 NLO+NNLL [62, 63]
Diboson Sherpa2.2 Sherpa2.2 Default NLO
𝑉+jets Sherpa2.2.11(2.2.14) Sherpa2.2.11(2.2.14) Default NNLO [64]

hadrons with the top quark or 𝑊 boson as parent particles). Generator-level jets with 𝑝T > 15 GeV and
|𝜂 | < 2.5 are labeled 𝑏-flavored if they are matched within Δ𝑅 = 0.4 to a 𝑏-hadron with 𝑝T > 5 GeV,
and events containing at least one such jet are labeled tt + ≥1b events. Jets that are not matched to a
𝑏-hadron but are matched to a 𝑐-hadron with 𝑝T > 5 GeV within Δ𝑅 = 0.4 are labeled 𝑐-flavored, and
events containing at least one such jet and no 𝑏-flavored jets are labeled tt + ≥1c events. All tt events that
do not contain a 𝑏-flavored or 𝑐-flavored jet are classified as tt + light events. The tt + ≥1b events are
removed from the inclusive tt sample and are instead modeled with dedicated ttbb samples. The tt + ≥1c
and tt + light events are removed from the ttbb samples. These ttbb events were produced using the
Powheg Box Res [43] generator at NLO and OpenLoops [44–46], and the NNPDF3.1nlo [69] PDF set.
The events were interfaced to Pythia 8.309(8.312) in Run 2 (Run 3) using the A14 set of tuned parameters
and using the NNPDF2.3lo set of PDFs. The four-flavor scheme was used with the 𝑏-quark mass set to
4.95 GeV.

The production of tth events was modeled using the Powheg Box v2 [70] generator at NLO with the
NNPDF3.0nlo PDF set. The production of tt𝑍 events was modeled using the MadGraph5_aMC@NLO
2.8.1 (3.5.1) generator at NLO with the NNPDF3.0nlo PDF in Run 2 (Run 3). The production of tt𝑊
events was modeled using Sherpa 2.2.14 [60] with up to one additional parton at NLO and two additional
partons at LO and the NNPDF3.0nnlo [40] PDF set. Events from the tth, tt𝑍 , and tt𝑊 processes are
collectively labeled tt𝑋 .

Single-top 𝑠- and 𝑡-channel production were modeled using the Powheg Box v2 [50] generator at NLO in
QCD in the five-flavor scheme with the NNPDF3.0nlo PDF set, while Wt samples were generated using
Powheg Box v2 at NLO interfaced with Pythia 8.309 (Pythia 8.308) for Run 2 (Run 3). The Wt samples
used the diagram removal scheme [71]. Diboson production was modeled using the Sherpa 2.2.14 or
2.2.16 generator depending on the process, including off-shell effects and Higgs boson contributions, where
appropriate. Fully leptonic final states and semileptonic final states were generated using matrix elements at
NLO accuracy in QCD for up to one additional parton and at LO accuracy for up to three additional parton
emissions. Samples for 𝑔𝑔 → 𝑉𝑉 were generated for Run 2 using Sherpa 2.2.2 with LO-accurate matrix
elements for up to one additional parton emission for both the cases of fully leptonic and semileptonic final
states. The NNPDF3.0nnlo PDF set was used for all diboson samples. The production of 𝑉+jets was
modeled using Sherpa 2.2.14 in Run 3 as well as in Run 2 Z → 𝜏𝜏, and Sherpa 2.2.11 for the remainder
of Run 2 processes, with up to two additional partons at NLO and up to five additional partons at LO.
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The virtual QCD corrections were provided by the OpenLoops library. The NNPDF3.0nlo PDF set was
used.

For all samples using Sherpa, the matrix elements were merged with the parton shower using the
MEPS@NLO prescription [72–75]. For all samples using Pythia for the parton shower model, the decays
of bottom and charm hadrons were simulated using EvtGen [76]. The effect of multiple interactions
in the same and neighboring bunch crossings (pileup) was modeled by overlaying [77] the simulated
hard-scattering event with inelastic 𝑝𝑝 events generated from a mix of Epos 2.0.1.4 [78] and Pythia 8.308.
The Epos events were generated with the Epos LHC tune [79] and the Pythia events with the A3 tune [80]
and the NNPDF2.3lo set of PDFs. Pythia pileup events include either a high-𝑝T jet, a prompt photon, or
a lepton from a 𝑏-hadron decay, while Epos was filtered to simulate all remaining pileup events in the
overlay sample. The individual simulations were first reweighted to ensure a smooth connection across
jet 𝑝T then the combination reweighted to match the distribution of the actual number of interactions per
bunch crossing (𝜇) measured in data.

4 Object reconstruction

Charged-particle tracks are required to have 𝑝T > 0.5 GeV [81–83]. Primary vertex candidates are
reconstructed from at least two charged-particle tracks [84]. To identify the hard-scattering interaction, the
event’s primary vertex is chosen as the vertex with the largest sum of the squared track 𝑝T (

∑
𝑝

2
T,track).

Electrons, muons, and jets are defined for this analysis at two levels: “baseline” and “signal-quality”.
Baseline objects are used as inputs to the ®𝑝miss

T calculation and overlap removal, while signal-quality
objects are used for event selections. A summary of the 𝑝T and 𝜂 requirements on signal-quality objects
is shown in Table 2. Electrons are reconstructed as described in Ref. [85] and are calibrated based on
the procedure and results described in Refs. [85, 86]. For Run 3, there are additional corrections on the
insitu scale and resolution corrections that account for small differences in the ATLAS reconstruction
software, increased uncertainties to reflect the Run 3 pileup conditions, and a change in optimal filtering
coefficients for the LAr calorimeter readout. Baseline electrons are required to satisfy the Loose likelihood
identification criteria with at least one B-layer hit [87] and have 𝑝T > 10 GeV, |𝜂 | < 2.47, and a selection of
|𝑧0 sin(𝜃) | < 0.5 mm on the longitudinal impact parameter 𝑧0. Baseline electrons that survive the overlap
removal procedure described at the end of this section, satisfy the Loose (Tight) isolation requirements [87]
in Run 2 (Run 3), satisfy the Tight identification criteria, have 𝑝T > 40 GeV, and have a transverse impact
parameter significance |𝑑0 |/𝜎(𝑑0) < 5 are labeled as signal-quality electrons. The large 𝑝T threshold is
used to suppress jets and photons misidentified as electrons.

Muons are identified using tracks in the ID and MS, and are calibrated to match data [88, 89]. Baseline
muons are required to satisfy the Medium identification requirement [90] and have 𝑝T > 10 GeV, |𝜂 | < 2.7,
and a selection of |𝑧0 sin(𝜃) | < 0.5 mm. For Run 3, baseline muons are also required to have |𝜂 | < 2.5.
Other selections and requirements match those used in Run 2. Muons with transverse impact parameter
|𝑑0 | ≥ 0.2 mm or longitudinal impact parameter |𝑧0 | ≥ 1 mm are removed to reject muons originating from
cosmic-ray interactions, and events containing baseline muons flagged as bad due to misalignments between
the inner detector and muon spectrometer are vetoed. Baseline muons that survive overlap removal, satisfy
the Loose isolation working point, satisfy the HighPt identification criteria [90], have 𝑝T > 40 GeV, and
have transverse impact parameter significance |𝑑0 |/𝜎(𝑑0) < 3 are labeled signal-quality muons. Events
with signal-quality muons flagged as bad are again removed, as the criteria are different for the HighPt
working point. The large 𝑝T threshold is used to suppress objects misidentified as muons.
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Table 2: Summary of the 𝑝T and 𝜂 requirements for signal-quality objects. Signal-quality electrons and jets use the
same requirements in Run 2 and Run 3.

Signal-quality Object 𝑝T [GeV ] |𝜂 |
Electrons > 40 < 2.47

Muons (Run 2) > 40 < 2.7
Muons (Run 3) > 40 < 2.5

Jets > 20 < 2.8

Jets are reconstructed using the anti-𝑘𝑡 algorithm [67, 68] with a radius parameter of 𝑅 = 0.4. This
uses particle-flow objects [91] as inputs, which are formed using calorimeter energy clusters [92] and ID
tracks. Calibrations are applied for the jet energy scale and jet energy resolution, and include components
derived both from simulation and in situ measurements [93]. Events containing jets from non-collision
backgrounds are vetoed [94]. Baseline jets are required to have 𝑝T > 20 GeV and |𝜂 | < 2.8. Baseline jets
are used in the overlap removal described below. Baseline jets that survive overlap removal are subjected
to jet vertex tagger (JVT) requirements to suppress pileup, with remaining jets labeled signal-quality jets.
Jets with 𝑝T < 60 GeV and |𝜂 | < 2.5 are subjected to the FixedEffPt JVT working point [95] while jets
with 𝑝T < 60 GeV and |𝜂 | > 2.5 use the Loose forward jet vertex tagger (fJVT) working point [96].

Jets containing 𝑏-hadrons (𝑏-jets) are identified using the GN2 tagger at a working point corresponding
to 77% efficiency as measured in tt events [22]. The tagger uses a transformer-based model utilizing
information about secondary vertices and other jet and track properties to identify 𝑏-jets.

Baseline photons are reconstructed as described in Ref. [85]. They are required to satisfy the Tight
identification working point [85, 87] and have 𝑝T > 25 GeV and |𝜂 | < 2.37. The Tight identification
working point removes photons in the crack region of the detector, 1.37 < |𝜂 | < 1.52. Baseline photons are
used in the ®𝑝miss

T calculation, but not in the overlap removal procedure described below nor in any analysis
selections.

The missing transverse momentum ®𝑝miss
T , with magnitude 𝐸

miss
T , is defined as the negative vector sum of

the 𝑝T of all selected and calibrated baseline physics objects in the event, with an extra term added to
account for soft energy in the event that is not associated with any of the selected objects [97]. This soft
term is calculated from inner detector tracks matched to the primary vertex to make it more resilient to
pileup contamination. Jets that fail to meet the JVT requirement are not considered in the ®𝑝miss

T calculation,
while jets that fail to meet the fJVT requirement are considered.

A procedure is applied to remove overlaps between baseline electrons, muons, and jets. First, any muon
that is identified using the calorimeter and shares an ID track with an electron is rejected. Next, any
electron sharing an ID track with a remaining muon is removed. If a jet is found to be within Δ𝑅 = 0.2 of a
remaining electron, the jet is removed. If an electron is found to be within Δ𝑅 = 0.4 from a remaining jet,
the electron is removed. Next, any jet with an associated muon ID track or a muon within Δ𝑅 = 0.2 of its
axis is removed if the jet has less than three tracks. Lastly, any muon is removed if it is found to be within
Δ𝑅 = 0.4 from any remaining jet.
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5 Event selection

The event selection for 𝜒̃±
1 𝜒̃

∓
1 → ℎℓ

±
ℎℓ

∓ → 𝑏𝑏̄ℓ
±
𝑏𝑏̄ℓ

∓ and 𝜒̃
±
1 𝜒̃

0
1 → ℎℓℎ𝜈 → 𝑏𝑏̄ℓ𝑏𝑏̄𝜈 requires events to

have at least four jets, at least two of which must be identified as 𝑏-jets, and have at least one electron or
muon. If there are two or more electrons or muons in an event, the two leading leptons are required to
have opposite charge. Reconstructed signal-quality leptons, defined in Section 4, have tighter identification
working point requirements than applied at online level to ensure high trigger efficiency for selected events.
Events are required to have at least one reconstructed signal-quality lepton that activated one of the triggers
and has an offline 𝑝T higher than a trigger-dependent offline threshold. The lowest 𝑝T thresholds are 27 GeV
(27.3 GeV) for electrons (muons) in 2015–2018, while for 2022–2023 they are 27 GeV (25.2 GeV).

5.1 Analysis variables

Higgs boson candidates are reconstructed using four jets. If there are four or more 𝑏-jets in an event, the
four with the highest 𝑝T are used. If there are fewer than four 𝑏-jets, all of the 𝑏-jets in the event are used,
with the highest 𝑝T non-𝑏-tagged jets used for the remaining Higgs boson candidate jets. The jets are
paired to form two Higgs boson candidates by looking for pairs of jets with a small opening angle Δ𝑅 𝑗 𝑗 (ℎ),
where Δ𝑅 𝑗 𝑗 (ℎ) is the angular distance between the two jets from the decay of the Higgs boson h and is
calculated for each possible pairing. The jet pairing that minimizes max(Δ𝑅 𝑗 𝑗 (ℎ1),Δ𝑅 𝑗 𝑗 (ℎ2)) is chosen.
Studies on generator-level signal MC simulations show that this algorithm makes the correct assignment
around 40% of the time for low chargino masses, rising to 95% of the time for high chargino masses. The
highest 𝑝T Higgs boson candidate is labeled ℎ1 and the other is labeled ℎ2. The reconstructed masses of
the Higgs boson candidates are referred to as 𝑚ℎ1 and 𝑚ℎ2, respectively.

Higgs boson candidates, electrons, muons, and ®𝑝miss
T are used to reconstruct chargino and neutralino

candidates. First, the four-momentum of each Higgs boson candidate is rescaled by the factor required
to yield an invariant mass of 125 GeV to improve the mass resolution of the reconstructed charginos and
neutralinos, as studied in signal MC simulation. This correction is only applied for the chargino and
neutralino reconstruction. In events with two or more charged leptons, the two Higgs boson candidates
and the two leading leptons are used to reconstruct two chargino candidates by pairing each Higgs boson
candidate with one lepton. Both possible pairings are tested, and the pairing with the minimum mass
asymmetry is selected. The mass asymmetry is defined as

𝐴𝐶 =
|𝑚𝐶1 − 𝑚𝐶2 |
𝑚𝐶1 + 𝑚𝐶2

, (1)

where the 𝑚𝐶1 is the mass of the chargino candidate with the higher reconstructed mass and 𝑚𝐶2 is the
mass of the chargino candidate with the lower reconstructed mass. The alternative jet pairing with the
maximum mass asymmetry is used to define the variable 𝑚

rej
𝐶2, which corresponds to the lower of the two

reconstructed chargino candidate masses in that “rejected” pairing. In events with only one charged lepton,
one Higgs boson candidate is paired with the lepton to form a chargino candidate, while the other is paired
with the ®𝑝miss

T (representing the neutrino in the signal model) to form a neutralino candidate. The 1-lepton
channel is optimized to search for high-mass charginos and neutralinos, which tend to each decay into
a back-to-back Higgs boson and lepton. The pairing that maximizes the Δ𝑅 between the Higgs boson
candidate and the charged lepton is therefore used. As only the transverse component of the neutrino
momentum is available (from ®𝑝miss

T ), the mass of the neutralino cannot be fully reconstructed. Instead, the
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neutralino’s transverse mass 𝑚𝑁,T = 𝑚T(ℎ, ®𝑝
miss
T ) is used. The transverse mass of objects 𝑖, 𝑗 is calculated

as
𝑚T(𝑖, 𝑗) =

√︃
𝑚

2
𝑖 + 𝑚

2
𝑗 + 2(𝐸T,𝑖𝐸T, 𝑗 − 𝑝T,𝑖𝑝T, 𝑗 cos(Δ𝜙𝑖 𝑗)), (2)

where Δ𝜙𝑖 𝑗 is the transverse angular separation between the objects and 𝐸T,𝑖 =

√︃
𝑚

2
𝑖 + 𝑝

2
T,𝑖. The ®𝑝miss

T
is assumed to come from a massless neutrino. For both 1-lepton and 2-lepton regions, 𝐻T is defined
as the scalar sum of 𝑝T of the four jets and 1–2 charged leptons used in the chargino and neutralino
reconstruction.

5.2 Region definitions

Two signal regions (SRs) are defined for this analysis, SR2ℓ and SR1ℓ. These regions are used to search for
new physics in a simultaneous fit, described in more detail in Sections 6 and 8. Their definitions, as well
as those of the control and validation regions described in Section 6, are shown in Table 3 and Table 4
respectively. Each region has a Run 2 and a Run 3 counterpart, using the same definitions.

SR2ℓ targets 𝜒̃±
1 𝜒̃

∓
1 production in events with two leptons (2ℓ). The reconstructed Higgs boson masses, 𝑚ℎ1

and 𝑚ℎ2 are required to be close to the Higgs boson mass of 125 GeV. The 𝑚ℎ2 requirements are shifted to
lower masses as muons and neutrinos from 𝑏-hadron decays can lead to an underestimate of the Higgs
boson mass. The 𝐻T selection is used to reject lower-energy background processes, while the requirement
that the dilepton invariant mass 𝑚ℓℓ is at least 15 GeV higher than the 𝑍 boson mass is used to reject
processes with leptonic 𝑍 decays including tt𝑍 , Z+jets, and diboson production. The 𝐴𝐶 requirement
rejects background processes by ensuring that the two reconstructed chargino masses are consistent. The
𝑚

rej
𝐶2 selection reduces tt backgrounds. SR2ℓ is binned in 𝑚𝐶1, using eight bins with lower bin edges of

[125, 175, 225, 300, 400, 500, 600, 700] GeV, where the last bin includes all events with 𝑚𝐶1 > 700 GeV.
The bins start at 125 GeV as the chargino must be heavier than the Higgs boson. The bins are narrower at
low masses to capture features of the distribution and wider at high masses to avoid creating bins with very
low event counts. The expected pre-fit distribution of 𝑚𝐶1 in Run 2 SR2ℓ using this binning is shown in
Figure 2(a).

SR1ℓ targets 𝜒̃
±
1 𝜒̃

0
1 production in events with one lepton (1ℓ). This region makes use of the higher cross

section relative to 𝜒̃
±
1 𝜒̃

∓
1 to provide increased signal yields for high-mass signals. Similarly to SR2ℓ, the

two reconstructed Higgs boson candidates are required to have masses consistent with the Higgs boson
mass. The 𝐻T selection of 800 GeV is tighter than for SR2ℓ, as SR1ℓ is optimized for higher mass signals
that yield higher 𝐻T values. The minimum transverse mass of the ®𝑝miss

T and any of the three leading 𝑏-jets
is labeled 𝑚

𝑏-jets
T,min, computed with the 𝑏-jet mass set to 0 GeV. For tt events with a single leptonic 𝑊-boson

decay, 𝑚𝑏-jets
T,min has an upper bound of

√︃
𝑚

2
t − 𝑚

2
W ≈ 150 GeV and is used to further reduce the semileptonic

tt background. Events with low 𝐸
miss
T are rejected as signals have high 𝐸

miss
T values due to the energetic

neutrino from the neutralino decay. The transverse mass of the lepton and ®𝑝miss
T (𝑚ℓ

T, see Equation 2) is
required to be above the 𝑊 boson mass to reject events with leptonic 𝑊 boson decays from processes
such as tt, tt𝑊 , single-top (including Wt), and diboson production. SR1ℓ uses a single bin due to the low
predicted event count. The expected pre-fit distribution of 𝑚𝑁,T in Run 2 SR1ℓ is shown in Figure 2(b).

Four regions, referred to as “discovery regions”, are used to obtain results on new physics, independent of
a specific signal hypothesis. The first two, SR2ℓ and SR1ℓ, are single-bin regions matching the definitions
for the SRs in Tables 3 and 4. In addition, SR2ℓ700 is defined as SR2ℓ with an additional requirement
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Table 3: Summary of the signal, control, and validation regions used for the 2-lepton analysis regions targeting 𝜒̃
±
1

𝜒̃
∓
1 signals. All regions require at least four jets and two oppositely charged leptons. Each region has both a Run 2

and a Run 3 version, which use the same definition.

Region 𝑁𝑏-jet 𝑚ℎ1 [GeV] 𝑚ℎ2 [GeV] 𝐻T [GeV] 𝑚ℓℓ [GeV] 𝐴𝐶 𝑚
rej
𝐶2 [GeV] 𝑚𝐶1 [GeV]

SR2ℓ ≥ 3 ∈ [100, 150] ∈ [85, 135] > 400 > 106.2 < 0.2 > 200 —

CR2ℓ2b 2 ∈ [100, 150] ∈ [85, 135] — > 106.2 < 0.2 < 200 < 500
CR2ℓ3b ≥ 3 ∉ [100, 150] ∉ [85, 135] > 400 > 106.2 > 0.2 — < 700

VR2ℓ2b 2 ∈ [100, 150] ∈ [85, 135] — > 106.2 < 0.2 > 200 < 500
VR2ℓ3b ≥ 3 ∉ [100, 150] ∈ [85, 135] > 400 > 106.2 > 0.2 — —

Table 4: Summary of the signal, control, and validation regions used for the 1-lepton analysis regions targeting 𝜒̃
±
1 𝜒̃

0
1

signals. All regions require at least four jets and one lepton. Each region has both a Run 2 and a Run 3 version,
which use the same definition.

Region 𝑁𝑏-jet 𝑚ℎ1 [GeV] 𝑚ℎ2 [GeV] 𝐻T [GeV] 𝑚
𝑏-jets
T,min [GeV] 𝐸

miss
T [GeV] 𝑚

ℓ
T [GeV]

SR1ℓ ≥ 3 ∈ [100, 150] ∈ [85, 135] > 800 > 80 > 150 > 100

CR1ℓ3b ≥ 3 ∉ [100, 150] ∉ [85, 135] > 800 > 80 > 150 ≤ 100

VR1ℓ3b1 ≥ 3 ∉ [100, 150] ∈ [85, 135] > 800 > 80 > 150 ≤ 100
VR1ℓ3b2 ≥ 3 ∉ [100, 150] ∉ [85, 135] > 800 > 80 > 150 > 100
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Figure 2: Expected Run 2 pre-fit distributions for signal and background samples for (a) the higher mass of the
two reconstructed chargino candidates 𝑚𝐶1 in SR2ℓ and (b) the transverse mass of the neutralino 𝑚𝑁,T in SR1ℓ.
The lower panels show the signal to background ratios. The hatching shows the MC statistical uncertainty in
the predicted background yields. The sum of the signal contributions from 𝜒̃

±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 is shown, assuming

B( 𝜒̃±
1 → ℎℓ

±) = 100% and B( 𝜒̃0
1 → ℎ𝜈) = 100%, with equal decay branching fractions to each lepton flavor. The

generator-level signal masses are shown in the legend. Overflow is included in the last bin.

of 𝑚𝐶1 > 700 GeV and is equivalent to the last bin of SR2ℓ. Finally, SR1ℓ600 is defined as SR1ℓ with
an additional requirement on the transverse mass of the neutralino 𝑚𝑁,T > 600 GeV. Each of these four
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regions is defined for both Run 2 and Run 3 as they cannot be combined in a model-independent way due
to the different center-of-mass energies.

6 Background estimation

The background is estimated by using the MC simulation samples described in Section 3. The main
backgrounds are from tt (tt +≥1b, tt +≥1c, and tt + light) production, and are normalized to data in control
regions (CRs). Separate normalizations are used for the 1-lepton and 2-lepton regions due to the different
phase space. The largest contribution in the SRs is given by tt + ≥1b production. Smaller backgrounds
that are present in this search are tth, tt𝑍 , tt𝑊 , single-top, Z+jets, W+jets, and diboson production. These
backgrounds, referred to as minor backgrounds, collectively constitute less than 10% of the pre-fit expected
background in SR2ℓ and less than a third of the pre-fit expected background in SR1ℓ.

Two CRs, CR2ℓ2b and CR2ℓ3b are used to measure the normalizations of dileptonic tt backgrounds.
Separate normalizations are determined for Run 2 and Run 3 due to differences in the experimental setup
and simulations. These CRs are defined in Table 3. CR2ℓ3b is constructed by inverting the SR2ℓ selections
on 𝑚ℎ1, 𝑚ℎ2, and 𝐴𝐶 to select a region with low signal contribution while removing the requirements on
𝑚

rej
𝐶2 to further reduce signal contamination and lower the statistical uncertainty. An additional requirement

is placed on 𝑚𝐶1 to prevent contributions from signals with large chargino masses. This region is used
to measure a common normalization factor for tt + ≥1b and tt + ≥1c production, referred to as 𝑡𝑡+HF
(heavy-flavor). MC simulation predicts similar relative contributions from tt +≥1b and tt +≥1c in CR2ℓ3b
and SR2ℓ, allowing a joint measurement with smaller statistical uncertainty. The tt + HF purity in this
region is over 80%. The expected signal contributions are found to be less than 8% of the pre-fit expected
background for any signal mass hypothesis.

CR2ℓ2b is used to measure the tt + light normalization. This uses events with only two 𝑏-jets, as ttbb
events have four true 𝑏-jets and tt + ≥1c events are more likely than tt + light events to have a third
reconstructed 𝑏-jet due to the higher charm mis-tagging rate compared to light jets. Contributions from
signals are limited by inverting the SR2ℓ selection on 𝑚

rej
𝐶2 and removing the requirement on 𝐻T. An upper

bound is placed on 𝑚𝐶1 to prevent contributions from signals with large chargino masses. CR2ℓ2b has a
tt + light purity of approximately 80%. The expected signal contributions are found to be less than 2% of
the pre-fit expected background for any signal mass hypothesis.

CR1ℓ3b is used to measure the normalization of semileptonic tt backgrounds. Separate normalizations are
determined for Run 2 and Run 3. This measures a common normalization factor for all semileptonic tt
backgrounds (tt + ≥1b, tt + ≥1c, and tt + light), jointly referred to as tt 1ℓ. These are measured jointly to
lower the statistical uncertainty, as the tt + ≥1c and tt + light backgrounds are expected to contribute a
total of less than one event in SR1ℓ and therefore do not require separate measurements. The dominant
background component in SR1ℓ and CR1ℓ3b is tt + ≥1b. CR1ℓ3b is defined in Table 4 and is constructed
by inverting the SR1ℓ requirements on 𝑚ℎ1, 𝑚ℎ2, and 𝑚

ℓ
T to reduce signal contributions. The tt 1ℓ purity

in this region is over 80%, while the expected signal contributions are found to be less than 1% of the
pre-fit expected background for any signal mass hypothesis.

Validation regions (VRs) are constructed to test the extrapolation of the background model from the CRs to
the SRs. These regions are defined to fall in the phase space between their corresponding CR and SR,
as shown in Tables 3 and 4. VR2ℓ2b and VR2ℓ3b test the extrapolations over 𝑚rej

𝐶2 and 𝑚ℎ2 respectively,
while VR1ℓ3b1 and VR1ℓ3b2 test the extrapolations over 𝑚ℎ2 and 𝑚

ℓ
T respectively. The expected signal
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contributions are found to be less than 12% of the pre-fit expected background in each VR for any signal
mass hypothesis.

The agreement between data and predicted backgrounds for different variables are checked in each CR
and VR except VR1ℓ3b2. This region is only checked in a single bin as it has high signal contamination
in some kinematic regimes. Reconstructed chargino and Higgs boson masses are shown for the VRs in
Figure 3, where good modeling of the SM background is seen.
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Figure 3: Data and background distributions in the validation regions for (a) the 𝑚ℎ1 distribution in Run 2 VR1ℓ3b1,
(b) the 𝑚𝐶1 distribution in Run 2 VR2ℓ3b, (c) the 𝑚𝐶1 distribution in Run 2 VR2ℓ2b, and (d) the 𝑚𝐶1 distribution in
Run 3 VR2ℓ2b. The backgrounds are calculated using pre-fit values but with the normalization factors measured from
the CR background-only fit applied. The hatching shows the MC statistical uncertainty in the predicted background
yields. The lower panels show the ratio of data to predicted background. Overflow is included in the last bin.

6.1 Background-only fit results

Profile-likelihood fits are performed to measure the agreement between data and predicted background.
There are six free-floating background normalization factors in total. Each Run has two normalization
factors for tt + HF and tt + light flavor production in 2-lepton regions and one normalization factor for tt
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production in 1-lepton regions. The MC statistical uncertainties and the systematic uncertainties described
in Section 7 are treated as nuisance parameters. Unless otherwise noted, all fits use these six normalization
factors and both 1-lepton and 2-lepton regions in both Run 2 and Run 3. All fits are performed using the
pyhf framework [98, 99].

A background-only fit is performed in the CRs using a single bin for each region. The measured
normalization factors are shown in Table 5.

Table 5: Fit results for normalization factors from the background-only fit in the CRs. The first listed uncertainties are
from the fit using all systematic and statistical uncertainties, while the values in parentheses are determined from the fit
using only statistical uncertainties. Due to correlations between the normalization factors and systematic uncertainties,
the relative uncertainties in the predicted backgrounds yields may be smaller than those on the normalization factors.

Process (Channel) Run 2 Norm. Factor Run 3 Norm. Factor

tt + HF (2ℓ) 1.16±0.46 (±0.06 stat.) 1.08±0.42 (±0.10 stat.)
tt + light (2ℓ) 0.93±0.20 (±0.03 stat.) 0.85±0.20 (±0.05 stat.)
tt (1ℓ) 0.88±0.33 (±0.06 stat.) 1.01±0.45 (±0.08 stat.)

Results from the background-only fit are extrapolated to the VRs, with the agreement between data and the
post-fit background prediction shown in Figure 4. No significant mismodeling is observed. The largest
deviation in yield between data and predicted background is 1.2𝜎, which is seen in Run 3 VR2ℓ2b.
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Figure 4: Data and post-fit background yields as determined from the background-only fit extrapolated to the
validation regions. The hatching shows the uncertainty in the predicted yields from MC statistical and systematic
effects. The lower panel shows the significance of the deviations between data and predicted background. The tt 1ℓ
category includes all tt + ≥1c and tt + light production with one reconstructed lepton. tt𝑋 includes tth, tt𝑍 , and tt𝑊
production. Significances are calculated following the method in Ref. [100].

7 Systematic uncertainties

Predicted signal and background MC simulation yields are subject to uncertainties. Three types of
uncertainties are applied: experimental uncertainties, theoretical uncertainties, and MC statistical uncer-
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tainties.

Experimental uncertainties account for systematic effects in ATLAS calibration procedures and efficiency
measurements and are applied to all signal and background MC simulations. Experimental jet uncertainties
are applied on the jet energy scale and resolution [91–93], JVT [95] and fJVT [96], and flavor tagging effi-
ciencies [22]. Experimental muon uncertainties include uncertainties on the muon isolation, reconstruction,
and trigger efficiency correction factors [26, 33, 88–90]. Additional systematic uncertainties affect the muon
momenta due to variations in the momentum scale, track resolution, and charge-dependent corrections. For
electrons, experimental uncertainties are applied on the identification, isolation, reconstruction, and trigger
efficiency correction factors, as well as on the energy scale and resolution [26, 32, 87, 101]. Scale and
resolution uncertainties are applied on the 𝐸

miss
T soft term [97, 102]. Further experimental uncertainties

considered are on the pileup conditions [103] and luminosity [28, 29]. Luminosity uncertainties are not
applied to tt and ttbb backgrounds as they rely on data-driven normalization measurements. Uncertainties
related to electrons, 𝐸miss

T , and most of the jet energy scale and resolution components are correlated
between Run 2 and Run 3, while the remaining uncertainties are not correlated between Runs. The largest
experimental uncertainties are related to the jet energy resolution. As measured using the background-only
fit extrapolated to the signal regions, these are collectively 1.3% (3.5%) of the post-fit yields in Run 2
(Run 3) SR2ℓ and 23% (35%) of the post-fit yields in the Run 2 (Run 3) SR1ℓ.

Theoretical uncertainties are applied to the background and signal MC samples. These uncertainties
are evaluated by comparing simulations using nominal values of theory parameters with alternative or
reweighted samples using variations on these parameters. Uncertainties in the matrix element, parton
shower model, factorization and renormalization scales, modeling of initial and final-state radiation, parton
distribution functions, and strong coupling constant are applied to the tt + ≥1b, tt + ≥1c, and tt + light
backgrounds. The matrix element and parton shower uncertainties are calculated by comparing the nominal
samples to samples generated with the Pythia 8 𝑝T,hard parameter set to 1.0 and with the Herwig 7 parton
shower model [104–107] respectively. In addition, uncertainties on the ℎdamp parameter are applied to the
tt +≥1c and tt + light backgrounds by comparing the nominal samples to samples produced with the ℎdamp
parameter set to 3.0 𝑚top. A 50% normalization uncertainty is applied to each of the remaining background
samples (tth, tt𝑉 , single-t, 𝑉+jets, and diboson). As the background is dominated by tt and ttbb and the
analysis is statistically limited, the uncertainties on these minor backgrounds have no significant impact
on the results. Background theoretical uncertainties are correlated between Run 2 and Run 3, but are not
correlated between 1-lepton and 2-lepton regions due to the different phase space. The largest theoretical
uncertainties in SR2ℓ are from the parton shower model. As measured using the background-only fit
extrapolated to the signal regions, these are collectively 4.2%–6.0% of the post-fit yields in the 2-lepton SRs,
depending on the Run. The largest theoretical uncertainties in SR1ℓ are from the modeling of final-state
radiation and the parton shower modeling. As measured using the background-only fit extrapolated to
the signal regions, these are each 3%–20% of the post-fit yields in the 1-lepton SRs, depending on the
uncertainty and Run. For signal samples, uncertainties on the factorization and renormalization scales,
merging scale, parton shower tuning, parton distribution function, and 𝛼𝑠 are considered. The factorization
and renormalization scale uncertainties are the largest of these, ranging from 6.1%–11% for 𝜒̃±

1 𝜒̃
∓
1 signals

in SR2ℓ and 8.4%–12.6% for 𝜒̃±
1 𝜒̃

0
1 signals in SR1ℓ, depending on the mass point.

The effects of different sources of uncertainties on the SR2ℓ and SR1ℓ post-fit background yields are shown
in Figure 5. Background theory uncertainties are larger than experimental uncertainties in Run 2, while for
Run 3 experimental uncertainties are larger than theoretical uncertainties in SR1ℓ and some bins of SR2ℓ.
MC statistical uncertainties are smaller than both background theory and experimental uncertainties. The
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high-𝑚𝐶1 bins in SR2ℓ have low MC event statistics, making the systematic estimates prone to statistical
fluctuations.
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Figure 5: Background uncertainties as a fraction of total post-fit yields as determined from the background-only fit
extrapolated to the signal regions for (a) Run 2 SR2ℓ, (b) Run 3 SR2ℓ, and (c) Run 2 and Run 3 SR1ℓ. Exp. stands
for the experimental uncertainty while MC stat. stands for MC statistical uncertainty. The total uncertainty includes
systematic and MC statistical uncertainties. The total uncertainty is not necessarily equal to the quadrature sum of
the individual uncertainties due to correlations.

8 Results

Results are obtained using three types of fits. First, the results of the background-only fit described in
Section 6 are extrapolated to the SRs to show the level of agreement between data and predicted background.
Second, fits are performed in each discovery region to search for evidence for and set contraints on new
physics in a model-independent manner. Third, an exclusion fit is performed in the SRs to set limits on the
simplified model described in Section 1.
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Table 6: Results for the model-independent discovery regions. The second column shows the number of observed
events (𝑁obs), while the third column shows the post-fit number of predicted events obtained using a background-only
fit (𝑁pred). The fourth column shows the 95% CL observed upper limit on the efficiency times cross section of
beyond-the-SM processes (⟨𝜖𝜎⟩95

obs[fb]). The fifth and sixth columns show the 95% CL observed (𝑆95
obs) and expected

(𝑆95
exp) upper limits on the number of events from processes beyond the SM, with the ±1𝜎 uncertainty included with

the expected limit. Uncertainties in 𝑆
95
exp less than 0.05 are reported as 0.0 due to rounding. The seventh columns

shows CLb, the confidence level observed for the background-only hypothesis. The final column shows the discovery
𝑝-value (𝑝(𝑠 = 0)) and its significance. The 𝑝-value is not calculated but instead set to 0.5 for regions with a deficit
relative to the post-fit background prediction. SR2ℓ and SR1ℓ are the same regions used for exclusions.

Region 𝑁obs 𝑁pred ⟨𝜖𝜎⟩95
obs[fb] 𝑆

95
obs 𝑆

95
exp CLb 𝑝(𝑠 = 0)

Run 2 SR2ℓ 117 120±10 0.24 33 31+12
−8 0.58 0.50 (0.00)

Run 2 SR2ℓ700 0 0.11±0.17 0.022 3.1 3.0+0.1
−0.0 0.08 0.50 (0.00)

Run 2 SR1ℓ 4 5.0±1.9 0.048 6.7 6.7+2.6
−1.6 0.50 0.50 (0.00)

Run 2 SR1ℓ600 1 0.62±0.51 0.031 4.3 3.3+1.3
−0.1 0.78 0.13 (1.14)

Run 3 SR2ℓ 40 46.4±6.1 0.27 15 18.4+7.6
−5.2 0.30 0.50 (0.00)

Run 3 SR2ℓ700 0 0.023±0.041 0.053 3.0 3.0+0.0
−0.0 0.95 0.50 (0.00)

Run 3 SR1ℓ 2 2.9±1.5 0.078 4.4 5.0+2.0
−1.2 0.36 0.50 (0.00)

Run 3 SR1ℓ600 0 0.35±0.36 0.054 3.0 3.0+0.6
−0.0 0.19 0.50 (0.00)

8.1 Background-only fit results

Results from the background-only fit performed in the CRs (described in Section 6) are extrapolated to the
SRs. The agreement between data and the post-fit background prediction is shown for SR1ℓ and each bin of
SR2ℓ in Figure 6. Note that the discovery region SR2ℓ700 is defined as the last bin of SR2ℓ. No significant
excess is observed. The largest excess observed is in the 125 GeV–175 GeV bin of Run 3 SR2ℓ, with four
observed events and 1.24 ± 0.76 predicted background events. This corresponds to a local significance of
1.5𝜎. The largest deficit occurs in the 400 GeV–500 GeV bin of Run 3 SR2ℓ, with zero observed events
and 2.58 ± 0.94 predicted background events. This corresponds to a local significance of −2.1𝜎.

8.2 Model-independent results

Model-independent results are obtained for each discovery region of the analysis. A separate fit is performed
for each discovery region. For a given fit, CRs and normalization factors corresponding to a different Run
or number of leptons than the discovery region are not used. Significances and upper limits are determined
respectively using the 𝑞0 and 𝑞𝜇 test statistics [108] based on the profile likelihood ratio. The upper limits
are set at 95% confidence level (CL) using the CLs prescription [109]. Regions with non-zero observed
events use 50,000 pseudoexperiments to calculate 𝑝-values, limits, and the confidence level observed for
the background-only hypothesis, CLb. Regions with zero observed events use 100,000 pseudoexperiments.
It is assumed that no signal events enter the CRs. Results are shown in Table 6. No significant excess is
observed, and limits are set on the yield and cross section of beyond-the-SM physics processes.
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Figure 6: Data and post-fit background yields as determined from the background-only fit extrapolated to the signal
regions for (a) Run 2 SR2ℓ, (b) Run 3 SR2ℓ, and (c) Run 2 and Run 3 SR1ℓ. The hatching shows the uncertainty
in the predicted yields from MC statistical and systematic effects. The lower panel shows the significance of the
deviations between data and predicted background. The tt 1ℓ category includes all tt + ≥1c and tt + light production
with one reconstructed lepton. tt𝑋 includes tth, tt𝑍 , and tt𝑊 production. Significances are calculated following the
method in Ref. [100].

8.3 Model-dependent exclusion limits

As no significant excess is observed in the discovery regions, upper limits are set at 95% CL for the simplified
signal model for 𝜒̃

±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 production with RPV decays 𝜒̃

±
1 → ℎℓ

± and 𝜒̃
0
1 → ℎ𝜈 described in

Section 1. Other decay modes of the charginos and neutralinos are assumed to be negligible after selections
and are not considered. The limits are determined for each mass point through signal-plus-background fits
using all CRs, Run 2 and Run 3 SR1ℓ, and Run 2 and Run 3 SR2ℓ, with each SR2ℓ binned in 𝑚𝐶1. The
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Run 2 and Run 3 counterparts of each region are treated as separate regions. The 𝑞𝜇 test statistic [108]
with the CLs prescription [109] and the asymptotic approximation are used [108].

Results for the hypothesis where each flavor of charged lepton is equally likely are shown in Figure 7.
SR2ℓ provides most of the sensitivity to low chargino and neutralino masses (≲ 500 GeV), while SR1ℓ
and SR2ℓ have similar sensitivity to high chargino and neutralino masses. For the branching fractions
B( 𝜒̃±

1 → ℎℓ
±) = 100% and B( 𝜒̃0

1 → ℎ𝜈) = 100%, charginos and neutralinos with masses between
150 GeV and 1100 GeV are excluded. This has complementary sensitivity to the previous search for a
trilepton resonance [19], which excludes charginos and neutralinos with masses between 100 GeV and
975 GeV for the alternate B( 𝜒̃±

1 → 𝑍ℓ
±) = 100% and B( 𝜒̃0

1 → 𝑍𝜈) = 100% assumptions.

Results are also obtained for alternative flavor hypotheses. In addition to the usual SR requirements,
the pure-electron (pure-muon) interpretation requires the reconstructed lepton in SR1ℓ and two leading
reconstructed leptons in SR2ℓ to be electrons (muons). Figure 8(a) shows the upper limits for the hypothesis
where the charged lepton from the decay is always an electron while Figure 8(b) shows the upper limits
for the hypothesis where the charged lepton from the decay is always a muon. Charginos and neutralinos
with masses between 150 GeV and 1225 GeV (150 GeV and 1150 GeV) are excluded for the pure-electron
(pure-muon) interpretation. Figure 9 shows the upper limits for scenarios with B( 𝜒̃±

1 → ℎ𝜏
±) = 100%,

excluding charginos and neutralinos with masses between 450 GeV and 750 GeV. The pure-electron and
pure-muon interpretations have greater sensitivity than the pure-𝜏 scenario because the analysis does not
reconstruct hadronically-decaying 𝜏-leptons. In addition, only part of the energy from leptonically-decaying
𝜏-leptons is retained by the daughter electron or muon, which can cause the lepton 𝑝T to be below
the 40 GeV threshold as well as lead to misreconstruction of the chargino pairs. This also causes the
pure-electron and pure-muon scenarios to have higher sensitivity than the equal electron, muon, and
𝜏-lepton scenario. The pure-electron scenario has slightly higher sensitivity than the pure-muon scenario
due to a higher electron reconstruction efficiency.
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Figure 7: 95% CL upper limits on B( 𝜒̃±
1 → ℎℓ

±) and B( 𝜒̃0
1 → ℎ𝜈), which are assumed to be equal, for the hypothesis

where the charginos are equally likely to decay into each flavor of charged lepton. The expected and observed limits
are shown by the dashed and solid lines respectively. The shaded bands around the expected limit show the ±1𝜎
variations due to statistical and systematic uncertainties, while the dotted bands around the observed limit show the
±1𝜎 variations from the theoretical uncertainty on the signal cross section. The expected limits using only 1-lepton
(2-lepton) regions are shown by the dashed blue and dashed red lines respectively.
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Figure 8: 95% CL upper limits on B( 𝜒̃±
1 → ℎℓ

±) and B( 𝜒̃0
1 → ℎ𝜈), which are assumed to be equal, for (a) the

hypothesis where the charged lepton from the decay is always an electron and (b) the hypothesis where the charged
lepton from the decay is always a muon. The expected and observed limits are shown by the dashed and solid lines
respectively. The shaded bands around the expected limit show the ±1𝜎 variations due to statistical and systematic
uncertainties, while the dotted bands around the observed limit show the ±1𝜎 variations from the theoretical
uncertainty on the signal cross section.
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Figure 9: 95% CL upper limits on the cross section times branching ratio for 𝜒̃±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 production normalized

to the theoretical prediction, assuming B( 𝜒̃±
1 → ℎ𝜏

±) = 100%. The expected and observed limits are shown by the
dashed and solid lines respectively. The shaded bands around the expected limit show the ±1𝜎 variations due to
statistical and systematic uncertainties, while the dotted bands around the observed limit show the ±1𝜎 variations
from the theoretical uncertainty on the signal cross section.

9 Conclusion

A search for 𝜒̃±
1 𝜒̃

∓
1 and 𝜒̃

±
1 𝜒̃

0
1 production where each chargino and neutralino decays into a Higgs boson

and a lepton was performed in a final state with one or two charged leptons and at least four jets, with at
least three identified 𝑏-jets. This search complements a previous search for RPV chargino decays into a
𝑍 boson and a lepton in a channel with three or more leptons, and provides the first constraints on the
simplified signal model for charginos with high decay branching fractions to Higgs bosons and leptons.
The data correspond to an integrated luminosity of 196 fb−1 of proton–proton collision data produced at

20



center-of-mass energies of
√
𝑠 = 13 TeV and

√
𝑠 = 13.6 TeV, collected by the ATLAS experiment at the

LHC between 2015 and 2023.

No significant excess above the SM prediction was observed. Model-independent limits are set at 95% CL
on the visible cross section for new physics processes. Charginos and neutralinos with masses between
150 GeV and 1100 GeV are excluded at 95% CL for the B( 𝜒̃±

1 → ℎℓ
±) = 100% and B( 𝜒̃0

1 → ℎ𝜈) = 100%
hypothesis, where each flavor of charged lepton (electron, muon, and 𝜏-lepton) is equally likely to be
produced. Lower limits of 1225 GeV and 1150 GeV are also set on the chargino and neutralino masses for
the B( 𝜒̃±

1 → ℎ𝑒
±) = 100% and B( 𝜒̃±

1 → ℎ𝜇
±) = 100% hypotheses respectively.
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