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Abstract—Supersymmetry, or SUSY, is one of the proposed extensions to the Standard Model, represent-
ing a solution to some of its limitations, such as the hierarchy problem. It introduces new particle states
which may be produced at the ATLAS experiment, which has been taking data at

√
s = 13 TeV at the Large

Hadron Collider (LHC). Due to existing constraints on the value of the masses of strongly coupled SUSY
particles (or “sparticles”), the electroweak production of weakly interacting sparticles may become the
key mechanism to search for beyond-the-Standard-Model physics at the LHC. A search for electroweak
production of charginos and neutralinos decaying to multileptonic final states using Run 2 data collected
with the ATLAS experiment is presented. Results are interpreted in the context of simplified models in
which charginos and neutralinos undergoR-parity-conserving decays via intermediate production of gauge
and Higgs bosons.

DOI: 10.1134/S1063778821040050

1. INTRODUCTION

Supersymmetry (SUSY) [1] is one of the theoret-
ical extensions of the Standard Model (SM). With
SUSY it is possible to ensure the naturalness in the
prediction of physics observables at higher energy
than the electroweak scale. In addition, in many
SUSY models, if R-parity [2] is conserved, SUSY
particles (sparticles) must be produced in pairs and
the Lightest Supersymmetric particle (LSP) is stable,
electrically neutral, and weekly interacting. The LSP
would then constitute a viable candidate for dark mat-
ter, producing collider signatures with large missing
transverse momentum.

In the ATLAS experiment [3] at the LHC [4], the
cross section for producing sparticle pairs is highly
dependent on their mass [5–7]. Strongly interacting
sparticles (squarks and gluinos) generally have larger
cross sections than electroweakly-interacting sparti-
cles of equal masses. In particular, charginos (χ̃±

i , i =
1, 2) and neutralinos (χ̃0

j , j = 1, 2, 3, 4) are the mass
eigenstates (states are ordered by increasing values
of their mass) formed from the linear superposition
of the SUSY partners of the Higgs and electroweak
gauge bosons: higgsino, wino and bino. If squarks
and gluinos were much heavier than charginos and
neutralinos, then the electroweak production of the
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latter may be the dominant SUSY process at the
LHC. Existing limits on the masses of squarks and
gluinos [8] extend well beyond the TeV scale. There-
fore, electroweak direct productions of χ̃±

1 χ̃
0
2 decaying

in multileptonic final states may be important probes
to search for SUSY at the LHC.

2. χ̃±
1 χ̃

0
2 → W Z/h → 3� SEARCH

In this section a search for direct χ̃±
1 χ̃

0
2 production

into a three-lepton (electrons or muons) final state is
described in the context of two R-parity conserving
simplified models (Fig. 1). In both of them, χ̃±

1 and
χ̃0
2 are assumed to be mass-degenerate and purely

Wino. The χ̃±
1 decays to an on-shell W boson and

a χ̃0
1—a Bino-like, stable LSP. The χ̃0

2 decays to a
χ̃0
1 and either a Z (WZ-3� model) or a Higgs bo-

son (Wh-3� model). The final state considered is
that with three isolated electrons or muons, missing
transverse momentum—from the undetected neutri-
nos and neutralinos—and light (not b-tagged) jets.

Event selections enriched in signal (signal regions,
or SRs), are designed independently for the two tar-
geted models. Two of the three leptons in the final
state are required to be consistent with the decay of
a Z or Higgs boson, whilst the remaining lepton is
associated with the W boson. Events targeting the
WZ-3� model are selected by requiring the presence
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Fig. 1. Diagrams of the production of χ̃±
1 /χ̃

0
2 decaying to 3� via WZ (a) and Wh (b). Adapted from [10] (https://

cds.cern.ch/record/2719521/files/ATLAS-CONF-2020-015.pdf). Distributed under the CC-BY-4.0 license.
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Fig. 2. Comparison of the observed data and expected SM background yields in the SRs for WZ-3� (a) and Wh-3� (b)
models [10]. Adapted from [10] (https://cds.cern.ch/record/2719521/files/ATLAS-CONF-2020-015.pdf). Distributed under
the CC-BY-4.0 license.
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Fig. 3. Exclusion limits at 95% CL for the WZ-3� (a) and Wh-3� (b) models [10]. Adapted from [10] (https://
cds.cern.ch/record/2719521/files/ATLAS-CONF-2020-015.pdf). Distributed under the CC-BY-4.0 license.

of a pair of same flavor opposite sign (SFOS) leptons
whose invariant mass is compatible with mZ . If more
then one SFOS pair is present in the event, the pair

with the invariant mass closest to mZ is associated
with the decay of the Z boson. Events targeting the
Wh-3� model are selected by requiring either at least
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Fig. 4. Diagram of the production of χ̃±
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Fig. 5. Exclusion limits at 95% CL for the Wh-SS
model [13]. Adapted from [13] (https://doi.org/
10.1103/PhysRevD.100.012006). Distributed under the
CC-BY-4.0 license.

one SFOS pair with invariant mass not compatible
with mZ , or a different flavor opposite sign (DFOS)
lepton pair and a third lepton (associated with the
W boson) forming a same flavor same sign (SFSS)
pair with one of the other two leptons (no SFOS
pairs). This reflects the fact that lepton pairs from
the Higgs boson decay are not necessarily of the
same flavor. The SM backgrounds for this search
can be divided into irreducible and reducible. To
the first category belong all those backgrounds with
a final state analogous as that expected from the
signal, such as fully-leptonically decaying SM WZ
events, which is also the dominant background for
this search. The WZ yields in Monte Carlo (MC)
simulations are normalised to data in dedicated con-
trol regions (CRs). SM events with at least one
fake or non-prompt lepton—such as in tt̄ or Z +
jets processes—make up the reducible background,

which is estimated through the use of data-driven
techniques. The search is then carried out using
sophisticated multi-bin SRs, which take into con-
sideration the differences in signal and background
kinematics and composition. All SRs, CRs, and val-
idation regions (VRs) are designed to be orthogonal
to one another. The final background estimate is
obtained with a profile log-likelihood fit [9], simulta-
neous in all CRs and SRs.

The full Run 2 results from the data observed in
all SRs show no significant excess with respect to
the SM prediction (Fig. 2). Model-dependent upper
limits on m(χ̃±

1 /χ̃
0
2) and m(χ̃0

1) at 95% Confidence
Level (CL) are set for each of the two simplified
model scenarios taken into account (Fig. 3) using
the CLs prescription in the signal-plus-background
hypothesis [11]. For the WZ-3� model, m(χ̃±

1 /χ̃
0
2)

are excluded up to 660 GeV for a massless χ̃0
1, and

up to 300 GeV for mass splittings between χ̃±
1 /χ̃

0
2

and χ̃0
1 near mZ . For the Wh-3� model, m(χ̃±

1 /χ̃
0
2)

are excluded up to 185 GeV for m(χ̃0
1) below 20 GeV.

In this case, the observed exclusion limit is weaker
than the expected limit, which is explained by the mild
excess found in one of the DFOS SRs; the limits
are however compatible within 2σ. These results
have been recently published [10], and the obtained
exclusion limits are greatly improved compared to the
previous equivalent search using the Run 1 8 TeV
dataset [12].

3. χ̃±
1 χ̃

0
2 → Wh → 2� SAME SIGN SEARCH

A search for direct χ̃±
1 χ̃

0
2 production has also been

carried out in a final state with two leptons (electrons
or muons) with the same sign (SS). The simplified
model taken into account—referred to as Wh-SS—
considers on-shell decay of χ̃±

1 and χ̃0
2 to W and

Higgs bosons, respectively, as shown in Fig. 4. The
model assumptions are the same as in the 3� case.

The complementarity between the WZ-3�, Wh-
3�, and Wh-SS models facilitates the statistical
combination of these multileptonic SUSY searches
to further probe the available phase space in search
for physics beyond the SM. The search strategy in
Wh-SS also follows a similar approach to the 3�
case, by considering orthogonal SRs, VRs, and CRs.
The dominant, irreducible SM background comes
from fully-leptonically decaying WZ processes, in
which one of the two leptons from the Z-boson decay
escapes detection, leaving a same-sign lepton pair.
Along with the reducible background from fake/non-
prompt leptons, another background source comes
from SM processes with an opposite-sign lepton
pair in which the charge of one lepton—typically an

PHYSICS OF ATOMIC NUCLEI Vol. 84 No. 4 2021
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electron—is misreconstructed (referred to as charge-
flip).

Early Run 2 results [13] show good agreement
with the SM prediction (Fig. 5) and therefore
m(χ̃±

1 /χ̃
0
2) and m(χ̃0

1) are excluded up to 230 and
40 GeV, respectively.

4. CONCLUSIONS

The search for electroweak direct production of
χ̃±
1 /χ̃

0
2 with boson-mediated decays to multileptonic

final states is one of the key analyses to search for
SUSY at the ATLAS experiment at the LHC. The
possibility to statistically combine the results from
the 2�-SS and 3� channels will allow to further probe
the SM predictions in specific phase spaces whilst
searching for physics beyond the SM.
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