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A search for electroweak production of supersymmetric particles in scenarios with compressed mass
spectra in final states with two low-momentum leptons and missing transverse momentum is presented.
This search uses proton-proton collision data recorded by the ATLAS detector at the Large Hadron Collider
in 2015–2016, corresponding to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p ¼ 13 TeV. Events with same-
flavor pairs of electrons or muons with opposite electric charge are selected. The data are found to be
consistent with the Standard Model prediction. Results are interpreted using simplified models of R-parity-
conserving supersymmetry in which there is a small mass difference between the masses of the produced
supersymmetric particles and the lightest neutralino. Exclusion limits at 95% confidence level are set on
next-to-lightest neutralino masses of up to 145 GeV for Higgsino production and 175 GeV for wino
production, and slepton masses of up to 190 GeV for pair production of sleptons. In the compressed mass
regime, the exclusion limits extend down to mass splittings of 2.5 GeV for Higgsino production, 2 GeV for
wino production, and 1 GeV for slepton production. The results are also interpreted in the context of a
radiatively-driven natural supersymmetry model with nonuniversal Higgs boson masses.
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I. INTRODUCTION

Supersymmetry (SUSY) [1–6] predicts new states that
differ by half a unit of spin from their partner Standard
Model (SM) particles, and it offers elegant solutions to
several problems in particle physics. In the minimal super-
symmetric extension to the Standard Model [7,8], the SM is
extended to contain two Higgs doublets, with supersym-
metric partners of the Higgs bosons called Higgsinos.
These Higgsinos mix with the partners of the electroweak
gauge bosons, the so-called winos and the bino, to form
neutralino χ̃01;2;3;4 and chargino χ̃�1;2 mass eigenstates (sub-
scripts indicate increasing mass). These states are collec-
tively referred to as electroweakinos. In this work, the
lightest neutralino χ̃01 is assumed to be the lightest SUSY
particle (LSP) and to be stable due to R-parity conservation
[9], which renders it a viable dark matter candidate [10,11].
Scenarios involving small mass differences between

heavier SUSY particles and the LSP are referred to as
compressed scenarios, or as having compressed mass
spectra. This work considers three compressed scenarios,
in which the heavier SUSY particles are produced via

electroweak interactions. The first scenario is motivated by
naturalness arguments [12,13], which suggest that the
absolute value of the Higgsino mass parameter μ is near
the weak scale [14,15], while the magnitude of the bino and
wino mass parameters, M1 and M2, can be significantly
larger (such as 1 TeV), i.e. jμj ≪ jM1j; jM2j. This results in
the three lightest electroweakino states, χ̃01, χ̃�1 , and χ̃02
being dominated by the Higgsino component. In this case
the three lightest electroweakino masses are separated by
hundreds of MeV to tens of GeV depending on the
composition of these mass eigenstates, which is determined
by the values of M1 and M2 [16]. The second scenario,
motivated by dark matter coannihilation arguments [17,18],
considers the absolute values of the M1 andM2 parameters
to be near the weak scale and similar in magnitude, while
the magnitude of μ is significantly larger, such that
jM1j < jM2j ≪ jμj. The χ̃�1 and χ̃02 states are consequently
wino-dominated, rendering them nearly mass degenerate
[19], and have masses of order one to tens of GeV larger
than a bino-dominated LSP. The third scenario is also
favored by such dark matter arguments, but involves the
pair production of the scalar partners of SM charged
leptons (sleptons l̃). In this scenario, the sleptons have
masses near the weak scale and just above the mass of a
pure bino LSP.
Experimental constraints in these compressed scenarios

are limited partly by small electroweak production cross
sections, but also by the small momenta of the visible decay
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products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃�1 Þ > 103.5 GeV for Δmð χ̃�1 ; χ̃01Þ >
3 GeV and mð χ̃�1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p ¼ 13 TeV.
Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z�) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p ¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃�1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV [45,46] and at
ffiffiffi
s

p ¼
13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃�1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

�
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS 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 ðr;ϕÞ 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 ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2þðΔϕÞ2
p

.
Rapidity is defined by y ¼ 1

2
ln½ðEþ pzÞ=ðE − pzÞ�, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.
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detector, calorimeter systems, and a muon spectrometer.
The inner detector provides precision tracking of charged
particles in the pseudorapidity region jηj < 2.5, consisting
of pixel and microstrip silicon subsystems within a tran-
sition radiation tracker. The innermost pixel detector layer,
the insertable B-layer [50], was added for

ffiffiffi
s

p ¼ 13 TeV
data-taking to improve tracking performance. The inner
detector is immersed in a 2 T axial magnetic field provided
by a superconducting solenoid. High-granularity lead/
liquid-argon electromagnetic sampling calorimeters are
used for jηj < 3.2. Hadronic energy deposits are measured
in a steel/scintillator tile barrel calorimeter in the jηj < 1.7
region. Forward calorimeters cover the region 1.5 < jηj <
4.9 for both the electromagnetic and hadronic measure-
ments. The muon spectrometer comprises trigger and high-
precision tracking chambers spanning jηj < 2.4 and
jηj < 2.7, respectively, and by three large superconducting
toroidal magnets. Events of interest are selected using a
two-level trigger system [51], consisting of a first-level
trigger implemented in hardware, which is followed by a
software-based high-level trigger.

III. COLLISION DATA AND SIMULATED
EVENT SAMPLES

Searches presented here use pp collision data at
ffiffiffi
s

p ¼
13 TeV from the LHC, collected by the ATLAS detector in
2015 and 2016. Events were selected using triggers
requiring large Emiss

T with run-period-dependent thresholds
of 70 to 110 GeV at the trigger level. These triggers are
>95% efficient for events with an offline-reconstructed
Emiss
T greater than 200 GeV. The data sample corresponds to

an integrated luminosity of 36.1 fb−1 with an uncertainty of
2.1%, derived using methods similar to those described in
Ref. [52]. The average number of pp interactions per bunch
crossing was 13.5 in 2015 and 25 in 2016.
Samples of Monte Carlo (MC) simulated events are

used to model both the signal and specific processes of
the SM background. For the SUSY signals, two sets of
simplified models [53–55] are used to guide the design
of the analysis: one based on direct production of
Higgsino states (referred to as the Higgsino model),
and the other a model involving pair production of
sleptons which decay to a pure bino LSP. For the
interpretation of the results of the analysis, two addi-
tional scenarios are considered: a simplified model
assuming the production of wino-dominated electro-
weakinos decaying to a bino LSP (referred to as the
wino-bino model), and a full radiatively-driven SUSY
model based on nonuniversal Higgs boson masses with
two extra parameters (NUHM2) [56,57]. In all the
models considered, the produced electroweakinos or
sleptons are assumed to decay promptly.
The Higgsino simplified model includes the production of

χ̃02 χ̃
�
1 , χ̃

0
2 χ̃

0
1 and χ̃þ1 χ̃

−
1 . The χ̃01 and χ̃02 masses were varied,

while the χ̃�1 masses were set tomð χ̃�1 Þ¼ 1
2
½mð χ̃01Þþmð χ̃02Þ�.

The mass splittings of pure Higgsinos are generated by
radiative corrections, and are of the order of hundreds of
MeV [58], with larger mass splittings requiring some mixing
with wino or bino states. However, in this simplified model,
the calculated cross sections assume electroweakino mixing
matrices corresponding to pure-Higgsino χ̃01; χ̃

�
1 ; χ̃

0
2 states

for all mass combinations. The search for electroweakinos
exploits a kinematic endpoint in the dilepton invariant mass
distribution, where the lepton pair is produced in the decay
chain χ̃02 → Z� χ̃01; Z

� → lþl−. Therefore, processes that
include production of a χ̃02 neutralino are most relevant for
this search, while χ̃þ1 χ̃

−
1 production contributes little to the

overall sensitivity. Example values of cross sections for
mð χ̃02Þ ¼ 110 GeV and mð χ̃01Þ ¼ 100 GeV are 4.3�
0.1 pb for χ̃02 χ̃

�
1 production and 2.73� 0.07 pb for χ̃02 χ̃

0
1

production. The branching ratios for χ̃02 → Z� χ̃01 and χ̃�1 →
W� χ̃01 were fixed to 100%. The Z� → lþl− branching ratios
depend on the mass splittings and were computed using
SUSY-HIT v1.5b [59], which accounts for finite b-quark and τ-
lepton masses. At Δmð χ̃02; χ̃01Þ ¼ 60 GeV the branching
ratios for Z� → eþe− and Z� → μþμ− are approximately
3.5%, while in the compressed scenario at Δmð χ̃02; χ̃01Þ ¼
2 GeV they increase to 5.1% and 4.9%, respectively, as the
Z� mass falls below the threshold needed to produce pairs of
heavy quarks or τ leptons. The branching ratios forW� → eν
and W� → μν also depend on the mass splitting, and
increases from 11% for large Δmð χ̃�1 ; χ̃01Þ to 20% for
Δmð χ̃�1 ; χ̃01Þ < 3 GeV. Events were generated at leading
order with MG5_aMC@NLO v2.4.2 [60] using the
NNPDF23LO PDF set [61] with up to two extra partons
in the matrix element (ME). The electroweakinos were
decayed using MADSPIN [62], and were required to produce
at least two leptons (e, μ) in the final state, including those
from decays of τ-leptons. The resulting events were inter-
faced with PYTHIA v8.186 [63] using the A14 set of tuned
parameters (tune) [64] to model the parton shower (PS),
hadronization and underlying event. The ME-PS matching
was performed using the CKKW-L scheme [65] with the
merging scale set to 15 GeV.
The wino-bino simplified model considers χ̃02 χ̃

�
1 pro-

duction, where the mass of the χ̃02 is assumed to be equal to
that of the χ̃�1 . The generator configuration as well as the
decay branching ratios are consistent with those for the
Higgsino samples. Pure wino production cross sections are
used for this model. An example value of the χ̃02 χ̃

�
1

production cross section for mð χ̃02; χ̃�1 Þ ¼ 110 GeV is
16.0� 0.5 pb. The composition of the mass eigenstates
differs between the wino-bino and Higgsino models. This
results in different invariant mass spectra of the two leptons
originating from the virtual Z� boson in the χ̃02 to χ̃01 decay.
The different spectra are illustrated in Fig. 2, where the
leptonic decays modeled by MADSPIN are found to be in
good agreement with theoretical predictions that depend on
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the relative sign of the χ̃01 and χ̃02 mass parameters [48],
which differs between the Higgsino and wino-bino models.
The slepton simplified model considers direct pair

production of the selectron ẽL;R and smuon μ̃L;R, where
the subscripts L, R denote the left- or right-handed chirality
of the partner electron or muon. The four sleptons are
assumed to be mass degenerate, i.e. mðẽLÞ ¼ mðẽRÞ ¼
mðμ̃LÞ ¼ mðμ̃RÞ. An example value of the slepton produc-
tion cross section formðl̃L;RÞ¼ 110GeV is 0.55�0.01 pb.
The sleptons decay with a 100% branching ratio into
the corresponding SM partner lepton and the χ̃01
neutralino. Events were generated at tree level using
MG5_aMC@NLO v2.2.3 and the NNPDF23LO PDF set
with up to two additional partons in the matrix element, and
interfaced with PYTHIA v8.186 using the CKKW-L prescrip-
tion for ME-PS matching. The merging scale was set to one
quarter of the slepton mass.
Higgsino, wino-bino, and slepton samples are scaled to

signal cross sections calculated at next-to-leading order
(NLO) in the strong coupling, and at next-to-leading-
logarithm (NLL) accuracy for soft-gluon resummation,
using RESUMMINO v1.0.7 [66–68]. The nominal cross section
and its uncertainty are taken from an envelope of cross
section predictions using different parton distribution
function (PDF) sets and factorization and renormalization
scales, as described in Ref. [69].
In the NUHM2 model, the masses of the Higgs doublets

that couple to the up-type and down-type quarks, mHu
and

mHd
respectively, are allowed to differ from the universal

scalar masses m0 at the grand unification scale. The
parameters of the model were fixed to the following
values: m0 ¼ 5 TeV; the pseudoscalar Higgs boson mass
mA ¼ 1 TeV; the trilinear SUSY breaking parameter
A0 ¼ −1.6 m0; the ratio of the Higgs field vacuum

expectation values tan β ¼ 15; and the Higgsino mass
parameter μ ¼ 150 GeV. This choice of parameters is
based on Ref. [70], which leads to a radiatively-driven
natural SUSY model with low fine-tuning, featuring
decoupled heavier Higgs bosons, a light Higgs boson with
a mass of 125 GeV and couplings like those in the SM,
colored SUSY particles with masses of the order of a few
TeV, and Higgsino-like light electroweakinos with masses
around the value of μ. The mass spectra and decay
branching ratios were calculated using ISAJET v7.84 [71].
The universal gaugino mass m1=2 is the free parameter in
the model, and has values between 350 and 800 GeV in
different event samples. This parameter primarily controls
the χ̃02– χ̃

0
1 mass splitting, for example mð χ̃02; χ̃01Þ ¼

ð161; 123Þ GeV for m1=2 ¼ 400 GeV and mð χ̃02; χ̃01Þ ¼
ð159; 141Þ GeV for m1=2 ¼ 700 GeV. The NUHM2 phe-
nomenology relevant to this analysis is similar to that of the
Higgsino simplified model described above, and samples of
simulated χ̃02 χ̃

0
1 and χ̃02 χ̃

�
1 events were therefore generated

with the same generator configuration as the Higgsino
samples, but with mass spectra, cross sections, and branch-
ing ratios determined by the NUHM2 model parameters.
The cross sections were calculated to NLO in the strong
coupling constant using PROSPINO v2.1 [72]. They are in
agreement with the NLO calculations matched to resum-
mation at NLL accuracy within ∼2%. An example value of
the χ̃02 χ̃

�
1 production cross section at m1=2 ¼ 700 GeV,

corresponding to a χ̃02 mass of 159 GeV and a χ̃�1 mass of
155 GeV, is 1.07� 0.05 pb.
For the SM background processes, SHERPA versions 2.1.1,

2.2.1, and 2.2.2 [73] were used to generate Zð�Þ=γ� þ jets,
diboson, and triboson events. Depending on the process,
matrix elements were calculated for up to two partons at

TABLE I. Simulated samples of Standard Model background processes. The PDF set refers to that used for the matrix element.

Process Matrix element Parton shower PDF set Cross section

Zð�Þ=γ� þ jets SHERPA 2.2.1 NNPDF 3.0 NNLO [86] NNLO [87]
Diboson SHERPA 2.1.1/2.2.1/2.2.2 NNPDF 3.0 NNLO Generator NLO
Triboson SHERPA 2.2.1 NNPDF 3.0 NNLO Generator LO, NLO

tt̄ POWHEG-BOX v2 PYTHIA 6.428 NLO CT10 [88] NNLOþ NNLL [89–92]
t (s-channel) POWHEG-BOX v1 PYTHIA 6.428 NLO CT10 NNLOþ NNLL [93]
t (t-channel) POWHEG-BOX v1 PYTHIA 6.428 NLO CT10f4 NNLOþ NNLL [94,95]
tþW POWHEG-BOX v1 PYTHIA 6.428 NLO CT10 NNLOþ NNLL [96]

hð→ ll;WWÞ POWHEG-BOX v2 PYTHIA 8.186 NLO CTEQ6L1 [97] NLO [98]
hþW=Z MG5_aMC@NLO 2.2.2 PYTHIA 8.186 NNPDF 2.3 LO NLO [98]

tt̄þW=Z=γ� MG5_aMC@NLO 2.3.3 PYTHIA 8.186 NNPDF 3.0 LO NLO [60]
tt̄þWW=tt̄ MG5_aMC@NLO 2.2.2 PYTHIA 8.186 NNPDF 2.3 LO NLO [60]
tþ Z MG5_aMC@NLO 2.2.1 PYTHIA 6.428 NNPDF 2.3 LO LO [60]
tþWZ MG5_aMC@NLO 2.3.2 PYTHIA 8.186 NNPDF 2.3 LO NLO [60]
tþ tt̄ MG5_aMC@NLO 2.2.2 PYTHIA 8.186 NNPDF 2.3 LO LO [60]
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NLO and up to four partons at LO using COMIX [74] and
OPENLOOPS [75], and merged with the SHERPA parton
shower [76] according to the ME+PS@NLO prescription
[77]. The Zð�Þ=γ� þ jets and diboson samples provide
coverage of dilepton invariant masses down to 0.5 GeV
for Zð�Þ=γ�→eþe−=μþμ−, and 3.8 GeV for Zð�Þ=γ�→τþτ−.
POWHEG-BOX v1 and v2 [78–80] interfaced to PYTHIA 6.428

with the PERUGIA2012 tune [81] were used to simulate tt̄ and
single-top production at NLO in the matrix element.
POWHEG-BOX v2 was also used with PYTHIA 8.186 to simulate
Higgs boson production. MG5_aMC@NLO v2.2.2 with
PYTHIA versions 6.428 or 8.186 and the ATLAS A14 tune was
used to simulate production of a Higgs boson in association
with a W or Z boson, as well as events containing tt̄ and
one or more electroweak bosons. These processes were
generated at NLO in the matrix element except for
tt̄þWW=tt̄, tþ tt̄, and tþ Z, which were generated at
LO. Table I summarizes the generator configurations of
the matrix element and parton shower programs, the PDF
sets, and the cross section calculations used for normali-
zation. Further details about the generator settings used
for the above described processes can also be found in
Refs. [82–85].
To simulate the effects of additional pp collisions,

referred to as pileup, additional interactions were generated
using the soft QCD processes of PYTHIA 8.186 with the A2
tune [99] and the MSTW2008LO PDF set [100], and were
overlaid onto each simulated hard-scatter event. The MC
samples were reweighted to match the pileup distribution
observed in the data.
All MC samples underwent ATLAS detector simulation

[101] based on GEANT4 [102]. The SUSY signal samples
employed a fast simulation that parametrizes the response
of the calorimeter [103]; the SM background samples used
full GEANT4 simulation. EVTGEN v1.2.0 [104] was employed
to model the decay of bottom and charm hadrons in all
samples except those generated by SHERPA, which uses its
internal modeling.

IV. EVENT RECONSTRUCTION

Candidate events are required to have at least one pp
interaction vertex reconstructed with a minimum of two
associated tracks with pT > 400 MeV. The vertex with the
highest

P
p2
T of the associated tracks is selected as the

primary vertex of the event.
This analysis defines two categories of identified leptons

and jets, referred to as preselected and signal, where signal
leptons and jets are a subset of preselected leptons and jets,
respectively.
Preselected electrons are reconstructed with pT >

4.5 GeV and within the pseudorapidity range of
jηj < 2.47. Furthermore, they are required to pass the
likelihood-based VeryLoose identification, which is
similar to the likelihood-based Loose identification defined

in Ref. [105] but has a higher electron identification
efficiency. The likelihood-based electron identification
criteria are based on calorimeter shower shape and inner
detector track information. Preselected muons are identified
using the Medium criterion defined in Ref. [106] and
required to satisfy pT > 4 GeV and jηj < 2.5. The longi-
tudinal impact parameter z0 relative to the primary vertex
must satisfy jz0 sin θj < 0.5 mm for both the electrons
and muons.
Preselected jets are reconstructed from calorimeter topo-

logical clusters [107] in the region jηj < 4.5 using the anti-
kt algorithm [108,109] with radius parameter R ¼ 0.4. The
jets are required to have pT > 20 GeV after being cali-
brated in accord with Ref. [110] and having the expected
energy contribution from pileup subtracted according to the
jet area [111]. In order to suppress jets due to pileup, jets
with pT < 60 GeV and jηj < 2.4 are required to satisfy the
Medium working point of the jet vertex tagger [111], which
uses information from the tracks associated with the jet. To
reject events with detector noise or noncollision back-
grounds, events are rejected if they fail basic quality
criteria [112].
Jets that contain a b-hadron, referred to as b-jets, are

identified within jηj < 2.5 using the MV2C10 algorithm
[113,114]. The working point is chosen so that b-jets from
simulated tt̄ events are identified with an 85% efficiency,
with rejection factors of 3 for charm-quark jets and 34 for
light-quark and gluon jets.
The following procedure is used to resolve ambi-

guities between the reconstructed leptons and jets. It
employs the distance measure ΔRy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
,

where y is the rapidity. Electrons that share an inner
detector track with a muon candidate are discarded to
remove bremsstrahlung from muons followed by a photon
conversion into electron pairs. Non-b-tagged jets that are
separated from the remaining electrons by ΔRy < 0.2 are
removed. Jets that lie ΔRy < 0.4 from a muon candidate
and contain fewer than three tracks with pT > 500 MeV
are removed to suppress muon bremsstrahlung. Electrons
or muons that lie ΔRy < 0.4 from surviving jet candidates
are removed to suppress bottom and charm hadron
decays.
Additional requirements on leptons that survive

preselection are optimized for signal efficiency and back-
ground rejection. Signal electrons must satisfy the Tight
identification criterion [115], and be compatible with
originating from the primary vertex, with the significance
of the transverse impact parameter defined relative to the
beam position satisfying jd0j=σðd0Þ < 5. From the remain-
ing preselected muons, signal muons must satisfy
jd0j=σðd0Þ < 3.
The GradientLoose and FixedCutTightTrackOnly iso-

lation criteria, as detailed in Ref. [106], are imposed on
signal electrons and muons, respectively, to reduce con-
tributions from fake/nonprompt leptons arising from jets
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misidentified as leptons, photon conversions, or semilep-
tonic decays of heavy-flavor hadrons. These isolation
requirements are either based on the presence of additional
tracks or based on clusters of calorimeter energy deposi-
tions inside a small cone around the lepton candidate.
Contributions from any other preselected leptons are
excluded in order to preserve efficiencies for signals with
small dilepton invariant mass.
After all lepton selection criteria are applied, the effi-

ciency for reconstructing and identifying signal electrons
within the detector acceptance in the Higgsino and slepton
signal samples range from 15% for pT ¼ 4.5 GeV to over
70% for pT > 30 GeV. The corresponding efficiency for
signal muons ranges from approximately 50% at pT ¼
4 GeV to over 85% for pT > 30 GeV. Of the total
predicted background, the fraction due to fake/nonprompt
electrons in an event sample with opposite-sign, different-
flavor leptons falls from approximately 80% at pT ¼
4.5 GeV to less than 5% for pT > 30 GeV, while the
fraction of fake/nonprompt muons in the same sample
falls from 80% at pT ¼ 4 GeV to less than 8% for
pT > 30 GeV.
From the sample of preselected jets, signal jets are

selected if they satisfy pT > 30 GeV and jηj < 2.8, except
for b-tagged jets where the preselected jet requirement of
pT > 20 GeV is maintained to maximize the rejection of
the tt̄ background.
Small corrections are applied to reconstructed electrons,

muons, and b-tagged jets in the simulated samples to match
the reconstruction efficiencies in data. The corrections for
b-tagged jets account for the differences in b-jet identi-
fication efficiencies as well as misidentification rates of c-,
and light-flavor/gluon initiated jets between data and
simulated samples. The corrections for low-momentum
leptons are obtained from J=ψ → ee=μμ events with the
same tag-and-probe methods as used for higher-pT elec-
trons [105] and muons [106].
The missing transverse momentum pmiss

T , with magni-
tude Emiss

T , is defined as the negative vector sum of the
transverse momenta of all reconstructed objects (elec-
trons, muons and jets) and an additional soft term. The
soft term is constructed from all tracks that are not
associated with any object, but that are associated with
the primary vertex. In this way, Emiss

T is adjusted for the
best calibration of the jets and the other identified physics
objects above, while maintaining pileup independence in
the soft term [116].

V. SIGNAL REGION SELECTION

Table II summarizes the event selection criteria for all
signal regions (SRs). A candidate event is required to
contain exactly two preselected same-flavor opposite-
charge leptons (eþe− or μþμ−), both of which must also
be signal leptons. In the SUSY signals considered, the
highest sensitivity from this selection arises from two

leptons produced either by the χ̃02 decay via an off-shell Z
boson, or by the slepton decays. The lepton with
the higher (lower) pT of each pair is referred to as the
leading (subleading) lepton and is denoted by l1 (l2).
The leading lepton is required to have pl1

T > 5 GeV,
which suppresses background due to fake/nonprompt
leptons. The pT threshold for the subleading lepton
remains at 4.5 GeV for electrons and 4 GeV for muons
to retain signal acceptance. Requiring the separation
ΔRll between the two leptons to be greater than 0.05
suppresses nearly collinear lepton pairs originating from
photon conversions or muons giving rise to spurious pairs
of tracks with shared hits. The invariant mass mll of the
lepton pair is required to be greater than 1 GeV for the
same reason. The dilepton invariant mass is further
required to be outside of the [3.0, 3.2] GeV window to
suppress contributions from J=ψ decays, and less than
60 GeV to suppress contributions from on-shell Z boson
decays. No veto is implemented around other resonances
such as ϒ or ψ states, which are expected to contribute far
less to the SRs.
The reconstructed Emiss

T is required to be greater than
200 GeV, where the efficiency of the triggers used in
the analysis exceeds 95%. For signal events to pass this
Emiss
T requirement, the two χ̃01 momenta must align by

recoiling against hadronic initial-state radiation. This
motivates the requirements on the leading jet (denoted
by j1) of p

j1
T > 100 GeV and Δϕðj1;pmiss

T Þ > 2.0, where
Δϕðj1;pmiss

T Þ is the azimuthal separation between j1 and
pmiss
T . In addition, a minimum azimuthal separation require-

ment min (Δϕðany jet;pmiss
T Þ) > 0.4 between any signal jet

in the event and pmiss
T reduces the effect of jet-energy

mismeasurement on Emiss
T .

The leading sources of irreducible background are tt̄,
single-top, WW=WZ þ jets (hereafter referred to as
WW=WZ), and Zð�Þ=γ�ð→ ττÞ þ jets. The dominant source
of reducible background arises from processes where one
or more leptons are fake/nonprompt, such as in W þ jets
production.
Events containing b-tagged jets are rejected to reduce the

tt̄ and single-top background. The Zð�Þ=γ�ð→ ττÞ þ jets
background is suppressed using the mττ variable
[16,31,37], defined by mττ ¼ signðm2

ττÞ
ffiffiffiffiffiffiffiffiffiffi
jm2

ττj
p

, which is
the signed square root ofm2

ττ ≡ 2pl1 · pl2
ð1þ ξ1Þð1þ ξ2Þ,

where pl1 and pl2 are the lepton four-momenta, while the
parameters ξ1 and ξ2 are determined by solving
pmiss
T ¼ ξ1p

l1
T þ ξ2p

l2
T . The definition of mττ approximates

the invariant mass of a leptonically decaying τ-lepton pair if
both τ-leptons are sufficiently boosted so that the daughter
neutrinos from each τ decay are collinear with the visible
lepton momentum. The mττ variable can take negative
values in events where one of the lepton momenta has a
smaller magnitude than Emiss

T and points in the hemisphere
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opposite to the pmiss
T vector. Events with 0 < mττ <

160 GeV are rejected. After the common and electro-
weakino SR selections in Table II are applied, this veto
retains 75% of the Higgsino signal withmð χ̃02Þ ¼ 110 GeV
andmð χ̃01Þ ¼ 100 GeV, while 87% of the Zð�Þ=γ�ð→ ττÞ þ
jets background is rejected.
After applying the common selection requirements

above, two sets of SRs are constructed to separately target
the production of electroweakinos and sleptons.
In electroweakino production, the two leptons originating

from Z� → ll are both soft, and their invariant mass is
small. Because of the recoil of the SUSY particle system
against a jet from initial-state radiation, the angular separa-
tion ΔRll between the two leptons is required to be smaller
than 2.0. The transverse mass of the leading lepton andEmiss

T ,

defined as ml1

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEl1

T Emiss
T − pl1

T · pmiss
T Þ

q
, is required to

be smaller than 70 GeV to reduce the background from tt̄,
WW=WZ, andW þ jets. The dilepton invariant massmll is
correlated with Δmð χ̃02; χ̃01Þ, illustrated in Fig. 2, and is used
to define the binning of the electroweakino SRs as further
described below.
In slepton pair production, the event topology can be

used to infer the slepton mass given the LSP mass. The
stransverse mass [39,40] is defined by

m
m χ

T2 ðpl1
T ;pl2

T ;pmiss
T Þ

¼ min
qT

½max (mTðpl1
T ;qT; m χÞ; mTðpl2

T ;pmiss
T − qT; m χÞ)�;

where m χ is the hypothesized mass of the invisible
particles, and the transverse vector qT with magnitude
qT is chosen to minimize the larger of the two transverse
masses, defined by

mTðpT;qT; m χÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þm2
χ þ 2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

l

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2T þm2

χ

q
− pT · qT

�r
:

For events arising from signals with slepton mass mðl̃Þ
and LSP mass mð χ̃01Þ, the values of m

m χ

T2 are bounded
from above bymðl̃Þwhenm χ is equal tomð χ̃01Þ, i.e.mm χ

T2 ≤
mðl̃Þ for m χ ¼ mð χ̃01Þ. The stransverse mass with
m χ ¼ 100 GeV, denotedm100

T2 , is used to define the binning
of the slepton SRs as further described below. The chosen
value of 100 GeV is based on the expected LSP masses of
the signals targeted by this analysis. The distribution of
m100

T2 does not vary significantly for signals where
mð χ̃01Þ ≠ 100 GeV.
The scalar sum of the lepton transverse momenta

Hlep
T ¼ pl1

T þ pl2
T is smaller in compressed-scenario

SUSY signal events than in background events such as
SM production of WW or WZ. The ratio Emiss

T =Hlep
T

provides signal-to-background discrimination which
improves for smaller mass splittings in the signals and
is therefore used as a sensitive variable in both the
electroweakino and slepton SRs. The minimum value of
the Emiss

T =Hlep
T requirement is adjusted event by event

TABLE II. Summary of event selection criteria. The binning scheme used to define the final signal regions is
shown in Table III. Signal leptons and signal jets are used when applying all requirements.

Variable Common requirement

Number of leptons ¼2
Lepton charge and flavor eþe− or μþμ−
Leading lepton pl1

T >5 (5) GeV for electron (muon)
Subleading lepton pl2

T >4.5 (4) GeV for electron (muon)
ΔRll >0.05
mll ∈½1; 60� GeV excluding [3.0, 3.2] GeV
Emiss
T >200 GeV

Number of jets ≥1
Leading jet pT >100 GeV
Δϕðj1;pmiss

T Þ >2.0
min (Δϕðany jet;pmiss

T Þ) >0.4
Number of b-tagged jets ¼ 0
mττ <0 or >160 GeV

Electroweakino SRs Slepton SRs

ΔRll <2 � � �
ml1

T
<70 GeV � � �

Emiss
T =Hlep

T
>max ð5; 15 − 2 mll

1 GeVÞ >max (3; 15 − 2ð m100
T2

1 GeV − 100Þ)
Binned in mll m100

T2
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according to the size of the mass splitting inferred from
the event kinematics. For the electroweakino SRs, this

is achieved with mll as Emiss
T =Hlep

T > max½5; 15−
2mll=ð1 GeVÞ�. For the slepton SRs, m100

T2 − 100 GeV is

used as Emiss
T =Hlep

T >max½3;15−2fm100
T2 =ð1GeVÞ−100g�.

Figure 3 illustrates the Emiss
T =Hlep

T requirement for electro-
weakino and slepton SRs.
Table III defines the binning of the SRs. The electro-

weakino SRs are divided into seven nonoverlapping ranges
of mll, which are further divided by lepton flavor (ee, μμ),
and referred to as exclusive regions. Seven inclusive
regions are also defined, characterized by overlapping
ranges of mll. For the slepton SRs, m100

T2 is used to define
12 exclusive regions and 6 inclusive regions. When setting
model-dependent limits on the electroweakino (slepton)
signals, only the exclusive SRee-mll and SRμμ-mll

regions (SRee-m100
T2 and SRμμ-m100

T2 regions) are sta-
tistically combined in a simultaneous fit. When setting
model-independent upper limits on new physics signals,

only the inclusive SRll-mll and SRll-m100
T2 regions are

considered. The details of these statistical procedures are
given in Sec. VIII.
After all selection criteria are applied, the Higgsino

model with mð χ̃02Þ ¼ 110 GeV and mð χ̃01Þ ¼ 100 GeV has
an acceptance times efficiency of 6.5 × 10−5 in SRll-mll

[1, 60]. The acceptance times efficiency in SRll-m100
T2

½100; ∞� for the slepton model, with mðl̃Þ ¼ 110 GeV
and mð χ̃01Þ ¼ 100 GeV, is 3.3 × 10−3.

VI. BACKGROUND ESTIMATON

A common strategy is used to determine the SM back-
ground in all SRs. The dominant sources of irreducible
background events that contain two prompt leptons, miss-
ing transverse momentum and jets are tt̄, tW, WW=WZ,
and Zð�Þ=γ�ð→ ττÞ þ jets, which are estimated using MC
simulation. The main reducible backgrounds are from
events containing fake/nonprompt leptons. These processes
are estimated collectively with a data-driven method. While

FIG. 3. Distributions of Emiss
T =Hlep

T for the electroweakino (left) and slepton (right) SRs, after applying all signal region selection
criteria except those on Emiss

T =Hlep
T , mll, and mT2. The solid red line indicates the requirement applied in the signal region; events in the

region below the red line are rejected. Representative benchmark signals for the Higgsino (left) and slepton (right) simplified models are
shown as circles. Both signal and background are normalized to their expected yields in 36.1 fb−1. The total background includes the
MC prediction for all the processes listed in Table I and a data-driven estimate for fake/nonprompt leptons discussed further in Sec. VI.

TABLE III. Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee, μμ, or ll for
both) and a range of mll (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV. The inclusive bins are used to set model-
independent limits, while the exclusive bins are used to derive exclusion limits on signal models.

Electroweakino SRs

Exclusive SRee-mll, SRμμ-mll [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SRll-mll [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRμμ-m

100
T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] ½130;∞�

Inclusive SRll-m100
T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] ½100;∞�
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the fake/nonprompt lepton background tends to be dom-
inant at low values of mll and m100

T2 , the irreducible tt̄, tW,
WW=WZ processes are more important at the upper end of
the distributions.

A. Irreducible background

The MC simulations of tt̄; tW and Zð�Þ=γ�ð→ ττÞ þ jets
background processes are normalized in a simultaneous fit
to the observed data counts in control regions (CRs) using
statistical procedures detailed in Sec. VIII. The CRs are
designed to be statistically disjoint from the SRs, to be
enriched in a particular background process, to have
minimal contamination from the signals considered, and
to exhibit kinematic properties similar to the SRs. The event
rates in the SRs are then predicted by extrapolating from the
CRs using the simulated MC distributions. This extrapo-
lation is validated using events in dedicated validation

regions (VRs), which are not used to constrain the fit and
are orthogonal in selection to the CRs and SRs. The
definitions of these regions are summarized in Table IV.
The tt̄ and tW, diboson WW=WZ, and Zð�Þ=γ�ð→ ττÞ þ

jets processes containing two prompt leptons all yield
same-flavor lepton pairs (ee and μμ) at the same rate as
for different-flavor pairs (eμ and μe, where the first lepton
is the leading lepton). To enhance the statistical con-
straining power of the respective CRs, all possible flavor
assignments (ee, μμ, eμ, and μe) are selected when defining
the CRs.
Two single-bin CRs are considered, which have all the

selections in Table II applied unless stated otherwise in
Table IV. A sample enriched in top quarks with 71% purity,
CR-top, is defined by selecting events with at least one
b-tagged jet. This CR has 1100 observed events and is
used to constrain the normalization of the tt̄ and tW
processes with dilepton final states. A sample enriched

TABLE IV. Definition of control and validation regions. The common selection criteria in Table II are implied
unless otherwise specified.

Region Leptons Emiss
T =Hlep

T
Additional requirements

CR-top e�e∓, μ�μ∓, e�μ∓, μ�e∓ >5 ≥1 b-tagged jet(s)
CR-tau e�e∓, μ�μ∓, e�μ∓, μ�e∓ ∈ ½4; 8� mττ ∈ ½60; 120� GeV
VR-VV e�e∓, μ�μ∓, e�μ∓, μ�e∓ <3

VR-SS e�e�, μ�μ�, e�μ�, μ�e� >5

VRDF-mll e�μ∓, μ�e∓ >max ð5; 15 − 2 mll
1 GeVÞ ΔRll < 2, ml1

T < 70 GeV
VRDF-m100

T2 e�μ∓, μ�e∓ >max ð3; 15 − 2ð m100
T2

1 GeV − 100ÞÞ

FIG. 4. Examples of kinematic distributions after the background-only fit showing the data as well as the expected background in
control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions is applied, except for the
requirement that is imposed on the variable being plotted. This requirement is indicated by blue arrows in the distributions. The first
(last) bin includes underflow (overflow). Background processes containing fewer than two prompt leptons are categorized as “Fake/
nonprompt.” The category “Others” contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production
processes listed in Table I. The uncertainty bands plotted include all statistical and systematic uncertainties.
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in the Zð�Þ=γ�ð→ ττÞ þ jets processes with 83% purity,
CR-tau, is constructed by selecting events satisfying
60<mττ < 120GeV. This CR has 68 observed events
and the variable Emiss

T =Hlep
T is required to have a value

between 4 and 8 to reduce potential contamination from
signal events. Figure 4 shows the background composition
of the CR-tau and CR-top regions. The signal contamina-
tion in both regions is typically below 3% and is at
most 11%.
It is difficult to select a sample of diboson events pure

enough to be used to constrain their contribution to the
SRs. The diboson background is therefore estimated with
MC simulation. A diboson VR, denoted by VR-VV, is
constructed by requiring Emiss

T =Hlep
T < 3.0. This sample

consists of approximately 40% diboson events, 20% fake/
nonprompt lepton events, 25% tt̄ and single-top events, and
smaller contributions from Zð�Þ=γ� → ττ and other proc-
esses. The signal contamination in VR-VV is at most 9%.
This region is used to test the modeling of the diboson
background and the associated systematic uncertainties.
Additional VRs are constructed from events with differ-

ent-flavor (eμ and μe) leptons. These VRs, VRDF-mll and
VRDF-m100

T2 , are defined using the same selection criteria as
the electroweakino and slepton SRs, respectively, and are
used to validate the extrapolation of background in the
fitting procedure within the same kinematic regime as the
SRs. The electroweakino signal contamination in
VRDF-mll is always below 8%, while the slepton signal
contamination in VRDF-m100

T2 is always negligible.
For each VR, the level of agreement between the

kinematic distributions of data and predicted events is
checked. The VRDF-mll and VRDF-m100

T2 regions are also
presented binned in mll and m100

T2 , respectively, using the
same intervals as the exclusive SRs in Table III to ensure
that these VRs consist of events with the same kinematic
selection as the SRs.

B. Reducible background

Two sources of reducible background are considered:
processes where fake/nonprompt leptons are amongst the
two selected signal leptons, and those where the recon-
structed Emiss

T values are instrumental in origin.
The fake/nonprompt lepton background arises from jets

misidentified as leptons, photon conversions, or semilep-
tonic decays of heavy-flavor hadrons. Studies based on
simulated samples indicate that the last of these is the
dominant component in the SRs. Since MC simulation is
not expected to model these processes accurately, the data-
driven fake factor method [117] is employed.
The fake factor procedure first defines a tight set of

criteria, labeled ID, corresponding to the requirements
applied to signal leptons used in the analysis. Second, a

loose set of criteria, labeled anti-ID, has one or more
of the identification, isolation, or jd0j=σðd0Þ requirements
inverted relative to signal leptons to obtain an orthogonal
sample enriched in fake/nonprompt leptons. The ratio of ID
to anti-ID leptons defines the fake factor.
The fake factors are measured in events collected with

prescaled single-lepton triggers. These single-lepton trig-
gers have lepton identification requirements looser than
those used in the anti-ID lepton selection, and have pT
thresholds ranging from 4 to 20 GeV. This sample, referred
to as the measurement region, is dominated by multijet
events with fake/nonprompt leptons. Both the electron and
muon fake factors are measured in this region as a function
of reconstructed lepton pT. The muon fake factors are also
found to have a dependence on the number of b-tagged jets
in the event. The fake factors used in CR-top are therefore
computed in events with >0 b-tagged jets, while all other
regions use fake factors computed using events with zero
b-tagged jets.
To obtain the fake/nonprompt lepton prediction in a

particular region, these fake factors are applied to events
satisfying the corresponding selection requirements, except
with an anti-ID lepton replacing an ID lepton. MC studies
indicate that the leptons in the anti-ID region arise from
processes similar to those for fake/nonprompt leptons
passing the signal selection requirements in the SR. The
contributions from prompt leptons that pass the ID and anti-
ID requirements in the measurement region, and that pass
the anti-ID requirements in the region under study, are
subtracted using MC simulation. The yields from this
procedure are cross-checked in VRs, named VR-SS, which
have similar kinematic selections as the SRs, but are
enriched in fake/nonprompt leptons by requiring two
leptons with the same electric charge. As the subleading
lepton is found to be the fake/nonprompt lepton in most
cases, the VR-SS are divided into eeþ μe and μμþ eμ,
where the left (right) lepton of each pair denotes the leading
(subleading) lepton. The fraction of events in which both
leptons are fake/nonprompt is found to be small by
considering the rate of anti-ID leptons in data. The electro-
weakino signal contamination in VR-SS is typically neg-
ligible, and always below 7%, while the slepton signal
contamination in VR-SS is always negligible.
Background processes with no invisible particles can

satisfy the Emiss
T > 200 GeV requirement when the

momenta of visible leptons or jets are mismeasured by
the detector. Contributions of these events in the SRs
arising from processes such as Drell–Yan dilepton pro-
duction are studied with MC simulation and are found to be
negligible. This estimate is cross-checked with a data-
driven method using independent event samples defined by
relaxed or inverted selection criteria. A lower Emiss

T require-
ment is used to accept a higher rate of Zð�Þ=γ� → lþl−
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events, while relaxed requirements on the kinematics of the
leading jet, mττ, Emiss

T =Hlep
T , and lepton isolation minimize

the impact of any signal contamination. The results from
the data-driven method are consistent with the estimates
based on MC simulation.

VII. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty affecting the
background and signal predictions consist of uncertainties
due to experimental sources, which include those from the

fake factor method, and uncertainties arising from the
theoretical modeling in simulated samples.
The largest sources of experimental systematic uncer-

tainty is the fake/nonprompt background prediction from
the fake factor procedure. In this method, systematic
uncertainties arise from the size of the samples used to
measure the fake factors, which are uncorrelated between
events with respect to the pT and flavor of the anti-ID
lepton, but otherwise correlated across the different CRs
and SRs. Additional uncertainties are assigned to account
for differences in the event and lepton kinematics between

FIG. 5. The relative systematic uncertainties in the background prediction in the exclusive electroweakino (left) and slepton (right)
SRs. The individual uncertainties can be correlated and do not necessarily add up in quadrature to the total uncertainty.

FIG. 6. Comparison of observed and expected event yields in the validation regions after the background-only fit. Background
processes containing fewer than two prompt leptons are categorized as “Fake/nonprompt.” The category “Others” contains rare
backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table I. Uncertainties in the
background estimates include both the statistical and systematic uncertainties, where σtot denotes the total uncertainty.
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the measurement region and SRs. The differences
between the fake factor prediction and observed data
in the VR-SS regions are used to assign additional
systematic uncertainties. These uncertainties are consid-
ered correlated across the different SRs, but uncorrelated
as regards the flavor of the anti-ID lepton in the event.
Uncertainties originating from the MC-based subtraction
of prompt leptons in the fake factor measurement region
are found to be negligible.
Further significant experimental systematic uncertainties

are related to the jet energy scale and resolution, flavor-
tagging, and the reweighting procedure applied to simu-
lated events to match pileup conditions observed in data.
Uncertainties in the lepton reconstruction and identification
efficiencies, together with energy/momentum scale and
resolution also contribute, but are found to be small. The
systematic uncertainties for low-momentum leptons are

derived using the same procedure as for higher-pT electrons
[105] and muons [106].
In addition to the experimental uncertainties, several

sources of theoretical modeling uncertainty affect the
simulated samples of the dominant SM backgrounds, i.e.
tt̄, tW, Zð�Þ=γ�ð→ ττÞ þ jets, and diboson processes. The
effects of the QCD renormalization and factorization scale
uncertainties are evaluated by independently varying the
corresponding event generator parameters up and down by
a factor of 2. The impact of the uncertainty of the strong
coupling constant αS on the acceptance is also considered.
The effects of PDF uncertainties are evaluated by reweight-
ing the simulated samples to the CT14 [118] and
MMHT2014 [119] PDF sets and taking the envelope of
the predicted yields. The theoretical modeling uncertainties
are evaluated in each of the CRs and SRs and their effect is
correlated for events across all regions. For the dileptonic

FIG. 7. Kinematic distributions after the background-only fit showing the data and the expected background in the different-flavor
validation region VRDF-m100

T2 (top left), the diboson validation region VR-VV (top right), and the same-sign validation region VR-SS
inclusive of lepton flavor (bottom). Similar levels of agreement are observed in other kinematic distributions for VR-SS and VR-VV.
Background processes containing fewer than two prompt leptons are categorized as “Fake/nonprompt.” The category “Others” contains
rare backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table I. The last bin includes
overflow. The uncertainty bands plotted include all statistical and systematic uncertainties. Orange arrows in the data/SM panel indicate
values that are beyond the y axis range.
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diboson background, the uncertainties of the normalization
and shape in the SRs are dominated by the QCD scale
variations. The normalization uncertainties of the top quark
and Zð�Þ=γ�ð→ ττÞ þ jets contributions are constrained by
the simultaneous fit, and only the shape uncertainties
relating the CRs to the SRs affect the results.
Figure 5 shows the relative size of the various classes

of uncertainty in the background predictions in the exclu-
sive electroweakino and slepton SRs. The uncertainties
related to the fake factor method are displayed separately
from the remaining experimental uncertainties due to their
relatively large contribution. The breakdown also includes
the uncertainties in the normalization factors of the
Zð�Þ=γ�ð→ ττÞ þ jets and the combined tt̄ and tW back-
grounds as obtained from CR-tau and CR-top, respectively.

The theoretical modeling uncertainties in the
expected yields for SUSY signal models are estimated
by varying by a factor of 2 the MG5_aMC@NLO
parameters corresponding to the renormalization, fac-
torization and CKKW-L matching scales, as well as the
PYTHIA8 shower tune parameters. The overall uncer-
tainties in the signal acceptance range from about 20%
to 40% and depend on the SUSY particle mass splitting
and the production process. Uncertainties in the signal
acceptance due to PDF uncertainties are evaluated
following the PDF4LHC15 recommendations [120]
and amount to 15% at most for large χ̃02 or l̃ masses.
Uncertainties in the shape of the mll or m100

T2 signal
distributions due to the sources above are found to be
small, and are neglected.

FIG. 8. Kinematic distributions after the background-only fit showing the data as well as the expected background in the inclusive
electroweakino SRll-mll [1, 60] (top) and slepton SRll-m100

T2 ½100;∞� (bottom) signal regions. The arrow in the Emiss
T =Hlep

T variables
indicates the minimum value of the requirement imposed in the final SR selection. Themll andmT2 distributions (right) have all the SR
requirements applied. Background processes containing fewer than two prompt leptons are categorized as “Fake/nonprompt.” The
category “Others” contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in
Table I. The uncertainty bands plotted include all statistical and systematic uncertainties. The last bin includes overflow. The dashed
lines represent benchmark signal samples corresponding to the Higgsino H̃ and slepton l̃ simplified models. Orange arrows in the data/
SM panel indicate values that are beyond the y axis range.
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VIII. RESULTS AND INTERPRETATION

The HISTFITTER package [121] is used to implement the
statistical interpretation based on a profile likelihood
method [122]. Systematic uncertainties are treated as
nuisance parameters in the likelihood.
To determine the SM background predictions inde-

pendent of the SRs, only the CRs are used to constrain
the fit parameters by likelihood maximization assuming
no signal events in the CRs; this is referred to as the
background-only fit. The normalizations, μZð�Þ=γ�→ττ and

μtop, respectively for the Zð�Þ=γ�ð→ ττÞ þ jets MC sam-
ple and the combined tt̄ and tW MC samples are
extracted in a simultaneous fit to the data events in
CR-tau and CR-top, as defined in Sec. VI. The nor-
malization parameters, as obtained from the back-
ground-only fit, are μZð�Þ=γ�→ττ ¼ 0.72� 0.13 and
μtop ¼ 1.02� 0.09, whose uncertainties include statisti-
cal and systematic contributions combined.
The accuracy of the background predictions is tested in

the VRs discussed in Sec. VI. As illustrated in Fig. 6, the
background predictions in the VRs are in good agreement
with the observed data yields (deviations < 1.5σ). Figure 7
shows distributions of the data and the expected back-
grounds for a selection of VRs and kinematic variables
including the mll distribution in VR-VV and the m100

T2

distribution in VR-SS. Data and background predictions are
compatible within uncertainties.
Figure 8 shows kinematic distributions of the data and

the expected backgrounds for the inclusive SRs. No
significant excesses of the data above the expected back-
ground are observed.
The observed and predicted event yields from the

background-only fit are used to set model-independent
upper limits on processes beyond the SM by including one
inclusive SR at a time in a simultaneous fit with the CRs.
Using the CLs prescription [123], a hypothesis test is
performed to set upper limits at the 95% confidence level
(C.L.) on the observed (expected) number of signal events
S95obsðexpÞ in each SR. Dividing S95obs by the integrated

luminosity of 36.1 fb−1 defines the upper limits on the
visible cross sections hϵσi95obs. These results are shown in
Table V. To quantify the probability under the background-
only hypothesis to produce event yields greater than or
equal to the observed data the discovery p-values are given
as well.
In the absence of any significant deviations from the SM

expectation in the inclusive SRs, the results are interpreted
as constraints on the SUSY models discussed in Sec. III
using the exclusive electroweakino and slepton SRs. The
background-only fit is extended to allow for a signal model

TABLE V. Left to right: The first two columns present observed (Nobs) and expected (Nexp) event yields in the
inclusive signal regions. The latter are obtained by the background-only fit of the control regions, and the errors
include both statistical and systematic uncertainties. The next two columns show the observed 95% C.L. upper
limits on the visible cross section ðhϵσi95obsÞ and on the number of signal events ðS95obsÞ. The fifth column ðS95expÞ shows
what the 95% C.L. upper limit on the number of signal events would be, given an observed number of events equal
to the expected number (and �1σ deviations from the expectation) of background events. The last column indicates
the discovery p-value (pðs ¼ 0Þ), which is capped at 0.5.

Signal Region Nobs Nexp hϵσi95obs [fb] S95obs S95exp pðs ¼ 0Þ
SRll-mll [1, 3] 1 1.7� 0.9 0.10 3.8 4.3þ1.7

−0.7 0.50
SRll-mll [1, 5] 4 3.1� 1.2 0.18 6.6 5.6þ2.3

−1.0 0.32
SRll-mll [1, 10] 12 8.9� 2.5 0.34 12.3 9.6þ3.2

−1.9 0.21
SRll-mll [1, 20] 34 29� 6 0.61 22 17þ7

−6 0.25
SRll-mll [1, 30] 40 38� 6 0.59 21 20þ9

−5 0.38
SRll-mll [1, 40] 48 41� 7 0.72 26 20þ8

−5 0.20
SRll-mll [1, 60] 52 43� 7 0.80 29 24þ5

−10 0.18

SRll-m100
T2 [100, 102] 8 12.4� 3.1 0.18 7 9þ4

−2 0.50
SRll-m100

T2 [100, 105] 34 38� 7 0.49 18 23þ7
−7 0.50

SRll-m100
T2 [100, 110] 131 129� 18 1.3 48 47þ13

−15 0.37
SRll-m100

T2 [100, 120] 215 232� 29 1.4 52 62þ21
−15 0.50

SRll-m100
T2 [100, 130] 257 271� 32 1.7 61 69þ22

−17 0.50
SRll-m100

T2 ½100;∞� 277 289� 33 1.8 66 72þ24
−17 0.50
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with a corresponding signal strength parameter in a
simultaneous fit of all CRs and relevant SRs; this is
referred to as the exclusion fit. When an electroweakino
signal is assumed, the 14 exclusive SRee-mll and
SRμμ-mll regions binned in mll are considered. By
statistically combining these SRs, the signal shape of the
mll spectrum can be exploited to improve the sensitivity.
When a slepton signal is assumed, the 12 exclusive
SRee-m100

T2 and SRμμ-m100
T2 regions binned in m100

T2 are
used for the fit.
Table VI summarizes the fitted and observed event yields

in the exclusive electroweakino and slepton SRs using an
exclusion fit configuration where the signal strength
parameter is fixed to zero. The predicted yields differ
slightly from those obtained in the background-only fit, as
expected, because inclusion of the SRs to the fit further
constrains the background contributions in the absence of
signal. Figure 9 illustrates the compatibility of the fitted and
observed event yields in these regions. No significant
differences between the fitted background and the observed
event yields are found in the exclusive SRs.
Hypothesis tests are then performed to set limits on

simplified model scenarios using the CLs prescription.
Figure 10 (top) shows the 95% C.L. limits on the
Higgsino simplified model, based on an exclusion fit that

exploits the shape of the mll spectrum using the exclusive
electroweakino SRs. The exclusion limits are projected
into the next-to-lightest neutralino mass Δmð χ̃02; χ̃01Þ versus
mð χ̃02Þ plane, where χ̃02 are excluded up to masses of
∼145 GeV for Δmð χ̃02; χ̃01Þ between 5 and 10 GeV, and
down to Δmð χ̃02; χ̃01Þ ∼ 2.5 GeV for mð χ̃02Þ ∼ 100 GeV.
The 95% C.L. limits of the wino-bino simplified model
are shown in Fig. 10 (bottom), where χ̃02 neutralino is
excluded up to masses of ∼175 GeV for Δmð χ̃02; χ̃01Þ∼
10 GeV, and down Δmð χ̃02; χ̃01Þ ∼ 2 GeV for mð χ̃02Þ∼
100 GeV.
Figure 11 shows the 95% C.L. limits on the slepton

simplified model, based on an exclusion fit that exploits
the shape of the m100

T2 spectrum using the exclusive slepton
SRs. Here, l̃ with masses of up to ∼190 GeV are excluded
for Δmðl̃; χ̃01Þ ∼ 5 GeV, and down to mass splittings
Δmðl̃; χ̃01Þ of approximately 1 GeV for mðl̃Þ ∼ 70 GeV.
A fourfold degeneracy is assumed in selectron and smuon
masses.
Finally, Fig. 12 shows the 95% C.L. exclusion bounds on

the production cross sections for the NUHM2 scenario as a
function of the universal gaugino mass m1=2. The NUHM2
fit exploits the shape of the mll spectrum using the
exclusive electroweakino SRs. At m1=2 ¼ 350 GeV, which

FIG. 9. Comparison of observed and expected event yields after the exclusion fit with the signal strength parameter set to zero in the
exclusive signal regions. Background processes containing fewer than two prompt leptons are categorized as “Fake/nonprompt.” The
category “Others” contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in
Table I. Uncertainties in the background estimates include both the statistical and systematic uncertainties, where σtot denotes the total
uncertainty.
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corresponds to a mass splitting Δmð χ̃02; χ̃01Þ of approxi-
mately 45 GeV, the signal cross section is constrained to be
less than five times the predicted value in the NUHM2
scenario at 95% C.L. For m1=2 ¼ 800 GeV, corresponding
to a mass splitting of approximately 15 GeV, the 95% C.L.
cross section upper limit is twice the NUHM2 prediction.
In these interpretations, sensitivity is lost when the mass

splitting between the produced SUSY particle and the
LSP becomes less than a few GeV due to the reduced
acceptance and reconstruction efficiency of the soft leptons.
Meanwhile, sensitivity decreases for larger mass splittings
above approximately 20 to 30 GeV due to the mll or m100

T2
shapes of the signal becoming increasingly similar to those
of the SM backgrounds.

FIG. 10. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with �1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with �1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct Higgsino (top) and wino (bottom)
production. A fit of signals to the mll spectrum is used to derive
the limit, which is projected into the Δmð χ̃02; χ̃01Þ vs.mð χ̃02Þ plane.
For Higgsino production, the chargino χ̃�1 mass is assumed to be
halfway between the two lightest neutralino masses, while
mð χ̃02Þ ¼ mð χ̃�1 Þ is assumed for the wino-bino model. The gray
regions denote the lower chargino mass limit from LEP [20]. The
blue region in the lower plot indicates the limit from the 2lþ 3l
combination of ATLAS Run 1 [41,42].

FIG. 11. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with �1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with �1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct slepton production. A fit of slepton
signals to the m100

T2 spectrum is used to derive the limit, which is
projected into the Δmðl̃; χ̃01Þ vs. mðl̃Þ plane. Slepton l̃ refers to
the scalar partners of left- and right-handed electrons and muons,
which are assumed to be fourfold mass degenerate mðẽLÞ ¼
mðẽRÞ ¼ mðμ̃LÞ ¼ mðμ̃RÞ. The gray region is the ẽR limit from
LEP [20,24], while the blue region is the fourfold mass
degenerate slepton limit from ATLAS Run 1 [41].

FIG. 12. Observed and expected 95% C.L. cross section upper
limits as a function of the universal gaugino mass m1=2 for the
NUHM2model. The green and yellow bands around the expected
limit indicate the �1σ and �2σ uncertainties, respectively. The
expected signal production cross sections as well as the asso-
ciated uncertainty are indicated with the blue solid and dashed
lines. The lower x-axis indicates the difference between the χ̃02
and χ̃01 masses for different values of m1=2. A fit of signals to the
mll spectrum is used to derive this limit.
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IX. CONCLUSION

A search for the electroweak production of supersym-
metric states with low-momentum visible decay products is
performed using LHC proton-proton collision data collected
by the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV, corresponding to
an integrated luminosity of 36.1 fb−1. Events with signifi-
cant missing transverse momentum and same-flavor oppo-
site-charge lepton pairs are selected, with the minimum pT
of the electrons (muons) being 4.5 (4) GeV. The dilepton
invariant mass and stranverse mass are the main discrimi-
nating variables used to construct signal regions. No excess
over the Standard Model expectation is observed.
The results are interpreted using simplified models of

R-parity-conserving supersymmetry, where the produced
states have small mass splittings with the lightest neutralino
χ̃01. For the Higgsino simplified model, exclusion limits at
95% C.L. are set on the χ̃02 neutralino up to masses of
∼145 GeV and down to mass splittings Δmð χ̃02; χ̃01Þ∼
2.5 GeV. In the wino-bino model, these limits on the χ̃02
extend to masses of up to ∼175 GeV and down to mass
splittings of approximately 2 GeV. Direct pair production
of sleptons, assuming the scalar partners of the left- and
right-handed electrons and muons are mass degenerate, is
excluded for slepton masses up to masses of ∼190 GeV
and down to mass splittings Δmðl̃; χ̃01Þ ∼ 1 GeV. These
results extend previous constraints from the LEP experi-
ments. In addition, an interpretation of the results in the
NUHM2 scenario is provided, where the cross section
upper limit ranges between 11 and 3.5 pb form1=2 values of
350 to 800 GeV.
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5LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois, USA

7Department of Physics, University of Arizona, Tucson, Arizona, USA
8Department of Physics, The University of Texas at Arlington, Arlington, Texas, USA
9Physics Department, National and Kapodistrian University of Athens, Athens, Greece

10Physics Department, National Technical University of Athens, Zografou, Greece
11Department of Physics, The University of Texas at Austin, Austin, Texas, USA

12Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
13Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology,

Barcelona, Spain
14Institute of Physics, University of Belgrade, Belgrade, Serbia

15Department for Physics and Technology, University of Bergen, Bergen, Norway
16Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley,

California, USA
17Department of Physics, Humboldt University, Berlin, Germany

18Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics,
University of Bern, Bern, Switzerland

19School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
20aDepartment of Physics, Bogazici University, Istanbul, Turkey

20bDepartment of Physics Engineering, Gaziantep University, Gaziantep, Turkey
20cIstanbul Bilgi University, Faculty of Engineering and Natural Sciences, Istanbul, Turkey
20dBahcesehir University, Faculty of Engineering and Natural Sciences, Istanbul, Turkey

21Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
22aINFN Sezione di Bologna, Italy

22bDipartimento di Fisica e Astronomia, Università di Bologna, Bologna, Italy
23Physikalisches Institut, University of Bonn, Bonn, Germany

24Department of Physics, Boston University, Boston, Massachusetts, USA
25Department of Physics, Brandeis University, Waltham, Massachusetts, USA

26aUniversidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil
26bElectrical Circuits Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora, Brazil

26cFederal University of Sao Joao del Rei (UFSJ), Sao Joao del Rei, Brazil
26dInstituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil

27Physics Department, Brookhaven National Laboratory, Upton, New York, USA
28aTransilvania University of Brasov, Brasov, Romania

28bHoria Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
28cDepartment of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania

28dNational Institute for Research and Development of Isotopic and Molecular Technologies,
Physics Department, Cluj Napoca, Romania

28eUniversity Politehnica Bucharest, Bucharest, Romania
28fWest University in Timisoara, Timisoara, Romania

29Departamento de Física, Universidad de Buenos Aires, Buenos Aires, Argentina
30Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

31Department of Physics, Carleton University, Ottawa, Ontario, Canada
32CERN, Geneva, Switzerland

33Enrico Fermi Institute, University of Chicago, Chicago, Illinois, USA
34aDepartamento de Física, Pontificia Universidad Católica de Chile, Santiago, Chile
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sAlso at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia.
tAlso at Borough of Manhattan Community College, City University of New York, New York City, USA.
uAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
vAlso at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa.
wAlso at Louisiana Tech University, Ruston, LA, USA.
xAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
yAlso at Department of Physics, The University of Michigan, Ann Arbor, MI, USA.
zAlso at LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France.
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