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Search for chargino–neutralino production using

recursive jigsaw reconstruction in final states with

two or three charged leptons in proton–proton

collisions at
√

s = 13 TeV with the ATLAS detector

The ATLAS Collaboration

A search for electroweak production of supersymmetric particles is performed in two-lepton
and three-lepton final states using recursive jigsaw reconstruction. The search uses data col-
lected in 2015 and 2016 by the ATLAS experiment in

√
s = 13 TeV proton–proton collisions

at the CERN Large Hadron Collider corresponding to an integrated luminosity of 36.1 fb−1.
Chargino–neutralino pair production, with decays via W/Z bosons, is studied in final states
involving leptons and jets and missing transverse momentum for scenarios with large and in-
termediate mass-splittings between the parent particle and lightest supersymmetric particle,
as well as for the scenario where this mass splitting is close to the mass of the Z boson. The
latter case is challenging since the vector bosons are produced with kinematic properties that
are similar to those in Standard Model processes. Results are found to be compatible with
the Standard Model expectations in the signal regions targeting large and intermediate mass-
splittings, and chargino–neutralino masses up to 600 GeV are excluded at 95% confidence
level for a massless lightest supersymmetric particle. Excesses of data above the expected
background are found in the signal regions targeting low mass-splittings, and the largest local
excess amounts to 3.0 standard deviations.

c© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction

Supersymmetry (SUSY) [1–6] is a generalization of space–time symmetries which predicts new bosonic
(fermionic) partners for the fermions (bosons) of the Standard Model (SM). If R-parity [7] is conserved,
SUSY particles (called sparticles) are produced in pairs and the lightest supersymmetric particle (LSP)
is stable and represents a possible dark-matter candidate [8, 9]. Superpartners of the charged and neutral
electroweak (EW) and Higgs bosons mix, producing charginos (χ̃±l, l = 1, 2) and neutralinos (χ̃0

m, m =

1, 2, 3, 4), collectively known as electroweakinos. The indices of these particles are ordered by mass in
ascending order.

The production cross-sections of sparticles at the Large Hadron Collider (LHC) depend both on the type
of interaction involved and on the sparticle masses. The colored sparticles (squarks and gluinos) are pro-
duced in strong interactions with significantly larger production cross-sections than non-colored sparticles
of equal mass, such as the charginos and neutralinos. However, should the masses of gluinos and squarks
prove to be out of reach at the LHC, the direct production of charginos and neutralinos could be the domi-
nant sparticle production mode. With searches performed by the ATLAS and CMS Collaborations during
LHC Run 2, the exclusion limits on colored-sparticle masses extend up to approximately 2 TeV [10–12],
making electroweak production an increasingly promising probe for SUSY signals at the LHC.

This paper presents a search for pair-produced electroweakinos (χ̃±1 χ̃
0
2), with each of χ̃±1 and χ̃0

2 decaying
to a χ̃0

1 (assumed to be the LSP) and a W or Z gauge boson, respectively, leading to final states with two or
three isolated leptons (here taken to be electrons or muons only) which may be accompanied by jets and
missing transverse momentum. The analysis uses an integrated luminosity of 36.1 fb−1 of proton–proton
(pp) collision data delivered by the LHC at a center-of-mass energy of

√
s = 13 TeV. The search employs

the recursive jigsaw reconstruction (RJR) technique [13, 14] in the construction of a suite of complemen-
tary discriminating variables. Signal regions are defined to probe a wide range of χ̃±1 /χ̃

0
2 (assumed to be

mass degenerate) and χ̃0
1 masses, with mass differences ∆m = mχ̃±1 /χ̃

0
2
− mχ̃0

1
ranging from ≈ 100 GeV to

≈ 600 GeV. This search has improved sensitivity to supersymmetric models previously studied by the
ATLAS [15–18] and CMS [19–21] Collaborations, which had expected exclusion sensitivities at 95%
confidence level (CL) of χ̃±1 /χ̃

0
2 masses up to 530 GeV and 570 GeV, respectively, for a massless LSP.

In a separate search by ATLAS detailed in Ref. [18], where the same SUSY scenarios are considered
and the same dataset is used, an approach based on conventional variables complements the use of re-
cursive jigsaw variables herein. In both cases, regions are enriched with events containing two or three
leptons sensitive to the production of sparticles. In the approach described in Ref. [18], selection criteria
are imposed on object momenta, missing transverse momentum and angular parameters to reduce the
background and define regions sensitive to signal events. On the other hand, the RJR approach provides
a way to reconstruct the event from the detected particles in the presence of kinematic and combina-
toric ambiguities by factorizing missing information according to decays and rest frames of intermediate
particles. This yields a basis of largely uncorrelated variables that are subsequently used to design the
search presented herein. The two different approaches yield event samples that are largely unique and
non-overlapping in the signal regions targeted, with improved sensitivity in the simplified model used to
optimize the search. The main SM backgrounds to the search arise from diboson and Z+jet processes.
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2 The ATLAS detector

The ATLAS detector [22] is a multipurpose particle detector with a forward–backward symmetric cylin-
drical geometry and nearly 4π coverage in solid angle.1 The inner detector (ID) tracking system consists
of silicon pixel and microstrip detectors covering the pseudorapidity region |η| < 2.5, surrounded by a
transition radiation tracker, which improves electron identification over the region |η| < 2.0. The inner-
most pixel layer, the insertable B-layer [23], was added between Run 1 and Run 2 of the LHC, at an
average radius of 33 mm around a new, narrower and thinner beam pipe. The ID is surrounded by a
thin superconducting solenoid providing an axial 2 T magnetic field and by a fine-granularity lead/liquid-
argon (LAr) electromagnetic calorimeter covering |η| < 3.2. A steel/scintillator-tile hadronic calorimeter
provides coverage in the central pseudorapidity range (|η| < 1.7). The end-cap and forward regions are
instrumented with LAr calorimeters for both EM and hadronic energy measurements up to |η| = 4.9.
The muon spectrometer with an air-core toroid magnet system surrounds the calorimeters. Three layers
of high-precision tracking chambers provide coverage in the range |η| < 2.7, while dedicated chambers
allow triggering in the region |η| < 2.4.

The trigger system [24] consists of two levels. The first level is a hardware-based system and uses a
subset of the detector information. The second is a software-based system called the high-level trigger
which runs offline reconstruction and calibration software, reducing the event rate to about 1 kHz.

3 Data and Monte Carlo samples

The data were collected by the ATLAS detector during 2015 with a peak instantaneous luminosity of
L = 5.2 × 1033 cm−2s−1, and during 2016 with a maximum of L = 1.37 × 1034 cm−2s−1. The mean
number of pp interactions per bunch crossing (pileup) in the dataset was 〈µ〉 = 14 in 2015 and 〈µ〉 = 24 in
2016. Application of beam, detector and data-quality criteria resulted in a total integrated luminosity of
36.1 fb−1. The uncertainty in the integrated luminosity is ±2.1%. It is derived, following a methodology
similar to that detailed in Ref. [25], from a calibration of the luminosity scale using x–y beam-separation
scans performed in August 2015 and May 2016.

A set of Monte Carlo (MC) background and signal samples of simulated events is used to optimize the
selection criteria and assess the sensitivity to specific SUSY signal models. Where applicable, the MC
samples are used in the background estimation as well.

The production of Z bosons in association with jets [26] was performed with the Sherpa 2.2.1 genera-
tor [27]. The NNPDF3.0NNLO [28] parton distribution function (PDF) was used in conjunction with
dedicated parton shower tuning developed by the Sherpa authors. The matrix elements (ME) were calcu-
lated for up to two partons at next-to-leading order (NLO) and with up to two additional partons at leading
order (LO) using the Comix [29] and Open Loops [30] matrix-element generators, and merged with the
Sherpa parton shower (PS) [31] using the ME+PS@NLO prescription [32]. For MC closure studies of

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the z-axis. The pseudorapidity η is defined in terms of the polar angle θ by η = − ln tan(θ/2)
and the rapidity is defined as y = (1/2) ln[(E + pz)/(E − pz)] where E is the energy and pz the longitudinal momentum of the
object of interest. The transverse momentum pT, the transverse energy ET and the missing transverse momentum Emiss

T are
defined in the x–y plane unless stated otherwise.
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the data-driven Z+jets background estimate (described in Section 8.1), γ+jets events were generated at
LO with up to four additional partons using the Sherpa 2.1.1 generator with CT10 [33] PDF set.

The Powheg-Box v2 [34] generator was used for the generation of tt̄ and single-top-quark processes in the
Wt- and s-channels [35], while t-channel single-top production was modeled using Powheg-Box v1 [36].
For the latter process, the decay of the top quark was simulated using MadSpin [37] preserving all spin
correlations. For all processes the CT10 [33] PDF set was used for the matrix element, while the par-
ton shower, fragmentation, and the underlying event were generated using Pythia 6.428 [38] with the
CTEQ6L1 [39] PDF set and a set of tuned parameters called the Perugia 2012 tune [40]. The top-quark
mass in all samples was set to 172.5 GeV. The tt̄ and the Wt-channel single-top events were normal-
ized to cross-sections calculated at next-to-next-to-leading-order plus next-to-next-to-leading-logarithm
(NNLO+NNLL) [41–44] accuracy, while s- and t-channel single-top-quark events were normalized to the
NLO cross-sections [45, 46]. The production of Zt events was generated with the MG5_aMC@NLO 2.2.1 [47]
generator at LO with the CTEQ6L1 PDF set.

The MG5_aMC@NLO 2.2.2 (2.2.3 for tt̄ + Z/γ∗) generator at LO, interfaced to the Pythia 8.186 [48]
parton-shower model, was used for the generation of tt̄ + EW processes (tt̄ +W/Z/WW) [49], with up to
two (tt̄ +W, tt̄ + Z(→ νν/qq)), one (tt̄ + Z(→ ℓℓ) 2) or no (tt̄ +WW) extra partons included in the matrix
element. The events were normalized to their respective NLO cross-sections [50, 51].

Diboson processes (WW, WZ, ZZ) [52] were simulated using the Sherpa 2.2.1 generator and contain
off-shell contributions. For processes with four charged leptons (4ℓ), three charged leptons and a neutrino
(3ℓ+1ν) or two charged leptons and two neutrinos (2ℓ+2ν), the matrix elements contain all diagrams with
four electroweak couplings, and were calculated for up to one (4ℓ, 2ℓ+2ν) or no extra partons (3ℓ+1ν)
at NLO. All diboson samples were also simulated with up to three additional partons at LO using the
Comix and OpenLoops matrix-element generators, and were merged with the Sherpa parton shower using
the ME+PS@NLO prescription. The diboson events were normalized to their NLO cross-sections [53,
54]. Additional MC simulation samples of events with a leptonically decaying vector boson and photon,
Vγ, were generated at LO using Sherpa 2.1.1 [27]. Matrix elements including all diagrams with three
electroweak couplings were calculated with up to three partons at LO and merged with the Sherpa parton
shower [55] according to the ME+PS@LO prescription [56]. The CT10 PDF set is used in conjunction
with dedicated parton shower tuning developed by the Sherpa authors.

Triboson processes (WWW, WWZ, WZZ and ZZZ) were simulated with the Sherpa 2.2.1 generator with
matrix elements calculated at LO with up to one additional parton. The triboson events were normalized
to their LO cross-sections [57].

Higgs-boson production processes (including gluon–gluon fusion, associated vector-boson production,
VH,3 and vector-boson fusion, VBF) were generated using Powheg v2 [35] + Pythia 8.186 and nor-
malized to cross-sections calculated at NNLO with soft gluon emission effects added at NNLL accuracy,
whilst tt̄H events were produced using aMC@NLO 2.2.2 +Herwig 2.7.1 [58] and normalized to the NLO
cross-section [59]. All samples assume a Higgs boson mass of 125 GeV.

2 The letter ℓ stands for the charged leptons (electrons, muons and taus). While the contributions from tau leptons are included
in all the Monte Carlo samples, in the next sections the symbol ℓ refers to electrons and muons only.

3 The letter V represents the W or Z gauge boson.
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Table 1: The SUSY signals and the Standard Model background Monte Carlo samples used in this paper. The
generators, the order in αs of cross-section calculations used for yield normalization, PDF sets, parton showers and
parameter tunes used for the underlying event are shown.

Physics process Generator Cross-section PDF set Parton shower Tune
normalization

SUSY processes Madgraph v2.2.3 NLO+NLL NNPDF2.3LO Pythia 8.186 A14
Z/γ∗(→ ℓℓ̄) + jets Sherpa 2.2.1 NNLO NNPDF3.0NNLO Sherpa Sherpa default
γ + jets Sherpa 2.1.1 LO CT10 Sherpa Sherpa default
H(→ ττ), H(→ WW) Powheg-Box v2 NLO CTEQ6L1 Pythia 8.186 A14
HW, HZ MG5_aMC@NLO 2.2.2 NLO NNPDF2.3LO Pythia 8.186 A14
tt̄ + H MG5_aMC@NLO 2.2.2 NLO CTEQ6L1 Herwig 2.7.1 A14
tt̄ Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 Perugia2012
Single top (Wt-channel) Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 Perugia2012
Single top (s-channel) Powheg-Box v2 NLO CT10 Pythia 6.428 Perugia2012
Single top (t-channel) Powheg-Box v1 NLO CT10f4 Pythia 6.428 Perugia2012
Single top (Zt-channel) MG5_aMC@NLO 2.2.1 LO CTEQ6L1 Pythia 6.428 Perugia2012
tt̄ +W/WW MG5_aMC@NLO 2.2.2 NLO NNPDF2.3LO Pythia 8.186 A14
tt̄ + Z MG5_aMC@NLO 2.2.3 NLO NNPDF2.3LO Pythia 8.186 A14
WW, WZ, ZZ Sherpa 2.2.1 NLO NNPDF30NNLO Sherpa Sherpa default
Vγ Sherpa 2.1.1 LO CT10 Sherpa Sherpa default
Triboson Sherpa 2.2.1 NLO NNPDF30NNLO Sherpa Sherpa default

Simplified models [60] are defined by an effective Lagrangian describing the interactions of a small
number of new particles, assuming one production process and one decay channel with a 100% branching
ratio. Specifically, the SUSY production modes considered in this paper are studied in the context of
simplified models, assuming wino-like chargino–neutralino production with decays via Standard Model
W and Z gauge bosons and a bino-like LSP, leading to two- and three-lepton final states. As illustrated
in Figure 1, two scenarios are considered: one where the W boson decays leptonically resulting in a
three-lepton plus missing-transverse-momentum (Emiss

T ) final state (Figure 1(a)), and one where the W

boson decays hadronically, yielding two leptons with same flavor and opposite-sign charge plus two jets
plus Emiss

T in the final state, as in Figure 1(b). Figures 1(c) and 1(d) show the diagrams where the χ̃±1 χ̃
0
2

system is produced in association with an initial state radiation (ISR) jet leading again to three-lepton and
two-lepton final states.

The MC signal samples were generated from leading-order matrix elements with up to two extra partons
using Madgraph v2.2.3 [61] interfaced to Pythia version 8.186, with the A14 parameter tune [62], for the
modeling of the SUSY decay chain, parton showering, hadronization and the description of the underlying
event. Parton luminosities were provided by the NNPDF23LO PDF set [33]. Jet–parton matching follows
the CKKW–L prescription [63], with a matching scale set to one quarter of the χ̃±1 /χ̃

0
2 mass. Signal cross-

sections were calculated at NLO in the strong coupling constant, with soft gluon emission effects added
at next-to-leading-logarithm (NLL) accuracy [64–68]. The nominal cross-section and the uncertainty
were taken from an envelope of cross-section predictions using different PDF sets and factorization and
renormalization scales, as described in Ref. [69]. For χ̃±1 and χ̃0

2 with a mass of 500 GeV, the production
cross-section is 46 ± 4 fb at

√
s = 13 TeV.

A summary of the SUSY signals and the SM background processes together with the MC generators,
cross-section calculation orders in αs, PDFs, parton shower and parameter tunes used is given in Ta-
ble 1.

The EvtGen v1.2.0 program [70] was used to model the decays of b- and c-hadrons in the SM back-
ground samples except for those produced with Sherpa. All simulated events were overlaid with multiple
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(a) (b)

(c) (d)

Figure 1: Diagrams for the physics scenarios studied in this paper: (a) χ̃±1 χ̃
0
2 with decays via leptonically decaying W

and Z bosons, (b) χ̃±1 χ̃
0
2 with decays to two-lepton plus two-jet plus Emiss

T final states through a hadronically decaying

W boson and a leptonically decaying Z boson, (c) χ̃±1 χ̃
0
2 production in association with an initial state radiation

jet (labeled ‘ j’ in the figure) with decays via leptonically decaying W and Z bosons and (d) χ̃±1 χ̃
0
2 production in

association with an initial state radiation jet with decays to two-lepton plus two-jet plus Emiss
T final states through a

hadronically decaying W boson and a leptonically decaying Z boson.

pp collisions simulated with the soft QCD processes of Pythia 8.186 using the A2 tune [71] and the
MSTW2008LO parton distribution functions [72]. The MC samples were generated with a variable num-
ber of additional pp interactions in the same and neighboring bunch crossings, and were reweighted to
match the distribution of the mean number of interactions observed in data.

For all SM background samples the response of the detector to particles was modeled with a full ATLAS
detector simulation [73] based on Geant4 [74]. Signal samples were prepared using a fast simulation
based on a parameterization of the performance of the ATLAS electromagnetic and hadronic calorimeters
and on Geant4 elsewhere.
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4 Object reconstruction and identification

The reconstructed primary vertex of the event is required to be consistent with the luminous region and
to have at least two associated tracks with pT > 400 MeV. When more than one such vertex is found, the
vertex with the largest

∑

p2
T of the associated tracks is chosen.

Two different classes of reconstructed lepton candidates (electrons or muons) are used in the analysis,
labeled baseline and high-purity in the following. When selecting samples for the search, events must
contain a minimum of two baseline electrons or muons.

Baseline muon candidates are formed by combining information from the muon spectrometer and ID
as described in Ref. [75], must pass the medium identification requirements defined therein, and have
pT > 10 GeV and |η| < 2.7. High-purity muon candidates must additionally have |η| < 2.4, the significance
of the transverse impact parameter relative to the primary vertex |dPV

0 |/σ(dPV
0 ) < 3, and the longitudinal

impact parameter relative to the primary vertex |zPV
0 sinθ| < 0.5 mm. Furthermore, high-purity candidates

must satisfy the GradientLoose isolation requirements described in Ref. [75], which rely on tracking-
based and calorimeter-based variables and implement a set of η- and pT-dependent criteria. The highest-
pT (leading) high-purity muon is also required to have pT > 25 GeV.

Baseline electron candidates are reconstructed from an isolated electromagnetic calorimeter energy de-
posit matched to an ID track. They are required to have pT > 10 GeV, |η| < 2.47, and to satisfy a
set of quality criteria similar to the Loose likelihood-based identification criteria described in Ref. [76],
but including a requirement of a B-layer hit. High-purity electron candidates additionally must satisfy
MediumLH selection criteria described in Ref. [76]. They are also required to have |dPV

0 |/σ(dPV
0 ) < 5,

|zPV
0 sinθ| < 0.5 mm, and to satisfy isolation requirements that are the same as those applied to high-purity

muons [76]. The leading high-purity electron is also required to have pT > 25 GeV.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm [77–79] with a jet radius pa-
rameter of 0.4 starting from clusters of calorimeter cells [80]. The jets are corrected for energy from
pileup using the method described in Ref. [81]: a contribution equal to the product of the jet area and the
median energy density of the event is subtracted from the jet energy [82]. Further corrections, referred
to as the jet energy scale corrections, are derived from MC simulation and data and are used to calibrate
the average energies of jets to the scale of their constituent particles [83]. In order to reduce the number
of jets originating from pileup, a significant fraction of the tracks associated with each jet must have an
origin compatible with the primary vertex, as defined by the jet vertex tagger (JVT) output [84]. Only
corrected jet candidates with pT > 20 GeV and |η| < 4.5 are retained. High-purity jets are defined with
the tighter requirement |η| < 2.4. The chosen requirement corresponds to the Medium working point of
the JVT and is only applied to jets with pT < 60 GeV and |η| < 2.4. This requirement reduces jets from
pileup to 1% with an efficiency for pure hard-scatter jets of 92%.

An algorithm based on boosted decision trees, MV2c10 [85, 86], is used to identify jets containing a
b-hadron (b-jets), with an operating point corresponding to an efficiency of 77%, and rejection factors of
134 for light-quark and gluon jets and 6 for charm jets [86], for reconstructed jets with pT > 20 GeV and
|η| < 2.5 in simulated tt̄ events. Candidate b-tagged jets are required to have pT > 20 GeV and |η| < 2.4.

After the selection requirements described above, ambiguities between candidate jets with |η| < 4.5 and
baseline leptons are resolved as follows:

1. Any electron sharing an ID track with a muon is removed.

7



2. If a b-tagged jet (identified using the 85% efficiency working point of the MV2c10 algorithm) is
within ∆R ≡

√

(∆y)2 + (∆φ)2 = 0.2 of an electron candidate, the electron is rejected, as it is likely
to originate from a semileptonic b-hadron decay; otherwise, if a non-b-tagged jet is within ∆R = 0.2
of an electron candidate then the electron is kept and the jet is discarded as it is likely to be due to
the electron-induced shower.

3. Electrons within ∆R = 0.4 of a remaining jet candidate are discarded, to suppress electrons from
semileptonic decays of c- and b-hadrons.

4. Jets with fewer than three associated tracks that have a nearby muon that carries a significant frac-
tion of the transverse momentum of the jet (p

µ
T > 0.7

∑

p
jet tracks
T , where p

µ
T and p

jet tracks
T are the

transverse momenta of the muon and the tracks associated with the jet, respectively) are discarded
either if the candidate muon is within ∆R = 0.2 or if the muon is matched to a track associated with
the jet.

5. Muons within ∆R = 0.4 of a remaining jet candidate are discarded to suppress muons from semilep-
tonic decays of c- and b-hadrons.

The events used by the searches described in this paper are selected using high-purity leptons and jets
with a trigger logic that accepts events with either two electrons, two muons or an electron plus a muon.
The trigger-level requirements on the pT of the leptons involved in the trigger decision (the pT thresholds
range between 8 GeV and 22 GeV) are looser than those applied offline to ensure that trigger efficiencies
remain high and are constant in the relevant phase space.

Events containing a photon and jets are used to estimate the Z/γ∗+jets background in the 2ℓ+jets channel.
These events are selected with a set of prescaled single-photon triggers with pT thresholds in the range
35–100 GeV and an unprescaled single-photon trigger with threshold pT > 140 GeV. High-purity photons
must have pT > 37 GeV to be on the efficiency plateau of the lowest-threshold single-photon trigger and
satisfy a tight identification requirement and pT-dependent requirements on both track- and calorimeter-
based isolation [87]. The γ+jets control sample, used for the data-driven Z+jets background estimate
described in Section 8.1, makes use of high-purity photons. The ambiguities between candidate photons,
jets and leptons are resolved by applying the following two requirements:

1. Photons are removed if they reside within ∆R = 0.4 of a baseline electron or muon.

2. Any jet within ∆R = 0.4 of any remaining photon is discarded.

The measurement of the missing transverse momentum vector ~p miss
T (and its magnitude Emiss

T ) is based
on the calibrated transverse momenta of all electron, photon, muon and jet candidates and all tracks
originating from the primary vertex and not associated with such objects [88]. The missing transverse
momentum is the negative of the vector sum of the object momenta.

5 Analysis strategy and background prediction

To search for a possible signal, selection criteria are defined to enhance the expected signal yield relative to
the SM background. Signal regions (SRs) are designed using the MC simulation of SUSY signals and the
SM background processes. They are optimized to maximize the expected sensitivity for the exclusion of
each model considered. To estimate the SM backgrounds in an accurate and robust fashion, corresponding
control regions (CRs) are defined for each of the signal regions. They are chosen to be orthogonal to the
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SR selections in order to provide independent data samples enriched in particular backgrounds, and are
used to normalize the background MC simulation. The CR selections are optimized to have negligible
SUSY signal contamination for the models near the LHC Run 1 excluded region’s boundary [17], while
minimizing the systematic uncertainties arising from the extrapolation of the CR event yields to estimate
backgrounds in the SR. Cross-checks of the background estimates are performed with data in several
validation regions (VRs) selected with requirements such that these regions do not overlap with the CR
and SR selections, and also have a low expected signal contamination.

To extract the final results, three different classes of likelihood fits are employed, denoted background-
only, model-independent and model-dependent fits, using the HistFitter framework [89]. The fits are
performed using the total number of events in each region. To obtain a set of background predictions that
are independent of the observations in the SRs, the fit can be configured to use only the CRs to constrain
the fit parameters: the SR bins are removed from the likelihood and any potential signal contribution is
neglected everywhere. This fit configuration is referred to as the background-only fit. The scale factors
representing the normalizations of background components relative to MC predictions are determined
in the fit to all the CRs associated with an SR. This is most notably the case for diboson production
since it is the dominant background in several SRs. The expected backgrounds in an SR are based on the
yields predicted by simulation, corrected by the scale factors derived from the fit. A dedicated data-driven
method is used to estimate the Z+jets background yield for the two lepton regions. The systematic and
MC statistical uncertainties are included in the fit as nuisance parameters that are constrained by Gaus-
sian distributions with widths corresponding to the sizes of the uncertainties considered and by Poisson
distributions, respectively. The background-only fit results are also used to estimate the background event
yields in the VRs.

A model-independent fit is used to quantify the level of agreement between background predictions and
observed yields and to quantify the number of possible beyond the Standard Model (BSM) signal events
in each SR. This fit proceeds in the same way as the background-only fit, except that the number of
observed events in the SR is added as an input to the fit, and an additional parameter for the BSM signal
strength, constrained to be non-negative, is included. The observed and expected upper limits at 95%
confidence level (CL) on the number of events from BSM phenomena for each signal region (S 95

obs and
S 95

exp) are derived using the CLs prescription [90], neglecting any possible signal contamination in the
CRs. These limits, when normalized by the integrated luminosity of the data sample, may be interpreted
as upper limits on the visible cross-section of BSM processes (〈ǫσ〉95

obs), where the visible cross-section is
defined as the product of production cross-section, acceptance and efficiency. The model-independent fit
is also used to compute the one-sided p-value of the background-only hypothesis (p0), which quantifies
the statistical significance of an excess; p0 cannot exceed 0.5.

Finally, a model-dependent fit is used to set exclusion limits on the signal cross-sections for specific SUSY
models. Such a fit proceeds in the same way as the model-independent fit, except that the yields in both the
SRs and the CRs are taken into account. Signal-yield systematic uncertainties due to detector effects and
the theoretical uncertainties in the signal acceptance are included in the fit. Correlations between signal
and background systematic uncertainties are taken into account where appropriate. Limits on the signal
cross-section are then mapped into limits on sparticle masses in the two-dimensional simplified-model
planes.
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Figure 2: (a) The “standard” decay tree applied to pair-produced sparticles (“parent” objects), P, decaying to visible
states “V” and invisible states “I”. (b) Decay trees for the 2ℓ + 2 jets final state and (c) 3ℓ final state. (d) The “com-
pressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and invisible momentum I
recoils from a jet-radiation system ISR.

6 The recursive jigsaw reconstruction technique

The RJR technique [13, 14] is a method for decomposing measured properties event by event to provide
a basis of kinematic variables. This is achieved by approximating the rest frames of intermediate particle
states in each event. This reconstructed view of the event gives rise to a natural basis of kinematic observ-
ables, calculated by evaluating the momentum and energy of different objects in these reference frames.
Background processes are reduced by testing whether each event exhibits the anticipated properties of the
imposed decay tree under investigation while only applying minimal selection criteria on visible object
momenta and missing momenta.
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Electrons, muons, hadronic jets and ~p miss
T (as defined in Section 4) are used as input to the RJR algorithm.

Motivated by searches for pair-production of sparticles in R-parity-conserving models, a decay tree is
constructed following the canonical process in Figure 2(a), for the 2ℓ (Figure 2(b)) and 3ℓ (Figure 2(c))
search regions, used in the analysis of events. Each event is evaluated as if two sparticles (labeled PP)
were produced, assigned to two hemispheres (Pa and Pb) and then decayed to the particles observed in
the detector with V denoting visible objects and I invisible objects. The benchmark signal models probed
in this search give rise to signal events with at least two weakly interacting particles associated with two
systems of invisible particles (shown in green), the respective children of the initially produced sparticles.
For the 2ℓ channel the lepton pair must be associated with the same visible collection, similarly for the
jets, while for the 3ℓ channel the opposite-charge, same-flavor pair most consistent with the Z-boson mass
is selected as one visible collection, with the unpaired lepton being assigned to the opposite hemisphere
(the Z boson being associated with Vb, and the unpaired lepton with Va).

After partitioning the visible objects, the remaining unknowns in the event are associated with the two
collections of invisible particles: their masses, longitudinal momenta and information about how the
two groups contribute to the ~p miss

T . The RJR algorithm determines these unknowns by identifying the
smallest Lorentz invariant function of the visible particles’ four vectors that ensures the invisible particle
mass estimators remain non-negative [14]. In each of these newly constructed rest frames, all relevant
momenta are defined and can be used to construct a set of variables such as multi-object invariant masses
and angles between objects. The primary energy-scale-sensitive observables used in the search presented
here are a suite of variables denoted by H. As shown in Eq. (1), the H variables are constructed using
different combinations of object momenta, including contributions from the invisible four-momenta, and
are not necessarily evaluated in the lab frame, nor only in the transverse plane.

HF
n,m =

n
∑

i=1

|~p F
vis, i| +

m
∑

j=1

|~p F
inv, j| (1)

The H variables are labeled with a superscript F and two subscripts n and m, HF
n,m. The F represents the

rest frame in which the momenta are evaluated. In this analysis, this may be the lab frame, the proxy for
the sparticle–sparticle frame PP, or the proxy for the rest frame of an individual sparticle, P. The subscripts
n and m represent the number of visible and invisible momentum vectors considered, respectively. For
events with fewer than n visible objects, the sum only runs over the available momenta. Only the leading
n − nℓ jets are considered, where nℓ is the number of reconstructed leptons in the event. An additional
subscript “T” denotes a transverse version of the variable, where the transverse plane is defined in a frame
F as follows: the Lorentz transformation relating F to the lab frame is decomposed into a boost along the
beam axis, followed by a subsequent transverse boost. The transverse plane is defined to be perpendicular
to the longitudinal boost. In practice, this is the plane transverse to the beam-line.

The following variables are used in the definition of the signal regions. The value of n differs for the case
of events with a leptonic W decay where there are three visible objects and hence n = 3, and for events
with a hadronic W decay where there are four visible objects, and thus n = 4.

• H PP
n,1 : scale variable as described above. Behaves similarly to the effective mass, meff (defined as

the scalar sum of the transverse momenta of the visible objects and Emiss
T ), used in previous ATLAS

SUSY searches.

11



• H PP
1,1 /H

PP
4,1 : provides additional information in testing the balance of the two scale variables. This

provides excellent discrimination against unbalanced events where the large scale is dominated by
a particular object pT or by large Emiss

T . Behaves similarly to the Emiss
T /meff . Utilized solely in the

2ℓ low mass signal region to mitigate the effects of Z+jets backgrounds, in cases where one high
pT jet dominates.

• plab
T PP/(plab

T PP + H PP
T n,1): compares the magnitude of the vector sum of the transverse momenta of

all objects associated with the PP system in the lab frame (plab
T PP) to the overall transverse scale

variable considered. This quantity tests for significant boost in the transverse direction. For signal
events this quantity peaks sharply towards zero while for background processes the distribution is
broader. A test of how much a given process resembles the imposed PP system in the decay tree.

• H PP
T 3,1/H

PP
3,1 : a measure of the fraction of the momentum that lies in the transverse plane.

• min(HPa
1,1,H

Pb
1,1)/min(HPa

2,1,H
Pb
2,1): compares the scale due to one visible object and Emiss

T (HPa
1,1 and

H
Pb
1,1 in their respective production frames) as opposed to two visible objects (HPa

2,1 and H
Pb
2,1). The

numerator and denominator are each defined by finding the minimum value of these quantities.
In the three-lepton case this corresponds to the hemisphere with the Z boson as it is the only one
with two visible objects, and the variable takes the form H

Pb
1,1/H

Pb
2,1. This variable tests against a

single object taking a large portion of the hemisphere momentum. This is particularly useful in
discriminating against Z+jets backgrounds.

• ∆φP
V: the azimuthal opening angle between the visible system V in frame P and the direction of the

boost from the PP to P frame. Standard Model backgrounds from diboson, top and Z+jets processes
peak towards zero and π due to their topologies not obeying the imposed decay tree while signals
tend to have a flat distribution in this variable.

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra
with smaller mass-splittings and lower intrinsic Emiss

T to instead select events with a partially resolved
sparticle system recoiling from a high-pT jet from ISR. To target such topologies, a separate decay tree
for compressed spectra is shown in Figure 2(d). This tree is somewhat simpler and attempts to identify
visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to the system
of sparticles and their decay products (S). As the Emiss

T is used to choose which jets are identified as ISR,
a transverse view of the reconstructed event is used which ignores the longitudinal momentum of the
jets and leptons, as described in Ref [13]. The reference frames appearing in the decay tree shown in
Figure 2(d), such as the center-of-mass (CM) frame of the whole reaction, are then approximations in this
transverse projection. This tree yields a slightly different set of variables:

• p CM
T ISR: the magnitude of the vector-summed transverse momenta of all jets assigned to the ISR

system.

• p CM
T I : the magnitude of the vector-summed transverse momenta of the invisible system. Behaves

similarly to Emiss
T .

• p CM
T : the magnitude of the vector-summed transverse momenta of the CM system.

• RISR ≡ ~p CM
I · p̂ CM

T S /p
CM

T S : serves as an estimate of mχ̃0
1
/mχ̃0

2/χ̃
±
1
. This corresponds to the fraction of

the momentum of the S system that is carried by its invisible system I, with momentum ~p CM
I in the

CM frame. As p CM
T S grows it becomes increasingly hard for backgrounds to possess a large value

in this ratio — a feature exhibited by compressed signals [13].
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• NS
jet: number of jets assigned to the signal system (S).

• N ISR
jet : number of jets assigned to the ISR system.

• ∆φ CM
ISR,I: the azimuthal opening angle between the ISR system and the invisible system in the CM

frame.

• mZ: mass of the dilepton pair assigned to the signal system. In the 3-lepton final state, the Z

candidate is formed by finding the same-flavor opposite-charge pair closest to the Z mass.

• mJ: mass of the jet system assigned to the signal system.

7 Event selection: control, validation and signal region definitions

Following the object reconstruction described in Section 4 and analysis strategy outlined in Section 5, the
variables described in Section 6 are used to define a set of SRs sensitive to the topologies of interest.

Both the 2ℓ and 3ℓ SRs are designed to cover a wide range of χ̃±1 /χ̃
0
2 masses and different mass-splittings,

∆m =mχ̃±1 /χ̃
0
2
−mχ̃0

1
. Specifically, the high-mass regions target high χ̃±1 /χ̃

0
2 masses and large mass-splittings

(∆m & 400 GeV) and the intermediate-mass regions probe mass-splittings of ≈200 GeV. The low-mass
and ISR SRs are constructed in order to probe similar regions of the two-dimensional SUSY parameter
space and particularly the mass-splittings of ≈100 GeV. In this region it is difficult to distinguish the
signal from SM processes, due to the limited momentum that the LSPs carry. Improved sensitivity is
achieved by designing the two low-mass and ISR SRs to be mutually exclusive, with each providing
sensitivity to the parameter space under scrutiny. A statistical combination of these regions subsequently
leads to further improved sensitivities. A schematic representation of the mass regions targeted by each
SR can be seen in Figure 3.

For selections involving three charged leptons, the W-boson transverse mass, mW
T , is used and is derived

from ~p miss
T and the transverse momentum of the charged lepton (pℓT) not associated with the Z boson as

follows:

mW
T =

√

2pℓTEmiss
T (1 − cos∆φ),

where ∆φ is the azimuthal opening angle between the charged lepton associated with the W boson and
the missing transverse momentum.

7.1 Event selection in the two-lepton channel

The 2ℓ search channel, using the standard decay tree, is designed with three SRs, two CRs to control the
VV background (where V = W, Z) and the processes with top quarks (Wt + tt̄, where the sign symbolizes
the sum of the two processes) and four VRs for validating the main background processes (including the
Z+jets data-driven estimate described in Section 8.1). The preselection criteria used for the definition of
the standard-decay-tree regions are listed in Table 2 and include requirements on the lepton multiplicity
(nleptons), the jet multiplicity (njets), the b-tag jet multiplicity (nb-tag), the transverse momenta of the leading
(p
ℓ1
T , p

j1
T ) and subleading (p

ℓ2
T , p

j2
T ) leptons and jets and the invariant mass of the dilepton (mℓℓ) and dijet
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(m j j) system. Most of the regions are defined with exactly two opposite-charge, same-flavor leptons with
transverse momentum greater than 25 GeV and an invariant mass consistent with arising from a Z boson.
Exceptions to this are the diboson CR (CR2ℓ-VV) and top VR (VR2ℓ-Top). The CR2ℓ-VV requires
three or four leptons, which helps to select a sample enriched in diboson events as well as to ensure
orthogonality with the SRs. The lepton pair is selected by choosing the opposite-charge, same-flavor
pair closest to the Z mass, while the remaining lepton(s) are treated as invisible objects contributing to
~p miss

T . The additional requirement on mW
T , which is applied only in the events containing exactly three

charged leptons, ensures orthogonality with the 3ℓ regions described in Section 7.2. Both the top CR
(CR2ℓ-Top) and VR (VR2ℓ-Top) are defined with a b-tag jet requirement while orthogonality with each
other is ensured by inverting the dilepton invariant mass requirement. In all regions the dijet invariant
mass is formed using the two leading jets in pT. The SRs require the m j j to be consistent with a W boson
while the Z+jets (VR2ℓ_High-Zjets and VR2ℓ_Low-Zjets) and diboson (VR2ℓ-VV) VRs select events
outside of the W mass window.

In addition to the preselection criteria, further selection requirements are applied in each region according
to the parameter space probed. These selection requirements are shown in Table 3. The min∆φ( j1/ j2, ~p

miss
T )

variable corresponds to the minimum azimuthal angle between the jets and ~p miss
T and is applied only in

SR2ℓ_Low to further suppress the Z+jets contribution. The selection criteria applied in VR2ℓ_High-
Zjets and VR2ℓ_Low-Zjets differ so as to be closer and orthogonal to their respective SRs. As such the
0.35 < HPP

1,1/H
PP
4,1 < 0.6 requirement is retained only for VR2ℓ_Low-Zjets. VR2ℓ-VV is the only region

with an HPP
1,1 requirement, but one that is necessary since it further suppresses the Z+jets background
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while keeping the VRs close to the SRs.

Similar to the 2ℓ standard-decay-tree regions, another set of 2ℓ regions is defined by taking advantage of
the compressed decay tree. SR2ℓ_ISR has a requirement of at least three jets which makes it orthogonal
to SR2ℓ_Low, where the jet multiplicity is defined with exactly two jets. The lepton and jet multiplicities
as well as the requirements on the transverse momenta of these objects defining the preselection require-
ments in the ISR analysis are summarized in Table 4. All the regions require at least one jet assigned to the
ISR system (N ISR

jet ) and at least two jets in the signal system (NS
jet) in the construction of the compressed

decay tree. The assignment of the jets in the two systems results from a mass minimization performed in
the CM frame. Following the same strategy as for the CR2ℓ_VV, both CR2ℓ_ISR-VV and VR2ℓ_ISR-VV
are defined with three or four leptons. To increase the number of events in VR2ℓ_ISR-VV, the transverse
momentum requirement for jets is relaxed to 20 GeV compared to 30 GeV in the other regions.

Table 2: Preselection criteria for the three standard-decay-tree 2ℓ SRs and the associated CRs and VRs. The vari-
ables are defined in the text.

Region nleptons njets nb-tag p
ℓ1 ,ℓ2
T [GeV] p

j1 , j2
T [GeV] mℓℓ [GeV] m j j [GeV] mW

T [GeV]

CR2ℓ-VV ∈ [3, 4] ≥ 2 =0 > 25 > 30 ∈ (80, 100) > 20 ∈ (70, 100)
if nleptons = 3

CR2ℓ-Top = 2 ≥ 2 =1 > 25 > 30 ∈ (80, 100) ∈ (40, 250) −
VR2ℓ-VV = 2 ≥ 2 =0 > 25 > 30 ∈ (80, 100) ∈ (40, 70) −

or ∈ (90, 500) −
VR2ℓ-Top = 2 ≥ 2 =1 > 25 > 30 ∈ (20, 80) ∈ (40, 250) −

or > 100 −
VR2ℓ_High-Zjets = 2 ≥ 2 = 0 > 25 > 30 ∈ (80, 100) ∈ (0, 60) −

or ∈ (100, 180) −
VR2ℓ_Low-Zjets = 2 = 2 = 0 > 25 > 30 ∈ (80, 100) ∈ (0, 60) −

or ∈ (100, 180) −

SR2ℓ_High = 2 ≥ 2 = 0 > 25 > 30 ∈ (80, 100) ∈ (60, 100) −
SR2ℓ_Int = 2 ≥ 2 = 0 > 25 > 30 ∈ (80, 100) ∈ (60, 100) −
SR2ℓ_Low = 2 = 2 = 0 > 25 > 30 ∈ (80, 100) ∈ (70, 90) −

The ISR regions are further defined with a series of requirements based on the variables reconstructed
from the compressed decay tree. These requirements are listed in Table 5. The ISR SR is defined by
requiring a highly energetic ISR jet system which recoils against the entire signal system in the CM
frame. In VR2ℓ_ISR-VV the mZ requirement is inverted in order to be orthogonal to the CR2ℓ_ISR-VV.
The top CRs (CR2ℓ_ISR-Top) and VR (VR2ℓ_ISR-Top) are defined with a b-tag jet requirement and
have broader mZ and mJ windows. The broader mass windows help to increase the numbers of data

Table 3: Selection criteria for the three standard-decay-tree 2ℓ SRs and the associated CRs and VRs. The variables
are defined in the text

Region HPP
4,1 [GeV] HPP

1,1 [GeV]
plab

T PP
plab

T PP+HPP
T 4,1

min(HPa
1,1 ,H

Pb
1,1)

min(HPa
2,1 ,H

Pb
2,1)

HPP
1,1

HPP
4,1

∆φP
V min∆φ( j1/ j2, ~p

miss
T )

CR2ℓ-VV > 200 − < 0.05 > 0.2 − ∈ (0.3, 2.8) −
CR2ℓ-Top > 400 − < 0.05 > 0.5 − ∈ (0.3, 2.8) −
VR2ℓ-VV > 400 > 250 < 0.05 ∈ (0.4, 0.8) − ∈ (0.3, 2.8) −
VR2ℓ-Top > 400 − < 0.05 > 0.5 − ∈ (0.3, 2.8) −
VR2ℓ_High-Zjets > 600 − < 0.05 > 0.4 − ∈ (0.3, 2.8) −
VR2ℓ_Low-Zjets > 400 − < 0.05 − ∈ (0.35, 0.60) − −
SR2ℓ_High > 800 − < 0.05 > 0.8 − ∈ (0.3, 2.8) −
SR2ℓ_Int > 600 − < 0.05 > 0.8 − ∈ (0.6, 2.6) −
SR2ℓ_Low > 400 − < 0.05 − ∈ (0.35, 0.60) − > 2.4
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Table 4: Preselection criteria for the compressed-decay-tree 2ℓ SR and the associated CRs and VRs. The variables
are defined in the text.

Region nleptons N ISR
jet NS

jet njets nb-tag p
ℓ1 ,ℓ2
T [GeV] p

j1 , j2
T [GeV]

CR2ℓ_ISR-VV ∈ [3, 4] ≥ 1 ≥ 2 > 2 = 0 > 25 > 30
CR2ℓ_ISR-Top = 2 ≥ 1 = 2 ∈ [3, 4] = 1 > 25 > 30
VR2ℓ_ISR-VV ∈ [3, 4] ≥ 1 ≥ 2 ≥ 3 = 0 > 25 > 20
VR2ℓ_ISR-Top = 2 ≥ 1 = 2 ∈ [3, 4] = 1 > 25 > 30
VR2ℓ_ISR-Zjets = 2 ≥ 1 ≥ 1 ∈ [3, 5] = 0 > 25 > 30
SR2ℓ_ISR = 2 ≥ 1 = 2 ∈ [3, 4] = 0 > 25 > 30

Table 5: Selection criteria for the compressed-decay-tree 2ℓ SR and the associated CRs and VRs. The variables are
defined in the text.

Region mZ [GeV] mJ [GeV] ∆φCM
ISR,I RISR pCM

T ISR [GeV] pCM
T I [GeV] pCM

T [GeV]

CR2ℓ_ISR-VV ∈ (80, 100) > 20 > 2.0 ∈ (0.0, 0.5) > 50 > 50 < 30
CR2ℓ_ISR-Top ∈ (50, 200) ∈ (50, 200) > 2.8 ∈ (0.4, 0.75) > 180 > 100 < 20
VR2ℓ_ISR-VV ∈ (20, 80) > 20 > 2.0 ∈ (0.0, 1.0) > 70 > 70 < 30

or > 100
VR2ℓ_ISR-Top ∈ (50, 200) ∈ (50, 200) > 2.8 ∈ (0.4, 0.75) > 180 > 100 > 20
VR2ℓ_ISR-Zjets ∈ (80, 100) < 50 or > 110 − − > 180 > 100 < 20
SR2ℓ_ISR ∈ (80, 100) ∈ (50, 110) > 2.8 ∈ (0.4, 0.75) > 180 > 100 < 20

events in these regions since in processes with top quarks the leptons and jets result from sources other
than Z and W bosons, respectively. The orthogonality of the two regions is achieved by inverting the pCM

T
requirement. A validation region for Z+jets (VR2ℓ_ISR-Zjets) is defined with exactly two leptons and
between three and five jets, none of which are b-tagged; mJ must be outside of the range expected from
vector-boson decays (< 50 GeV or > 110 GeV).

Post-fit distributions of variables from the 2ℓ search for selected regions are shown in Figures 4 and 5
for data and the different MC samples. In these figures, the background component labeled as “Others”
includes the SM contributions from Higgs boson, Vγ, VVV, tt̄V production and contributions from non-
prompt and non-isolated leptons. The background estimate is described in Section 8.

7.2 Event selection in the three-lepton channel

The strategy followed for the design of the 3ℓ search channel has many similarities with the 2ℓ channel.
Three SRs are defined with the standard decay tree (SR3ℓ_High, SR3ℓ_Int, SR3ℓ_Low) and the diboson
background contribution is controlled and validated in a dedicated CR (CR3ℓ-VV) and VR (VR3ℓ-VV),
which contain mutually exclusive events with respect to the SRs. The initial selection of events proceeds
with preselection requirements summarized in Table 6. All regions require exactly three energetic leptons
with the transverse momentum of the third leading lepton in pT, p

ℓ3
T , required to be at least 30 GeV. The

regions are additionally required to have low jet activity. A same-flavor opposite-charge lepton pair is
required, formed by finding the pair with invariant mass closest to the Z-boson mass, while the remaining
(unpaired) lepton is used to construct mW

T . SR3ℓ_Low has a jet veto which makes it orthogonal to the ISR
SR (SR3ℓ_ISR) that is described below.

The selection requirements defining the SRs, CR and VR can be seen in Table 7. For signals targeting
larger masses, and hence mass-splittings between the parent and LSP (‘high’ and ‘intermediate’ regions),
the selection criteria imposed on scale quantities are tighter, with looser requirements applied to ratio
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Figure 4: Distributions of kinematic variables in the control regions for the 2ℓ channel after applying all selec-
tion requirements in Tables 3 or 5. The histograms show the post-fit MC background predictions. The last bin
includes the overflow. Distributions for the (a) HPP

4,1 standard-decay-tree top CR, (b) p
ℓ1
T and (c) HPP

4,1 for the standard

decay tree VV CR, (d) p
ℓ1
T compressed-decay-tree top CR, and (e) p

ℓ1
T compressed-decay-tree VV CR and (f) RISR

compressed-decay-tree VV CR are plotted. The hatched error bands indicate the combined theoretical, experimental
and MC statistical uncertainties.
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Figure 5: Distributions of kinematic variables in the validation regions for the 2ℓ channel after applying all selection
requirements in Tables 3 or 5. The histograms show the post-fit MC background predictions. The last bin includes
the overflow. Plots show (a) HPP

4,1 and (b) pCM
T ISR in the Z+jets VRs for the standard and compressed decay trees

respectively; (c) HPP
4,1 in the top VR and (d) HPP

4,1 in the diboson VR for the standard decay tree; (e) pCM
T ISR in the top

VR and (f) RISR in the diboson VR for the compressed decay tree. The hatched error bands indicate the combined
theoretical, experimental and MC statistical uncertainties.
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Table 6: Preselection criteria for the 3ℓ CR, VR and SR with the standard decay tree. The variables are defined in
the text.

Region nleptons njets nb-tag p
ℓ1
T [GeV] p

ℓ2
T [GeV] p

ℓ3
T [GeV]

CR3ℓ-VV = 3 < 3 = 0 > 60 > 40 > 30
VR3ℓ-VV = 3 < 3 = 0 > 60 > 40 > 30
SR3ℓ_High = 3 < 3 = 0 > 60 > 60 > 40
SR3ℓ_Int = 3 < 3 = 0 > 60 > 50 > 30
SR3ℓ_Low = 3 = 0 = 0 > 60 > 40 > 30

Table 7: Selection criteria for the 3ℓ CR, VR and SR with the standard decay tree. The variables are defined in the
text.

Region mℓℓ [GeV] mW
T [GeV] HPP

3,1 [GeV]
plab

T PP
plab

T PP+HPP
T 3,1

HPP
T 3,1

HPP
3,1

H
Pb
1,1

H
Pb
2,1

CR3ℓ-VV ∈ (75, 105) ∈ (0, 70) > 250 < 0.2 > 0.75 –
VR3ℓ-VV ∈ (75, 105) ∈ (70, 100) > 250 < 0.2 > 0.75 –
SR3ℓ_High ∈ (75, 105) > 150 > 550 < 0.2 > 0.75 > 0.8
SR3ℓ_Int ∈ (75, 105) > 130 > 450 < 0.15 > 0.8 > 0.75
SR3ℓ_Low ∈ (75, 105) > 100 > 250 < 0.05 > 0.9 –

Table 8: Preselection criteria for the 3ℓ CR, VR and SR with the compressed decay tree. The variables are defined
in the text.

Region nleptons njets nb-tag p
ℓ1
T [GeV] p

ℓ2
T [GeV] p

ℓ3
T [GeV]

CR3ℓ_ISR-VV = 3 ≥ 1 = 0 > 25 > 25 > 20
VR3ℓ_ISR-VV = 3 ≥ 1 = 0 > 25 > 25 > 20
SR3ℓ_ISR = 3 ∈ [1, 3] = 0 > 25 > 25 > 20

values. The opposite is true as the mass-splitting becomes smaller, where the selection criteria imposed
on scale quantities are less stringent, since the produced objects are not expected to be too energetic;
better sensitivity is obtained by applying selection criteria to ratios of quantities. Orthogonality between
the CR, VR and SRs is achieved by inverting the requirement on mW

T and using different transverse-mass
windows.

SR3ℓ_Low requires no jet activity, so an orthogonal 3ℓ ISR region is defined when there are jets in the
event. As with all uses of the compressed decay tree, at least one jet must be identified in the event, to
populate the ISR system. For the SR3ℓ_ISR region all jets are associated with the ISR system. The highly
energetic ISR system that accompanies the leptons reduces the contributions from fake or non-prompt
(FNP) leptons and allows the relaxation of lepton pT thresholds. The exact preselection requirements
applied in the ISR regions are shown in Table 8.

The lepton pair formation follows the same prescription used for the regions constructed with the standard
decay tree. The selection criteria applied to the events after preselection are given in Table 9. The
diboson CR (CR3ℓ_ISR-VV) is defined with an inverted mW

T requirement while the corresponding VR
(VR3ℓ_ISR-VV) is defined with a relaxed requirement on mW

T and has the pCM
T requirement inverted.

Post-fit distributions of variables from the 3ℓ search for selected regions, are shown in Figures 6 and 7 for
data and the different MC samples. The background component labeled “Others” refers to the processes
with a Higgs boson, tt̄V and the non-prompt and non-isolated leptons.
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Table 9: Selection criteria for the 3ℓ CR, VR and SR with the compressed decay tree. The variables are defined in
the text.

Region mℓℓ [GeV] mW
T [GeV] ∆φCM

ISR,I RISR pCM
T ISR [GeV] pCM

T I [GeV] pCM
T [GeV]

CR3ℓ_ISR-VV ∈ (75, 105) < 100 > 2.0 ∈ (0.55, 1.0) > 80 > 60 < 25
VR3ℓ_ISR-VV ∈ (75, 105) > 60 > 2.0 ∈ (0.55, 1.0) > 80 > 60 > 25
SR3ℓ_ISR ∈ (75, 105) > 100 > 2.0 ∈ (0.55, 1.0) > 100 > 80 < 25
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Figure 6: Distributions of kinematic variables in the control regions for the 3ℓ channel after applying all selection
criteria described in Tables 7 or 9. The histograms show the post-fit MC background predictions. The FNP contri-
bution is estimated from a data-driven technique and is included in the category “Others”. The last bin includes the
overflow. Plots show (a) p

ℓ1
T and (b) HPP

3,1 for the diboson CR in the standard decay tree, (c) pCM
T ISR and (d) RISR for the

diboson CR in the compressed decay tree. The hatched error bands indicate the combined theoretical, experimental
and MC statistical uncertainties.
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Figure 7: Distributions of kinematic variables in the validation regions for the 3ℓ channel after applying all selection
criteria in Tables 7 or 9. The histograms show the post-fit MC background predictions. The FNP contribution is
estimated from a data-driven technique and is included in the category “Others”. The last bin includes the overflow.
Plots show (a) p

ℓ1
T and (b) HPP

3,1 for the standard decay tree, (c) pCM
T ISR and (d) RISR for the compressed decay tree.

The hatched error bands indicate the combined theoretical, experimental and MC statistical uncertainties.
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8 Background estimation

Several SM background processes contribute to the event counts in the signal regions. The largest back-
grounds arise from dibosons and Z+jets, with lesser contributions from top-quark pairs, single top quarks,
tribosons and Higgs bosons. In general, these backgrounds can be classified into two categories, the irre-
ducible backgrounds with prompt and isolated leptons (also referred to as real leptons) and genuine Emiss

T
from neutrinos, and reducible backgrounds that contain one or more FNP lepton(s) or where experimental
effects (e.g. detector mismeasurements of jets or leptons or imperfect removal of object double-counting)
lead to significant “fake” Emiss

T .

An FNP lepton can originate from a semileptonic decay of a b- or c- hadron, decays in flight of light
hadrons, misidentification of a light-flavor jet, or photon conversions. In the 2ℓ analysis such backgrounds
originate from multijet, W+jets, single-top-quark and tt̄ production events, while in the 3ℓ analysis there
are additional contributions from Z+jets and WW and from any other physics process leading to less than
three prompt and isolated leptons. In both analyses, this background is estimated using a data-driven
technique, the matrix method [91].

This method uses two types of lepton identification criteria: “signal”, corresponding to high-purity leptons
and “baseline”, corresponding to the definition of Section 4. The method makes use of the numbers of
observed events containing baseline–baseline, baseline–signal, signal–baseline and signal–signal lepton
pairs (ordered in pT) in a given SR. In the 3ℓ search channel the highest-pT electron or muon is taken to
be real. Simulation studies show that this is a valid assumption in > 95% of three-signal-lepton events.
Knowing the probabilities for real and FNP leptons satisfying the baseline selection criteria to also satisfy
the signal selection, the observed event counts with the different lepton selection criteria can be used
to extract a data-driven estimate of the FNP background. The probabilities are calculated similarly to
Ref. [18].

8.1 Background estimate in the two-lepton channel

The Z+jets process can provide a large background, particularly in the low-mass and compressed SRs,
due to fake Emiss

T from jet or lepton mismeasurements or from neutrinos in semileptonic decays of b- or
c-hadrons. These effects are difficult to model in simulation, so instead γ+jets events in data are used
to extract the Emiss

T shape in Z+jets events. Similar methods were employed in searches for SUSY in
events with two leptons, jets, and large Emiss

T in ATLAS [92] and CMS [93, 94]. The Emiss
T shape is

extracted from a data control sample of γ+jets events, which have a topology similar to Z+jets events,
recorded using a set of single-photon triggers. The events selected with prescaled triggers correspond
to photon pT < 140 GeV and these events are weighted with the corresponding trigger prescale factor.
Corrections for the different γ versus Z-boson pT distributions and different momentum resolutions for
electrons, muons, and photons are applied. Backgrounds from Wγ and Zγ production, which contain a
photon and genuine Emiss

T from neutrinos, are subtracted using MC simulation that is normalized to data
in a Vγ control region containing a selected lepton and photon. The Vγ normalization factor is found to
be equal to 0.79.

To model quantities that depend on the individual lepton momenta, a mℓℓ value is assigned to each γ+jets
event by sampling from mℓℓ distributions (parameterized as a function of boson pT and the component of
Emiss

T that is parallel to the boson pT) extracted from Z+jets simulation. Each γ+jets event is boosted to
the rest frame of the emulated Z boson and the photon is split into two pseudo-leptons, assuming isotropic

22



decays in the rest frame. In all the two-lepton SRs (except for SR2ℓ_Low) the Z+jets background is di-
rectly estimated by weighting appropriately the γ+jets events surviving the SR selections. In SR2ℓ_Low,
the direct Z+jets background estimation lacks statistical precision due to the high prescale factors of the
triggers used to select γ+jets events with low momentum (p

γ
T < 100 GeV), as opposed to the other SRs

whose definitions are such that events with a large dilepton system pT (pℓℓT ) are selected. Due to this,
an alternative approach is used for the Z+jets estimate in the low-mass SR, which relies on the robust
γ+jets estimate of high-pℓℓT events. The γ+jets template is used to directly estimate the high-pℓℓT Z+jets
component of SR2ℓ_Low while the low-pℓℓT Z+jets contribution is estimated by using a transfer factor
defined as the ratio of low-pℓℓT to high-pℓℓT events and is calculated from an orthogonal sample with an
inverted HPP

4,1 requirement.

To validate the method, as well as to check the modeling of other SM backgrounds, validation regions
are defined for each SR. The definitions of these regions (VR2ℓ-VV, VR2ℓ-Top, VR2ℓ_High-Zjets and
VR2ℓ_Low-Zjets) are given for the standard decay tree in Table 3 and (VR2ℓ_ISR-VV, VR2ℓ_ISR-Top
and VR2ℓ_ISR-Zjets) for the compressed decay tree in Table 5. The VRs targeting the validation of the
Z+jets background estimation have an inverted dijet mass requirement with respect to the corresponding
SR definitions as well as having some other selection criteria relaxed. In this way a potential signal
contribution is rejected while the regions remain close but orthogonal to the SR selections.

As described in Section 7, the background contributions from Wt + tt̄ and VV are normalized to data in
dedicated CRs and the extracted normalization factors from the fit are validated in orthogonal regions.
The VV process in the SRs has contributions from all diboson processes producing at least two leptons in
the final state. The dominant diboson process in SR2ℓ_High and SR2ℓ_Int is ZZ → ℓℓνν with a smaller
contribution from WZ → ℓνℓℓ. The picture changes with lower χ̃±1 /χ̃

0
2 masses and smaller mass-splitting;

in SR2ℓ_Low the dominant component is WW → ℓνℓν followed by WZ → ℓνℓℓ while in SR2ℓ_ISR the
dominant contribution is from WZ → ℓνℓℓ and to a lesser extent from ZZ → ℓℓνν. The semihadronic
decays of dibosons, for example ZV → ℓℓqq, are accounted for by the γ+jets template since they do
not lead to genuine Emiss

T in the event. The CRs are designed to have compositions, in terms of diboson
processes, similar to their respective SRs.

The two-lepton diboson and top CRs defined with the standard decay tree do not contain an explicit
selection to make them orthogonal to their respective compressed CRs. However, the two decay trees
of the RJR method, by construction, probe different event topologies, hence they select events where the
overlap is designed to be insignificant. For the top CR the overlap is less than 1% while for the diboson
CR it is smaller than 3%. Since the impact of this effect is negligible in comparison with the background
uncertainties, it is not considered in the remainder of the analysis.

The normalization factors obtained from the background-only fit for Wt + tt̄ and VV for the selections
applied to the standard (compressed) decay tree are 0.91±0.23 and 0.91±0.13 (0.99±0.12 and 0.94±0.18),
respectively, where the uncertainties are dominated by the statistical uncertainty. The background fit
results are summarized in Tables 10 and 11 for the CRs and VRs, respectively. The data are consistent
with the expected background in all validation regions.

8.2 Background estimate in the three-lepton channel

The irreducible background in the 3ℓ channel is dominated by SM WZ diboson production. The shape
of the diboson background is taken from simulation but normalized to data in dedicated CRs. The nor-
malization factors extracted from the background-only fit are found to be 1.09±0.10 and 1.13±0.13 for
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Table 10: Background fit results for the 2ℓ CRs. The normalization factors for Wt + tt̄ and VV for the standard
and compressed decay trees are different and are extracted from separate fits. The nominal predictions from MC
simulation are given for comparison for the Wt + tt̄ and VV backgrounds. The “Other” category contains the
contributions from Higgs boson processes, Vγ, VVV, tt̄V and non-prompt and non-isolated lepton production. The
dashes indicate that these backgrounds are negligible and are included in the category “Other”. Combined statistical
and systematic uncertainties are given. The individual uncertainties can be correlated and do not necessarily add in
quadrature to the total systematic uncertainty.

Region CR2ℓ-VV CR2ℓ-Top CR2ℓ_ISR-VV CR2ℓ_ISR-Top

Observed events 60 97 28 93

Total (post-fit) SM events 60± 8 97± 10 28± 5 93± 10

Other 3.5± 0.3 1.4± 0.3 0.72± 0.31 0.50± 0.15
Fit output, Wt + tt̄ − 60± 11 − 90± 10
Fit output, VV 57± 8 4.0± 1.0 27± 5 0.99± 0.31
Z+jets − 31± 15 − 2.1± 1.0

Fit input, Wt + tt̄ − 66 − 91
Fit input, VV 62 4.4 29 1.1

Table 11: Expected and observed yields from the background fit for the 2ℓ VRs. The nominal predictions from
MC simulation are given for comparison for the Wt + tt̄ and VV backgrounds. The “Other” category contains the
contributions from Higgs boson processes, Vγ, VVV, tt̄V and non-prompt and non-isolated lepton production. The
dashes indicate that these backgrounds are negligible and are included in the category “Other”. Combined statistical
and systematic uncertainties are given. The individual uncertainties can be correlated and do not necessarily add in
quadrature to the total systematic uncertainty.

Region VR2ℓ_Low-Zjets VR2ℓ_High-Zjets VR2ℓ-VV VR2ℓ-Top VR2ℓ_ISR-VV VR2ℓ_ISR-Top VR2ℓ_ISR-Zjets

Observed events 263 77 72 491 13 113 248

Total (post-fit) SM events 261± 130 69± 26 61± 13 423± 105 12± 4 110± 18 310± 100

Other 3.5± 1.5 0.25+0.62
−0.25 0.80± 0.09 2.3± 0.4 4.2± 0.5 0.68± 0.22 3.0± 0.6

Fit output, Wt + tt̄ 15± 5 1.7± 0.7 12± 4 415± 105 − 107± 18 40± 8
Fit output, VV 30± 7 16± 3 40± 13 3.7± 0.9 7.9± 3.6 0.97± 0.25 67± 15
Z+jets 210± 130 51± 25 8.4± 4.1 2.4± 1.2 − 1.6± 0.8 200± 100

Fit input, Wt + tt̄ 16 1.9 13 455 − 108 41
Fit input, VV 33 17 43 4.1 8.4 1.1 71
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Table 12: Expected and observed yields from the background fit for the 3ℓ CRs and VRs. The normalization
factors for VV for the standard and compressed decay trees are different and are extracted from separate fits. The
nominal predictions from MC simulation are given for comparison for the VV background. The “Other” category
contains the contributions from Higgs boson processes, tt̄V and non-prompt and non-isolated lepton production.
Combined statistical and systematic uncertainties are given. The individual uncertainties can be correlated and do
not necessarily add in quadrature to the total systematic uncertainty.

Region CR3ℓ-VV VR3ℓ-VV CR3ℓ_ISR-VV VR3ℓ_ISR-VV

Observed events 331 160 98 83

Total (post-fit) SM events 331± 18 159± 37 98± 10 109± 24

Other 52± 2 5.6± 1.2 4.4± 1.2 7.1± 1.6
Tribosons 1.1± 0.1 0.44± 0.03 0.22± 0.14 0.42± 0.04
Fit output, VV 278± 18 153± 38 93± 10 102± 24

Fit input, VV 255 140 83 90

the standard- and compressed decay tree selections, respectively. The results of the background estimates
are validated in a set of dedicated VRs. Other background sources such as VVV , tt̄V and processes with
a Higgs boson contributing to the irreducible background are taken from simulation. A summary of the
background fit results for the 3ℓ CRs and VRs is given in Table 12.

Similar to the two-lepton CR design, the three-lepton diboson CR defined with the standard decay tree
does not contain an explicit selection to make it orthogonal to its respective compressed CR. The over-
lap is less than 0.5%. Since the impact of this effect is negligible in comparison with the background
uncertainties, it is not considered in the remainder of the analysis.

9 Systematic uncertainties

Several sources of experimental and theoretical systematic uncertainties are considered in the SM back-
ground estimates and signal expectations and are included in the profile likelihood fits described in Sec-
tion 5. The systematic uncertainties that are considered are related to the jet energy scale and resolution,
the modeling of Emiss

T in the simulation, the lepton reconstruction and identification, the VV theoret-
ical modeling uncertainties, the non-prompt lepton background estimation and the data-driven Z+jets
estimate. The effects of these uncertainties are evaluated for all signal event samples and background
processes. The normalization of the Wt+ tt̄ and VV background predictions is extracted in dedicated con-
trol regions and the systematic uncertainties thus only affect the extrapolation to the SRs. The statistical
uncertainty due to the number of events in the MC samples is also included. The systematic uncertainty
associated with the pileup reweighting of the simulated events is also considered and found to have a
negligible impact on the final results.

The jet energy scale and resolution uncertainties are derived as a function of the pT and η of the jet,
as well as of the pileup conditions and the jet flavor composition of the selected jet sample. They are
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determined using a combination of simulated events and data samples, through measurements of the jet
response balance in multijet, Z+jets and γ+jets events [83].

The systematic uncertainties related to the modeling of Emiss
T in the simulation are estimated by propa-

gating the uncertainties in the energy and momentum scale of each of the physics objects, as well as the
uncertainties in the soft-term resolution and scale [95].

The remaining detector-related systematic uncertainties, such as those in the lepton reconstruction effi-
ciency, b-tagging efficiency [96, 97], lepton energy scale, energy resolution and in the modeling of the
trigger [75, 76], are included but are found to be negligible in all channels.

The uncertainties arising from the modeling of diboson events in simulation are estimated by varying the
renormalization, factorization and merging scales used to generate the samples, as well as the PDFs.

In the 2ℓ channel, uncertainties in the data-driven Z+jets estimate are calculated following the method-
ology used in Ref. [92]. An additional uncertainty is based on the difference between the expected
background yield from the nominal method (which produces 6.3 events in SR2ℓ_Low and 0.1 events
in SR2ℓ_ISR) and from a second method implemented as a cross-check, which extracts the dijet mass
shape from data validation regions, normalizes the shape to the sideband regions of the SRs, and extrap-
olates the background into the W mass region. The Z+jets background estimations obtained from the
sideband method are 5.9 and 0.2 events for SR2ℓ_Low and SR2ℓ_ISR, respectively. Moreover, a 100%
uncertainty in the Vγ normalization factor is included. To cover any statistical limitations that may be
present in SR2ℓ_ISR, an upper limit on the Z+jets estimate is considered as an additional systematic
uncertainty. The upper limit is calculated by multiplying the sum of the nominal Z+jets background es-
timate, adding the statistical uncertainty, with the ratio of low-pℓℓT to high-pℓℓT events calculated with a
looser requirement on pCM

T I . This is the dominant uncertainty in the ISR region and accounts for 95% of
the total uncertainty in the Z+jets estimate.

Systematic uncertainties are also assigned to the estimated background from FNP leptons in both the 2ℓ
and 3ℓ channels to account for potentially different compositions (heavy flavor, light flavor or conversions)
between the signal and control regions. An additional uncertainty is associated with the subtraction of
prompt leptons from this CR using simulation.

A summary of the dominant uncertainties in the 2ℓ SRs is shown in Table 13. The uncertainties with the
largest impact in these SRs are those in the data-driven Z+jets estimate, followed by the VV modeling
uncertainties, the statistical uncertainties in the MC background samples and the uncertainty in the fitted
normalization factor for VV related to the number of events in the corresponding CRs.

A similar summary of the systematic uncertainties impacting the 3ℓ SRs is given in Table 14. These are
dominated by the statistical uncertainties in the MC background samples, the modeling uncertainties in
the VV processes and the uncertainties related to the fitted normalization factors for VV .
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Table 13: Summary of the main systematic uncertainties and their impact (in %) on the total SM background pre-
diction in each of the 2ℓ SRs. The total systematic uncertainty can be different from the sum in quadrature of
individual sources due to the correlations between them resulting from the fit to the data.

Signal Region SR2ℓ_High SR2ℓ_Int SR2ℓ_Low SR2ℓ_ISR

Total uncertainty [%] 42 38 70 103

Z+jets data-driven estimate 42 31 69 96
VV theoretical uncertainties 28 27 6 34
MC statistical uncertainties 16 12 5 9
VV fitted normalization 13 14 2 16
FNP leptons - 5 13 12
Jet energy resolution 5 10 4 3
Jet energy scale 1 2 < 1 3
Emiss

T modeling 3 4 < 1 < 1
tt̄ fitted normalization < 1 < 1 2 2
Lepton reconstruction / identification < 1 < 1 < 1 < 1

Table 14: Summary of the main systematic uncertainties and their impact (in %) on the total SM background pre-
diction in each of the 3ℓ SRs. The total systematic uncertainty can be different from the sum in quadrature of
individual sources due to the correlations between them resulting from the fit to the data.

Signal Region SR3ℓ_High SR3ℓ_Int SR3ℓ_Low SR3ℓ_ISR

Total uncertainty [%] 44 22 19 26

VV theoretical uncertainties 18 9 12 19
MC statistical uncertainties 37 17 8 10
VV fitted normalization 8 7 9 11
FNP leptons 7 < 1 3 5
Jet energy resolution 4 < 1 7 3
Jet energy scale 7 < 1 2 3
Emiss

T modeling 2 < 1 1 4
Lepton reconstruction / identification 3 4 2 2
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10 Results and interpretation

The observed numbers of events in the 2ℓ channel are compared with the expected background contribu-
tions in Table 15 and Figure 8; those in the 3ℓ channel are shown in Table 16 and Figure 9. No significant
excesses above the SM expectation are observed in the SRs targeting intermediate- and high-mass signal
models. An excess of events above the background estimate is observed in each of the four low-mass and
ISR signal regions. To quantify the level of agreement of the observed data with the SM expectations,
a model-independent fit is performed separately for each SR. The results of this fit for the 2ℓ and 3ℓ
searches are given in Table 17.

Selected kinematic distributions in the low-mass and ISR regions for the 2ℓ and 3ℓ selections after ap-
plying all the selection requirements defining these SRs are shown in Figures 10 and 11, respectively.
In all figures a SUSY signal benchmark model is shown for illustration. This simplified model assumes
mχ̃±1 /χ̃

0
2
= 200 GeV and mχ̃0

1
= 100 GeV, and was used to optimize the event selection criteria for the

low-mass and ISR SRs.

With the complementarity of the 3ℓ low-mass and ISR regions, a study of events that fall in either one or
the other is possible. Many of the discriminating variables are specific to the decay trees, hence events
in the ISR and low-mass SRs cannot be displayed together in these observables. Figure 12 shows the
transverse mass distribution, calculated using the unpaired lepton prior to the selection imposed on this
variable, for events passing the 3ℓ low-mass (12(a)) and the 3ℓ ISR SR requirements (12(b)). These
distributions show events with no additional jet activity, along with those including a jet identified as
emanating from an ISR system. In both figures there is an excess of events with transverse mass above
the minimum value of 100 GeV required in both SR3ℓ_Low and SR3ℓ_ISR.

Exclusion limits for simplified models, in which pairs of χ̃±1 χ̃
0
2 decay with 100% branching ratio into W/Z

vector bosons, are shown in Figure 13. Figures 13(a) and 13(b) show the exclusion limits obtained from
the 2ℓ and 3ℓ channels respectively and after selecting the SR with the highest expected sensitivity for
each signal-model assumption. The low-mass and ISR regions are statistically combined. Figure 13(c)
corresponds to the statistical combination of the 2ℓ and 3ℓ search channels. The combination proceeds by
statistically combining the SRs of the two channels which target the same region in the two-dimensional
parameter space (e.g. SR2ℓ_High with SR3ℓ_High) since they contain mutually exclusive events. Once
the statistical combination is performed then the combined SR producing the best expected CLs value for
each model assumption is chosen. The last step is needed since the high-, intermediate- and low-mass
SRs have event overlap while the low-mass and ISR SRs are mutually exclusive and can be statistically
combined. Finally, Figure 13(d) compares the expected and observed exclusion limits obtained from the
recursive jigsaw approach with those described in Ref. [18].

The current results extend the sensitivity and exclusion limits in the high- and intermediate-mass-splitting
regions compared to those from Ref. [18]. However, the low-mass region where the mass splitting is
≈ 100 GeV cannot be excluded due to the observed excess of events. The results in this region are of
interest as they show an apparent disagreement with those quoted in Ref. [18] with similar sensitivity to
this simplified model. The observed data excesses in SR3ℓ_ISR, SR3ℓ_Low, SR2ℓ_ISR and SR2ℓ_Low
have associated significances of 3.0, 2.1, 2.0 and 1.4 standard deviations, respectively. As a result of these
deviations from expectation the exclusion curves in Figure 13 demonstrate that there are regions where an
exclusion would be expected but cannot be achieved with the data. A comparison with the analysis from
Ref. [18] in Figure 13(d) shows that there is a region of phase space in this simplified model, excluded at
95% CL by that analysis, that cannot be excluded by the results of this analysis.
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Table 15: Expected and observed yields from the background-only fit for the 2ℓ SRs. The errors shown are the
statistical plus systematic uncertainties. Uncertainties in the predicted background event yields are quoted as sym-
metric, except where the negative error reaches down to zero predicted events, in which case the negative error is
truncated.

Signal region SR2ℓ_High SR2ℓ_Int SR2ℓ_Low SR2ℓ_ISR

Total observed events 0 1 19 11

Total background events 1.9± 0.8 2.4± 0.9 8.4± 5.8 2.7+2.8
−2.7

Other 0.02± 0.01 0.05+0.12
−0.05 0.02+1.07

−0.02 0.06+0.33
−0.06

Fit output, Wt + tt̄ 0.00± 0.00 0.00± 0.00 0.57± 0.20 0.28+0.34
−0.28

Fit output, VV 1.8± 0.7 2.4± 0.8 1.5± 0.9 2.3± 1.1
Z+jets 0.07+0.78

−0.07 0.00+0.74
−0.00 6.3± 5.8 0.10+2.58

−0.10

Fit input, Wt + tt̄ 0.00 0.00 0.63 0.28
Fit input, VV 1.9 2.6 1.6 2.4
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Figure 8: The observed and expected SM background yields in the CRs, VRs and SRs considered in the 2ℓ chan-
nel. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
experimental and theoretical uncertainties. The bottom panel shows the difference in standard deviations between
the observed and expected yields.
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Table 16: Expected and observed yields from the background-only fit for the 3ℓ SRs. The errors shown are the
statistical plus systematic uncertainties. Uncertainties in the predicted background event yields are quoted as sym-
metric, except where the negative error reaches down to zero predicted events, in which case the negative error is
truncated.

Signal region SR3ℓ_High SR3ℓ_Int SR3ℓ_Low SR3ℓ_ISR

Total observed events 2 1 20 12

Total background events 1.1± 0.5 2.3± 0.5 10± 2 3.9± 1.0

Other 0.03+0.07
−0.03 0.04± 0.02 0.02+0.34

−0.02 0.06+0.19
−0.06

Triboson 0.19± 0.07 0.32± 0.06 0.25± 0.03 0.08± 0.04
Fit output, VV 0.83± 0.39 1.9± 0.5 10± 2 3.8± 1.0

Fit input, VV 0.76 1.8 9.2 3.4
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Figure 9: The observed and expected SM background yields in the CRs, VRs and SRs considered in the 3ℓ chan-
nel. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
experimental and theoretical uncertainties. The bottom panel shows the difference in standard deviations between
the observed and expected yields.
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Table 17: Model-independent fit results for all SRs. The first column shows the SRs, the second and third columns
show the 95% CL upper limits on the visible cross-section (〈ǫσ〉95

obs) and on the number of signal events (S 95
obs ).

The fourth column (S 95
exp) shows the 95% CL upper limit on the number of signal events, given the expected number

(and ±1σ excursions of the expectation) of background events. The last column indicates the discovery p0-value
and its associated significance (Z).

Signal region 〈ǫσ〉95
obs[fb] S 95

obs S 95
exp p0 (Z)

SR3ℓ_ISR 0.42 15.3 6.9+3.1
−2.2 0.001 (3.02)

SR2ℓ_ISR 0.43 15.4 9.7+3.6
−2.5 0.02 (1.99)

SR3ℓ_Low 0.53 19.1 9.5+4.2
−1.8 0.016 (2.13)

SR2ℓ_Low 0.66 23.7 16.1+6.3
−4.3 0.08 (1.39)

SR3ℓ_Int 0.09 3.3 4.4+2.5
−1.5 0.50 (0.00)

SR2ℓ_Int 0.09 3.3 4.6+2.6
−1.5 0.50 (0.00)

SR3ℓ_High 0.14 5.0 3.9+2.2
−1.3 0.23 (0.73)

SR2ℓ_High 0.09 3.2 4.0+2.3
−1.2 0.50 (0.00)
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Figure 10: Distributions of kinematic variables in the signal regions for the 2ℓ channels after applying all selection
requirements. The histograms show the post-fit background predictions. The last bin includes the overflow. Dis-
tributions for (a) HPP

4,1 and (b) min(HPa
1,1,H

Pb
1,1)/min(HPa

2,1,H
Pb
2,1) in SR2ℓ_Low, (c) p CM

T ISR and (d) RISR in SR2ℓ_ISR
are plotted. The hatched (black) error bands indicate the combined theoretical, experimental and MC statistical
uncertainties. The expected distribution for a benchmark signal model, normalized to the NLO+NLL cross-section
(Section 3) times integrated luminosity, is also shown for comparison.
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Figure 11: Distributions of kinematic variables in the signal regions for the 3ℓ channels after applying all selec-
tion requirements. The histograms show the post-fit background predictions. The last bin includes the overflow.
Distributions for (a) HPP

3,1 and (b) p
ℓ1
T in SR3ℓ_Low, (c) p CM

T ISR and (d) RISR in SR3ℓ_ISR are plotted. The hatched
(black) error bands indicate the combined theoretical, experimental and MC statistical uncertainties. The expected
distribution for a benchmark signal model, normalized to the NLO+NLL cross-section (Section 3) times integrated
luminosity, is also shown for comparison.

The RJR selection reduces background through testing how well the events exhibit properties anticipated
for the topologies under investigation with a much looser requirement on the missing transverse momen-
tum than in the analysis in Ref. [18]. The methods by which the analyses select the putative Z-boson
candidate and define SRs with or without a system of jets consistent with ISR also differ. The overlap of
the selected data events in the SRs between the two approaches is found to be smaller than 20% and 30%
for the two-lepton and three-lepton channels, respectively.

In light of these results in the SR3ℓ_ISR, SR3ℓ_Low, SR2ℓ_ISR and SR2ℓ_Low regions, a variety of
cross-checks were performed for both the 2ℓ and 3ℓ channels.

Table 18 shows the breakdown of the composition of the lepton flavor for the events selected in the
SR2ℓ_Low, SR2ℓ_ISR, SR3ℓ_Low and SR3ℓ_ISR regions, along with the expectation from the back-
ground estimation.

The validation-region distributions in Figure 5 and Figure 7 show that there is good agreement between
the expectation from the background prediction and data in kinematic regions close to the SRs. For the
SR3ℓ_ISR and SR3ℓ_Low regions, where the excesses are most significant, the composition of the events

32



 [GeV]W
T

m

E
v
e

n
ts

 /
 1

0
 G

e
V

0

5

10

15

20

25

30

VV

VVV

Other

Bkg. Uncert.

Data

]=[200,100] GeV
0

1
χ
∼

,m
±

1
χ
∼/

0

2
χ
∼

[m

SR3 _Lowℓ

 ATLAS

-1
 = 13 TeV, 36.1 fbs

 [GeV]W
Tm

20 40 60 80 100 120 140 160 180 200

D
a
ta

 /
 B

k
g

1
2
3
4
5

(a)

 [GeV]W
T

m

E
v
e

n
ts

 /
 1

0
 G

e
V

0

5

10

15

20

25

30

VV

VVV

Other

Bkg. Uncert.

Data

]=[200,100] GeV
0

1
χ
∼

,m
±

1
χ
∼/

0

2
χ
∼

[m

SR3 _ISRℓ

 ATLAS

-1
 = 13 TeV, 36.1 fbs

 [GeV]W
Tm

20 40 60 80 100 120 140 160 180 200
D

a
ta

 /
 B

k
g

1
2
3
4
5

(b)

Figure 12: The transverse mass of the unpaired lepton for events falling in either (a) SR3ℓ_Low or (b) SR3ℓ_ISR
prior to the selection placed on this variable. The solid red line and arrow indicates the requirement defining
these SRs. The last bin includes the overflow. The hatched (black) error bands indicate the combined theoretical
uncertainties on VV , experimental and MC statistical uncertainties. The expected distribution for a benchmark
signal model, normalized to the NLO+NLL cross-section (Section 3) times integrated luminosity, is also shown for
comparison.

Table 18: Breakdown of the observed and expected (in parentheses) number of events in terms of flavor composition
in the SRs with an excess.

Signal region SR2ℓ_Low SR2ℓ_ISR

ee 9 (4.5±3.9) 3 (1.2±1.2)
µµ 10 (3.9±2.6) 8 (1.5±1.5)

Signal region SR3ℓ_Low SR3ℓ_ISR

eee 6 (3.5±0.7) 3 (1.1±0.3)
eeµ 6 (2.0±0.4) 3 (0.9±0.3)
µµµ 7 (2.7±0.6) 4 (1.5±0.4)
µµe 1 (1.9±0.4) 2 (0.4±0.1)
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Figure 13: Exclusion limits at 95% CL on the masses of χ̃±1 /χ̃
0
2 and χ̃0

1 from the analysis of 36.1 fb−1 of 13 TeV
pp collision data obtained from the (a) 2ℓ search, (b) the 3ℓ search, (c) the statistical combination of the 2ℓ and 3ℓ
search channels, assuming 100% branching ratio of the sparticles to decay to SM W/Z bosons and χ̃0

1. The dashed
line and the shaded band are the expected limit and its ±1σ uncertainty, respectively. The thick solid line is the
observed limit for the central value of the signal cross-section. The dotted lines around the observed limit illustrate
the change in the observed limit as the nominal signal cross-section is scaled up and down by the theoretical
uncertainty and (d) comparison between the exclusion limits from this analysis and Ref. [18].
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is studied in dedicated validation regions where the primary selection criteria in the signal region are
inverted. In each of these distributions the observed events are in good agreement with the prediction,
and the primary background from WZ events in MC simulation describes the data in both shape and
yield. These cross-checks do not indicate a significant mismodeling of any single component of the
background. In all cases the main background components are studied with alternative generators and
there is good agreement between these samples. Yields of events determined with data-driven methods
are cross-checked with MC simulation samples and no significant discrepancies are observed.

11 Conclusion

The paper presents a search for the electroweak production of neutralinos and charginos decaying into
final states with exactly two or three electrons or muons and missing transverse momentum, performed
using proton–proton collision data at

√
s = 13 TeV corresponding to an integrated luminosity of 36.1 fb−1

recorded by the ATLAS detector at the LHC. Two distinct search channels based on recursive jigsaw
reconstruction are considered where both the 2ℓ and 3ℓ channels target the same signal mode but with the
W boson decaying leptonically or to jets.

The statistical interpretation of the two search channels places exclusion limits on associated χ̃±1 χ̃
0
2 pro-

duction with gauge-boson-mediated decays. For a massless χ̃0
1, χ̃±1 /χ̃

0
2 masses up to 600 GeV are excluded.

The results extend the region of supersymmetric parameter space previously excluded by LHC searches
in the high- and intermediate-mass regions. In the low-mass and ISR signal regions an excess of events
above the SM prediction is observed and the region of parameter space below mχ̃±1 /χ̃

0
2
= 220 GeV cannot

be excluded.

The excesses observed in the 2ℓ and 3ℓ channels in the ISR (low-mass) signal regions correspond to local
significances of 2.0 and 3.0 (1.4 and 2.1) standard deviations, respectively.

Acknowledgments

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia;
MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS,
CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC,
Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR,
Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan;
TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition, indi-
vidual groups and members have received support from BCKDF, the Canada Council, CANARIE, CRC,
Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7,

35



Horizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d’Avenir Labex
and Idex, ANR, Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation,
Germany; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF;
BSF, GIF and Minerva, Israel; BRF, Norway; CERCA Programme Generalitat de Catalunya, Generalitat
Valenciana, Spain; the Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource
providers. Major contributors of computing resources are listed in Ref. [98].

References

[1] Y. A. Golfand and E. P. Likhtman,
Extension of the Algebra of Poincare Group Generators and Violation of p Invariance,
JETP Lett. 13 (1971) 323, [Pisma Zh. Eksp. Teor. Fiz. 13 (1971) 452-455],
url: http://www.jetpletters.ac.ru/ps/1584/article_24309.pdf.

[2] D. V. Volkov and V. P. Akulov, Is the Neutrino a Goldstone Particle? Phys. Lett. B 46 (1973) 109.

[3] J. Wess and B. Zumino, Supergauge Transformations in Four-Dimensions,
Nucl. Phys. B 70 (1974) 39.

[4] J. Wess and B. Zumino, Supergauge Invariant Extension of Quantum Electrodynamics,
Nucl. Phys. B 78 (1974) 1.

[5] S. Ferrara and B. Zumino, Supergauge Invariant Yang-Mills Theories,
Nucl. Phys. B 79 (1974) 413.

[6] A. Salam and J. A. Strathdee, Super-symmetry and Non-abelian Gauges,
Phys. Lett. B 51 (1974) 353.

[7] G. R. Farrar and P. Fayet, Phenomenology of the Production, Decay, and Detection of New

Hadronic States Associated with Supersymmetry, Phys. Lett. B 76 (1978) 575.

[8] H. Goldberg, Constraint on the Photino Mass from Cosmology,
Phys. Rev. Lett. 50 (1983) 1419, [Erratum: Phys. Rev. Lett. 103 (2009) 099905].

[9] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive, and M. Srednicki,
Supersymmetric Relics from the Big Bang, Nucl. Phys. B 238 (1984) 453.

[10] ATLAS Collaboration, Search for squarks and gluinos in final states with jets and missing

transverse momentum using 36 fb−1 of
√

s = 13 TeV pp collision data with the ATLAS detector,
(2017), arXiv: 1712.02332 [hep-ex].

[11] CMS Collaboration, Search for supersymmetry in multijet events with missing transverse

momentum in proton-proton collisions at 13 TeV, Phys. Rev. D 96 (2017) 032003,
arXiv: 1704.07781 [hep-ex].

[12] CMS Collaboration, Search for new phenomena with the MT2 variable in the all-hadronic final

state produced in proton–proton collisions at
√

s = 13 TeV, Eur. Phys. J. C 77 (2017) 710,
arXiv: 1705.04650 [hep-ex].

36

http://www.jetpletters.ac.ru/ps/1584/article_24309.pdf
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://dx.doi.org/10.1016/0550-3213(74)90112-6
http://dx.doi.org/10.1016/0550-3213(74)90559-8
http://dx.doi.org/10.1016/0370-2693(74)90226-3
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1103/PhysRevLett.50.1419
http://dx.doi.org/10.1016/0550-3213(84)90461-9
http://arxiv.org/abs/1712.02332
http://dx.doi.org/10.1103/PhysRevD.96.032003
http://arxiv.org/abs/1704.07781
http://dx.doi.org/10.1140/epjc/s10052-017-5267-x
http://arxiv.org/abs/1705.04650


[13] P. Jackson, C. Rogan, and M. Santoni, Sparticles in motion: Analyzing compressed SUSY

scenarios with a new method of event reconstruction, Phys. Rev. D 95 (2017) 035031,
arXiv: 1607.08307 [hep-ex].

[14] P. Jackson and C. Rogan, Recursive Jigsaw Reconstruction: HEP event analysis in the presence of

kinematic and combinatoric ambiguities, Phys. Rev. D 96 (2017) 112007,
arXiv: 1705.10733 [hep-ph].

[15] ATLAS Collaboration,
Search for direct production of charginos, neutralinos and sleptons in final states with two leptons

and missing transverse momentum in pp collisions at
√

s = 8 TeV with the ATLAS detector,
JHEP 05 (2014) 071, arXiv: 1403.5294 [hep-ex].

[16] ATLAS Collaboration,
Search for direct production of charginos and neutralinos in events with three leptons and missing

transverse momentum in
√

s = 8 TeV pp collisions with the ATLAS detector,
JHEP 04 (2014) 169, arXiv: 1402.7029 [hep-ex].

[17] ATLAS Collaboration, Search for the electroweak production of supersymmetric particles in
√

s

= 8 TeV pp collisions with the ATLAS detector, Phys. Rev. D 93 (2016) 052002,
arXiv: 1509.07152 [hep-ex].

[18] ATLAS Collaboration, Search for electroweak production of supersymmetric particles in final

states with two or three leptons at
√

s = 13 TeV with the ATLAS detector, (2018),
arXiv: 1803.02762 [hep-ex].

[19] CMS Collaboration, Search for electroweak production of charginos and neutralinos in

multilepton final states in proton-proton collisions at
√

s = 13 TeV, JHEP 03 (2018) 166,
arXiv: 1709.05406 [hep-ex].

[20] CMS Collaboration, Search for new phenomena in final states with two opposite-charge,

same-flavor leptons, jets, and missing transverse momentum in pp collisions at
√

s = 13 TeV,
JHEP 03 (2018) 076, arXiv: 1709.08908 [hep-ex].

[21] CMS Collaboration, Combined search for electroweak production of charginos and neutralinos in

proton-proton collisions at
√

s = 13 TeV, JHEP 03 (2018) 160, arXiv: 1801.03957 [hep-ex].

[22] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.

[23] ATLAS Collaboration, ATLAS Insertable B-Layer Technical Design Report,
ATLAS-TDR-19-ADD-1 (2010), url: https://cdsweb.cern.ch/record/1291633.

[24] ATLAS Collaboration, Performance of the ATLAS Trigger System in 2015,
Eur. Phys. J. C 77 (2017) 317, arXiv: 1611.09661 [hep-ex].

[25] ATLAS Collaboration,
Luminosity determination in pp collisions at

√
s = 8 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C 76 (2016) 653, arXiv: 1608.03953 [hep-ex].

[26] ATLAS Collaboration, Monte Carlo Generators for the Production of a W or Z/γ∗ Boson in

Association with Jets at ATLAS in Run 2, ATL-PHYS-PUB-2016-003 (2016),
url: https://cds.cern.ch/record/2120133.

[27] T. Gleisberg et al., Event generation with SHERPA 1.1, JHEP 02 (2009) 007,
arXiv: 0811.4622 [hep-ph].

37

http://dx.doi.org/10.1103/PhysRevD.95.035031
http://arxiv.org/abs/1607.08307
http://dx.doi.org/10.1103/PhysRevD.96.112007
http://arxiv.org/abs/1705.10733
http://dx.doi.org/10.1007/JHEP05(2014)071
http://arxiv.org/abs/1403.5294
http://dx.doi.org/10.1007/JHEP04(2014)169
http://arxiv.org/abs/1402.7029
http://dx.doi.org/10.1103/PhysRevD.93.052002
http://arxiv.org/abs/1509.07152
http://arxiv.org/abs/1803.02762
http://dx.doi.org/10.1007/JHEP03(2018)166
http://arxiv.org/abs/1709.05406
http://dx.doi.org/10.1007/s13130-018-7845-2
http://arxiv.org/abs/1709.08908
http://dx.doi.org/10.1007/JHEP03(2018)160
http://arxiv.org/abs/1801.03957
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
https://cdsweb.cern.ch/record/1291633
http://dx.doi.org/10.1140/epjc/s10052-017-4852-3
http://arxiv.org/abs/1611.09661
http://dx.doi.org/10.1140/epjc/s10052-016-4466-1
http://arxiv.org/abs/1608.03953
https://cds.cern.ch/record/2120133
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622


[28] R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04 (2015) 040,
arXiv: 1410.8849 [hep-ph].

[29] T. Gleisberg and S. Höche, Comix, a new matrix element generator, JHEP 12 (2008) 039,
arXiv: 0808.3674 [hep-ph].

[30] Cascioli, Fabio and Maierhöfer, Philipp and Pozzorini, Stefano,
Scattering Amplitudes with Open Loops, Phys. Rev. Lett. 108 (2012) 111601,
arXiv: 1111.5206 [hep-ph].

[31] S. Schumann and F. Krauss,
A Parton shower algorithm based on Catani-Seymour dipole factorisation, JHEP 03 (2008) 038,
arXiv: 0709.1027 [hep-ph].

[32] S. Höche, F. Krauss, M. Schönherr and F. Siegert,
QCD matrix elements + parton showers: The NLO case, JHEP 04 (2013) 027,
arXiv: 1207.5030 [hep-ph].

[33] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024,
arXiv: 1007.2241 [hep-ph].

[34] S. Alioli, P. Nason, C. Oleari, and E. Re, A general framework for implementing NLO

calculations in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043,
arXiv: 1002.2581 [hep-ph].

[35] ATLAS Collaboration,
Simulation of top quark production for the ATLAS experiment at

√
s = 13 TeV,

ATL-PHYS-PUB-2016-004 (2016), url: https://cds.cern.ch/record/2120417.

[36] S. Frixione, P. Nason, and C. Oleari,
Matching NLO QCD computations with parton shower simulations: the POWHEG method,
JHEP 11 (2007) 070, arXiv: 0709.2092 [hep-ph].

[37] P. Artoisenet, R. Frederix, O. Mattelaer and R. Rietkerk,
Automatic spin-entangled decays of heavy resonances in Monte Carlo simulations,
JHEP 03 (2013) 015, arXiv: 1212.3460 [hep-ph].

[38] T. Sjöstrand, S. Mrenna and P. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026,
arXiv: hep-ph/0603175.

[39] J. Pumplin et al.,
New generation of parton distributions with uncertainties from global QCD analysis,
JHEP 07 (2002) 012, arXiv: hep-ph/0201195.

[40] P. Z. Skands, Tuning Monte Carlo Generators: The Perugia Tunes,
Phys. Rev. D 82 (2010) 074018, arXiv: 1005.3457 [hep-ph].

[41] M. Czakon, P. Fiedler, and A. Mitov,
Total Top-Quark Pair-Production Cross Section at Hadron Colliders Through O(α4

S
),

Phys. Rev. Lett. 110 (2013) 252004, arXiv: 1303.6254 [hep-ph].

[42] M. Czakon and A. Mitov,
Top++: A Program for the Calculation of the Top-Pair Cross-Section at Hadron Colliders,
Comput. Phys. Commun. 185 (2014) 2930, arXiv: 1112.5675 [hep-ph].

[43] N. Kidonakis,
Two-loop soft anomalous dimensions for single top quark associated production with a W− or H−,
Phys. Rev. D 82 (2010) 054018, arXiv: 1005.4451 [hep-ph].

38

http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
http://dx.doi.org/10.1088/1126-6708/2008/12/039
http://arxiv.org/abs/0808.3674
http://dx.doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
http://dx.doi.org/10.1007/JHEP04(2013)027
http://arxiv.org/abs/1207.5030
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
https://cds.cern.ch/record/2120417
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
http://dx.doi.org/10.1007/JHEP03(2013)015
http://arxiv.org/abs/1212.3460
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1103/PhysRevLett.110.252004
http://arxiv.org/abs/1303.6254
http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
http://dx.doi.org/10.1103/PhysRevD.82.054018
http://arxiv.org/abs/1005.4451


[44] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon corrections for t-channel

single top quark production, Phys. Rev. D 83 (2011) 091503, arXiv: 1103.2792 [hep-ph].

[45] M. Aliev et al., HATHOR: HAdronic Top and Heavy quarks crOss section calculatoR,
Comput. Phys. Commun. 182 (2011) 1034, arXiv: 1007.1327 [hep-ph].

[46] P. Kant et al., HatHor for single top-quark production: Updated predictions and uncertainty

estimates for single top-quark production in hadronic collisions,
Comput. Phys. Commun. 191 (2015) 74, arXiv: 1406.4403 [hep-ph].

[47] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential

cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
arXiv: 1405.0301 [hep-ph].

[48] T. Sjöstrand et al., An Introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159,
arXiv: 1410.3012 [hep-ph].

[49] ATLAS Collaboration,
Modelling of the tt̄H and tt̄V (V = W,Z) processes for

√
s = 13 TeV ATLAS analyses,

ATL-PHYS-PUB-2016-005 (2016), url: https://cds.cern.ch/record/2120826.

[50] A. Lazopoulos, T. McElmurry, K. Melnikov and F. Petriello,
Next-to-leading order QCD corrections to tt̄Z production at the LHC,
Phys. Lett. B 666 (2008) 62, arXiv: 0804.2220 [hep-ph].

[51] J. M. Campbell and R. K. Ellis, tt̄W± production and decay at NLO, JHEP 07 (2012) 052,
arXiv: 1204.5678 [hep-ph].

[52] ATLAS Collaboration, Multi-Boson Simulation for 13 TeV ATLAS Analyses,
ATL-PHYS-PUB-2016-002 (2016), url: https://cds.cern.ch/record/2119986.

[53] J. M. Campbell and R. K. Ellis, An Update on vector boson pair production at hadron colliders,
Phys. Rev. D 60 (1999) 113006, arXiv: hep-ph/9905386.

[54] J. M. Campbell, R. K. Ellis, and C. Williams, Vector boson pair production at the LHC,
JHEP 07 (2011) 018, arXiv: 1105.0020 [hep-ph].

[55] S. Schumann and F. Krauss,
A Parton shower algorithm based on Catani-Seymour dipole factorisation, JHEP 03 (2008) 038,
arXiv: 0709.1027 [hep-ph].

[56] S. Höche, F. Krauss, S. Schumann and F. Siegert, QCD matrix elements and truncated showers,
JHEP 05 (2009) 053, arXiv: 0903.1219 [hep-ph].

[57] ATLAS Collaboration, Multi-Boson Simulation for 13 TeV ATLAS Analyses,
ATL-PHYS-PUB-2017-005 (2017), url: https://cds.cern.ch/record/2261933.

[58] G. Corcella et al., HERWIG 6.5: an event generator for Hadron Emission Reactions With

Interfering Gluons (including supersymmetric processes), JHEP 01 (2001) 010,
arXiv: hep-ph/0011363.

[59] S. Dittmaier et al., Handbook of LHC Higgs Cross Sections: 2. Differential Distributions,
CERN-2012-002 (2012), arXiv: 1201.3084 [hep-ph].

[60] J. Alwall, P. C. Schuster, and N. Toro,
Simplified Models for a First Characterization of New Physics at the LHC,
Phys. Rev. D 79 (2009) 075020, arXiv: 0810.3921 [hep-ph].

39

http://dx.doi.org/10.1103/PhysRevD.83.091503
http://arxiv.org/abs/1103.2792
http://dx.doi.org/10.1016/j.cpc.2010.12.040
http://arxiv.org/abs/1007.1327
http://dx.doi.org/10.1016/j.cpc.2015.02.001
http://arxiv.org/abs/1406.4403
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
https://cds.cern.ch/record/2120826
http://dx.doi.org/10.1016/j.physletb.2008.06.073
http://arxiv.org/abs/0804.2220
http://dx.doi.org/10.1007/JHEP07(2012)052
http://arxiv.org/abs/1204.5678
https://cds.cern.ch/record/2119986
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://arxiv.org/abs/hep-ph/9905386
http://dx.doi.org/10.1007/JHEP07(2011)018
http://arxiv.org/abs/1105.0020
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
http://dx.doi.org/10.1088/1126-6708/2009/05/053
http://arxiv.org/abs/0903.1219
https://cds.cern.ch/record/2261933
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/hep-ph/0011363
http://dx.doi.org/10.5170/CERN-2012-002
http://arxiv.org/abs/1201.3084
http://dx.doi.org/10.1103/PhysRevD.79.075020
http://arxiv.org/abs/0810.3921


[61] F. Maltoni and T. Stelzer, MadEvent: Automatic event generation with MadGraph,
JHEP 02 (2003) 027, arXiv: hep-ph/0208156.

[62] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-021 (2014),
url: https://cds.cern.ch/record/1966419.

[63] L. Lönnblad and S. Prestel, Matching Tree-Level Matrix Elements with Interleaved Showers,
JHEP 03 (2012) 019, arXiv: 1109.4829 [hep-ph].

[64] W. Beenakker, R. Höpker, M. Spira and P.M. Zerwas,
Squark and gluino production at hadron colliders, Nucl. Phys. B 492 (1997) 51,
arXiv: hep-ph/9610490.

[65] A. Kulesza and L. Motyka,
Threshold resummation for squark-antisquark and gluino-pair production at the LHC,
Phys. Rev. Lett. 102 (2009) 111802, arXiv: 0807.2405 [hep-ph].

[66] A. Kulesza and L. Motyka, Soft gluon resummation for the production of gluino-gluino and

squark-antisquark pairs at the LHC, Phys. Rev. D 80 (2009) 095004,
arXiv: 0905.4749 [hep-ph].

[67] W. Beenakker et al., Soft-gluon resummation for squark and gluino hadroproduction,
JHEP 12 (2009) 041, arXiv: 0909.4418 [hep-ph].

[68] W. Beenakker et al., Squark and gluino hadroproduction, Int. J. Mod. Phys. A 26 (2011) 2637,
arXiv: 1105.1110 [hep-ph].

[69] C. Borschensky et al.,
Squark and gluino production cross sections in pp collisions at

√
s = 13, 14, 33 and 100 TeV,

Eur. Phys. J. C 74 (2014) 3174, arXiv: 1407.5066 [hep-ph].

[70] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Meth. A 462 (2001) 152.

[71] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-2012-003 (2012),
url: https://cdsweb.cern.ch/record/1474107.

[72] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Parton distributions for the LHC,
Eur. Phys. J. C 63 (2009) 189, arXiv: 0901.0002 [hep-ph].

[73] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010) 823,
arXiv: 1005.4568 [physics.ins-det].

[74] S. Agostinelli et al., GEANT4: A simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250.

[75] ATLAS Collaboration, Muon reconstruction performance of the ATLAS detector in proton–proton

collision data at
√

s =13 TeV, Eur. Phys. J. C 76 (2016) 292, arXiv: 1603.05598 [hep-ex].

[76] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using the 2015

LHC proton-proton collision data, ATLAS-CONF-2016-024 (2016),
url: http://cds.cern.ch/record/2157687.

[77] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008) 063,
arXiv: 0802.1189 [hep-ph].

[78] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder,
Phys. Lett. B 641 (2006) 57, arXiv: hep-ph/0512210.

40

http://dx.doi.org/10.1088/1126-6708/2003/02/027
http://arxiv.org/abs/hep-ph/0208156
https://cds.cern.ch/record/1966419
http://dx.doi.org/10.1007/JHEP03(2012)019
http://arxiv.org/abs/1109.4829
http://dx.doi.org/10.1016/S0550-3213(97)00084-9
http://arxiv.org/abs/hep-ph/9610490
http://dx.doi.org/10.1103/PhysRevLett.102.111802
http://arxiv.org/abs/0807.2405
http://dx.doi.org/10.1103/PhysRevD.80.095004
http://arxiv.org/abs/0905.4749
http://dx.doi.org/10.1088/1126-6708/2009/12/041
http://arxiv.org/abs/0909.4418
http://dx.doi.org/10.1142/S0217751X11053560
http://arxiv.org/abs/1105.1110
http://dx.doi.org/10.1140/epjc/s10052-014-3174-y
http://arxiv.org/abs/1407.5066
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
https://cdsweb.cern.ch/record/1474107
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-016-4120-y
http://arxiv.org/abs/1603.05598
http://cds.cern.ch/record/2157687
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://arxiv.org/abs/hep-ph/0512210


[79] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User Manual, Eur. Phys. J. C 72 (2012) 1896,
arXiv: 1111.6097 [hep-ph].

[80] ATLAS Collaboration,
Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77 (2017) 490, arXiv: 1603.02934 [hep-ex].

[81] M. Cacciari and G. P. Salam, Pileup subtraction using jet areas, Phys. Lett. B 659 (2008) 119,
arXiv: 0707.1378 [hep-ph].

[82] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in pp collisions at√
s = 8 TeV using the ATLAS detector, Eur. Phys. J. C 76 (2016) 581,

arXiv: 1510.03823 [hep-ex].

[83] ATLAS Collaboration, Jet energy scale measurements and their systematic uncertainties in

proton-proton collisions at
√

s = 13 TeV with the ATLAS detector,
Phys. Rev. D 96 (2017) 072002, arXiv: 1703.09665 [hep-ex].

[84] ATLAS Collaboration, Tagging and suppression of pileup jets with the ATLAS detector,
ATLAS-CONF-2014-018 (2014), url: https://cds.cern.ch/record/1700870.

[85] ATLAS Collaboration, Performance of b-Jet Identification in the ATLAS Experiment,
JINST 11 (2016) P04008, arXiv: 1512.01094 [hep-ex].

[86] ATLAS Collaboration, Optimisation of the ATLAS b-tagging performance for the 2016 LHC Run,
ATL-PHYS-PUB-2016-012 (2016), url: https://cds.cern.ch/record/2160731.

[87] ATLAS Collaboration, Measurement of the photon identification efficiencies with the ATLAS

detector using LHC Run-1 data, Eur. Phys. J. C 76 (2016) 666, arXiv: 1606.01813 [hep-ex].

[88] M. Aaboud et al., Performance of missing transverse momentum reconstruction with the ATLAS

detector using proton-proton collisions at
√

s = 13 TeV, (2018), arXiv: 1802.08168 [hep-ex].

[89] M. Baak et al., HistFitter software framework for statistical data analysis,
Eur. Phys. J. C 75 (2015) 153, arXiv: 1410.1280 [hep-ex].

[90] A. L. Read, Presentation of Search Results: The CL(s) Technique, J. Phys. G 28 (2002) 2693.

[91] ATLAS Collaboration, Measurement of the top quark-pair production cross section with ATLAS

in pp collisions at
√

s = 7 TeV, Eur. Phys. J. C 71 (2011) 1577, arXiv: 1012.1792 [hep-ex].

[92] ATLAS Collaboration,
Search for new phenomena in events containing a same-flavour opposite-sign dilepton pair, jets,

and large missing transverse momentum in
√

s = 13 TeV pp collisions with the ATLAS detector,
Eur. Phys. J. C 77 (2017) 144, arXiv: 1611.05791 [hep-ex].

[93] CMS Collaboration, Search for physics beyond the standard model in events with a Z boson, jets,

and missing transverse energy in pp collisions at
√

s = 7 TeV, Phys. Lett. B 716 (2012) 260,
arXiv: 1204.3774 [hep-ex].

[94] CMS Collaboration, Search for physics beyond the standard model in events with two leptons,

jets, and missing transverse momentum in pp collisions at
√

s = 8 TeV, JHEP 04 (2015) 124,
arXiv: 1502.06031 [hep-ex].

[95] ATLAS Collaboration, Expected performance of missing transverse momentum reconstruction for

the ATLAS detector at
√

s = 13 TeV, ATL-PHYS-PUB-2015-023, 2015,
url: https://cds.cern.ch/record/2037700.

41

http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://dx.doi.org/10.1140/epjc/s10052-017-5004-5
http://arxiv.org/abs/1603.02934
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://arxiv.org/abs/0707.1378
http://dx.doi.org/10.1140/epjc/s10052-016-4395-z
http://arxiv.org/abs/1510.03823
http://dx.doi.org/10.1103/PhysRevD.96.072002
http://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/1700870
http://dx.doi.org/10.1088/1748-0221/11/04/P04008
http://arxiv.org/abs/1512.01094
https://cds.cern.ch/record/2160731
http://dx.doi.org/10.1140/epjc/s10052-016-4507-9
http://arxiv.org/abs/1606.01813
http://arxiv.org/abs/1802.08168
http://dx.doi.org/10.1140/epjc/s10052-015-3327-7
http://arxiv.org/abs/1410.1280
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1140/epjc/s10052-011-1577-6
http://arxiv.org/abs/1012.1792
http://dx.doi.org/10.1140/epjc/s10052-017-4700-5
http://arxiv.org/abs/1611.05791
http://dx.doi.org/10.1016/j.physletb.2012.08.026
http://arxiv.org/abs/1204.3774
http://dx.doi.org/10.1007/JHEP04(2015)124
http://arxiv.org/abs/1502.06031
https://cds.cern.ch/record/2037700


[96] ATLAS Collaboration, Calibration of b-tagging using dileptonic top pair events in a

combinatorial likelihood approach with the ATLAS experiment, ATLAS-CONF-2014-004 (2014),
url: https://cds.cern.ch/record/1664335.

[97] ATLAS Collaboration,
Calibration of the performance of b-tagging for c and light-flavour jets in the 2012 ATLAS data,
ATLAS-CONF-2014-046 (2014), url: https://cds.cern.ch/record/1741020.

[98] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016–2017,
ATL-GEN-PUB-2016-002, url: https://cds.cern.ch/record/2202407.

42

https://cds.cern.ch/record/1664335
https://cds.cern.ch/record/1741020
https://cds.cern.ch/record/2202407


The ATLAS Collaboration

M. Aaboud34d, G. Aad99, B. Abbott124, O. Abdinov13,*, B. Abeloos128, D.K. Abhayasinghe91,
S.H. Abidi164, O.S. AbouZeid143, N.L. Abraham153, H. Abramowicz158, H. Abreu157, Y. Abulaiti6,
B.S. Acharya64a,64b,m, S. Adachi160, L. Adamczyk81a, J. Adelman119, M. Adersberger112,
A. Adiguzel12c, T. Adye141, A.A. Affolder143, Y. Afik157, C. Agheorghiesei27c,
J.A. Aguilar-Saavedra136f,136a, F. Ahmadov77,ah, G. Aielli71a,71b, S. Akatsuka83, T.P.A. Åkesson94,
E. Akilli52, A.V. Akimov108, G.L. Alberghi23b,23a, J. Albert173, P. Albicocco49, M.J. Alconada Verzini86,
S. Alderweireldt117, M. Aleksa35, I.N. Aleksandrov77, C. Alexa27b, G. Alexander158, T. Alexopoulos10,
M. Alhroob124, B. Ali138, M. Aliev65a,65b, G. Alimonti66a, J. Alison36, S.P. Alkire145, C. Allaire128,
B.M.M. Allbrooke153, B.W. Allen127, P.P. Allport21, A. Aloisio67a,67b, A. Alonso39, F. Alonso86,
C. Alpigiani145, A.A. Alshehri55, M.I. Alstaty99, B. Alvarez Gonzalez35, D. Álvarez Piqueras171,
M.G. Alviggi67a,67b, B.T. Amadio18, Y. Amaral Coutinho78b, L. Ambroz131, C. Amelung26,
D. Amidei103, S.P. Amor Dos Santos136a,136c, S. Amoroso35, C.S. Amrouche52, C. Anastopoulos146,
L.S. Ancu52, N. Andari21, T. Andeen11, C.F. Anders59b, J.K. Anders20, K.J. Anderson36,
A. Andreazza66a,66b, V. Andrei59a, C.R. Anelli173, S. Angelidakis37, I. Angelozzi118, A. Angerami38,
A.V. Anisenkov120b,120a, A. Annovi69a, C. Antel59a, M.T. Anthony146, M. Antonelli49, D.J.A. Antrim168,
F. Anulli70a, M. Aoki79, L. Aperio Bella35, G. Arabidze104, Y. Arai79, J.P. Araque136a,
V. Araujo Ferraz78b, R. Araujo Pereira78b, A.T.H. Arce47, R.E. Ardell91, F.A. Arduh86, J-F. Arguin107,
S. Argyropoulos75, A.J. Armbruster35, L.J. Armitage90, A Armstrong III168, O. Arnaez164, H. Arnold118,
M. Arratia31, O. Arslan24, A. Artamonov109,*, G. Artoni131, S. Artz97, S. Asai160, N. Asbah44,
A. Ashkenazi158, E.M. Asimakopoulou169, L. Asquith153, K. Assamagan29, R. Astalos28a, R.J. Atkin32a,
M. Atkinson170, N.B. Atlay148, K. Augsten138, G. Avolio35, R. Avramidou58a, B. Axen18,
M.K. Ayoub15a, G. Azuelos107,au, A.E. Baas59a, M.J. Baca21, H. Bachacou142, K. Bachas65a,65b,
M. Backes131, P. Bagnaia70a,70b, M. Bahmani82, H. Bahrasemani149, A.J. Bailey171, J.T. Baines141,
M. Bajic39, C. Bakalis10, O.K. Baker180, P.J. Bakker118, D. Bakshi Gupta93, E.M. Baldin120b,120a,
P. Balek177, F. Balli142, W.K. Balunas133, J. Balz97, E. Banas82, A. Bandyopadhyay24, Sw. Banerjee178,i,
A.A.E. Bannoura179, L. Barak158, W.M. Barbe37, E.L. Barberio102, D. Barberis53b,53a, M. Barbero99,
T. Barillari113, M-S Barisits35, J. Barkeloo127, T. Barklow150, N. Barlow31, R. Barnea157, S.L. Barnes58c,
B.M. Barnett141, R.M. Barnett18, Z. Barnovska-Blenessy58a, A. Baroncelli72a, G. Barone26, A.J. Barr131,
L. Barranco Navarro171, F. Barreiro96, J. Barreiro Guimarães da Costa15a, R. Bartoldus150,
A.E. Barton87, P. Bartos28a, A. Basalaev134, A. Bassalat128, R.L. Bates55, S.J. Batista164,
S. Batlamous34e, J.R. Batley31, M. Battaglia143, M. Bauce70a,70b, F. Bauer142, K.T. Bauer168,
H.S. Bawa150,k, J.B. Beacham122, M.D. Beattie87, T. Beau132, P.H. Beauchemin167, P. Bechtle24,
H.C. Beck51, H.P. Beck20,q, K. Becker50, M. Becker97, C. Becot44, A. Beddall12d, A.J. Beddall12a,
V.A. Bednyakov77, M. Bedognetti118, C.P. Bee152, T.A. Beermann35, M. Begalli78b, M. Begel29,
A. Behera152, J.K. Behr44, A.S. Bell92, G. Bella158, L. Bellagamba23b, A. Bellerive33, M. Bellomo157,
P. Bellos9, K. Belotskiy110, N.L. Belyaev110, O. Benary158,*, D. Benchekroun34a, M. Bender112,
N. Benekos10, Y. Benhammou158, E. Benhar Noccioli180, J. Benitez75, D.P. Benjamin47, M. Benoit52,
J.R. Bensinger26, S. Bentvelsen118, L. Beresford131, M. Beretta49, D. Berge44,
E. Bergeaas Kuutmann169, N. Berger5, L.J. Bergsten26, J. Beringer18, S. Berlendis7, N.R. Bernard100,
G. Bernardi132, C. Bernius150, F.U. Bernlochner24, T. Berry91, P. Berta97, C. Bertella15a,
G. Bertoli43a,43b, I.A. Bertram87, G.J. Besjes39, O. Bessidskaia Bylund43a,43b, M. Bessner44,
N. Besson142, A. Bethani98, S. Bethke113, A. Betti24, A.J. Bevan90, J. Beyer113, R.M. Bianchi135,
O. Biebel112, D. Biedermann19, R. Bielski98, K. Bierwagen97, N.V. Biesuz69a,69b, M. Biglietti72a,
T.R.V. Billoud107, M. Bindi51, A. Bingul12d, C. Bini70a,70b, S. Biondi23b,23a, T. Bisanz51, J.P. Biswal158,

43



C. Bittrich46, D.M. Bjergaard47, J.E. Black150, K.M. Black25, R.E. Blair6, T. Blazek28a, I. Bloch44,
C. Blocker26, A. Blue55, U. Blumenschein90, Dr. Blunier144a, G.J. Bobbink118,
V.S. Bobrovnikov120b,120a, S.S. Bocchetta94, A. Bocci47, D. Boerner179, D. Bogavac112,
A.G. Bogdanchikov120b,120a, C. Bohm43a, V. Boisvert91, P. Bokan169,z, T. Bold81a, A.S. Boldyrev111,
A.E. Bolz59b, M. Bomben132, M. Bona90, J.S.B. Bonilla127, M. Boonekamp142, A. Borisov140,
G. Borissov87, J. Bortfeldt35, D. Bortoletto131, V. Bortolotto71a,71b, D. Boscherini23b, M. Bosman14,
J.D. Bossio Sola30, K. Bouaouda34a, J. Boudreau135, E.V. Bouhova-Thacker87, D. Boumediene37,
C. Bourdarios128, S.K. Boutle55, A. Boveia122, J. Boyd35, I.R. Boyko77, A.J. Bozson91, J. Bracinik21,
N. Brahimi99, A. Brandt8, G. Brandt179, O. Brandt59a, F. Braren44, U. Bratzler161, B. Brau100,
J.E. Brau127, W.D. Breaden Madden55, K. Brendlinger44, A.J. Brennan102, L. Brenner44, R. Brenner169,
S. Bressler177, B. Brickwedde97, D.L. Briglin21, D. Britton55, D. Britzger59b, I. Brock24, R. Brock104,
G. Brooijmans38, T. Brooks91, W.K. Brooks144b, E. Brost119, J.H Broughton21,
P.A. Bruckman de Renstrom82, D. Bruncko28b, A. Bruni23b, G. Bruni23b, L.S. Bruni118, S. Bruno71a,71b,
B.H. Brunt31, M. Bruschi23b, N. Bruscino135, P. Bryant36, L. Bryngemark44, T. Buanes17, Q. Buat35,
P. Buchholz148, A.G. Buckley55, I.A. Budagov77, F. Buehrer50, M.K. Bugge130, O. Bulekov110,
D. Bullock8, T.J. Burch119, S. Burdin88, C.D. Burgard118, A.M. Burger5, B. Burghgrave119, K. Burka82,
S. Burke141, I. Burmeister45, J.T.P. Burr131, D. Büscher50, V. Büscher97, E. Buschmann51, P. Bussey55,
J.M. Butler25, C.M. Buttar55, J.M. Butterworth92, P. Butti35, W. Buttinger35, A. Buzatu155,
A.R. Buzykaev120b,120a, G. Cabras23b,23a, S. Cabrera Urbán171, D. Caforio138, H. Cai170, V.M.M. Cairo2,
O. Cakir4a, N. Calace52, P. Calafiura18, A. Calandri99, G. Calderini132, P. Calfayan63, G. Callea40b,40a,
L.P. Caloba78b, S. Calvente Lopez96, D. Calvet37, S. Calvet37, T.P. Calvet152, M. Calvetti69a,69b,
R. Camacho Toro132, S. Camarda35, P. Camarri71a,71b, D. Cameron130, R. Caminal Armadans100,
C. Camincher35, S. Campana35, M. Campanelli92, A. Camplani39, A. Campoverde148, V. Canale67a,67b,
M. Cano Bret58c, J. Cantero125, T. Cao158, Y. Cao170, M.D.M. Capeans Garrido35, I. Caprini27b,
M. Caprini27b, M. Capua40b,40a, R.M. Carbone38, R. Cardarelli71a, F. Cardillo50, I. Carli139, T. Carli35,
G. Carlino67a, B.T. Carlson135, L. Carminati66a,66b, R.M.D. Carney43a,43b, S. Caron117, E. Carquin144b,
S. Carrá66a,66b, G.D. Carrillo-Montoya35, D. Casadei32b, M.P. Casado14,e, A.F. Casha164, M. Casolino14,
D.W. Casper168, R. Castelijn118, F.L. Castillo171, V. Castillo Gimenez171, N.F. Castro136a,136e,
A. Catinaccio35, J.R. Catmore130, A. Cattai35, J. Caudron24, V. Cavaliere29, E. Cavallaro14, D. Cavalli66a,
M. Cavalli-Sforza14, V. Cavasinni69a,69b, E. Celebi12b, F. Ceradini72a,72b, L. Cerda Alberich171,
A.S. Cerqueira78a, A. Cerri153, L. Cerrito71a,71b, F. Cerutti18, A. Cervelli23b,23a, S.A. Cetin12b,
A. Chafaq34a, DC Chakraborty119, S.K. Chan57, W.S. Chan118, Y.L. Chan61a, P. Chang170,
J.D. Chapman31, D.G. Charlton21, C.C. Chau33, C.A. Chavez Barajas153, S. Che122, A. Chegwidden104,
S. Chekanov6, S.V. Chekulaev165a, G.A. Chelkov77,at, M.A. Chelstowska35, C. Chen58a, C. Chen76,
H. Chen29, J. Chen58a, J. Chen38, S. Chen133, S.J. Chen15b, X. Chen15c,as, Y. Chen80, Y.-H. Chen44,
H.C. Cheng103, H.J. Cheng15d, A. Cheplakov77, E. Cheremushkina140, R. Cherkaoui El Moursli34e,
E. Cheu7, K. Cheung62, L. Chevalier142, V. Chiarella49, G. Chiarelli69a, G. Chiodini65a, A.S. Chisholm35,
A. Chitan27b, I. Chiu160, Y.H. Chiu173, M.V. Chizhov77, K. Choi63, A.R. Chomont128, S. Chouridou159,
Y.S. Chow118, V. Christodoulou92, M.C. Chu61a, J. Chudoba137, A.J. Chuinard101, J.J. Chwastowski82,
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