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The current searches at the LHC have yielded sensitivity to weakly-interacting supersymmet-
ric particles in the hundreds of GeV mass range and the reach at the high-luminosity phase
of the LHC is expected to significantly extend beyond the current limits. This document
presents example benchmark studies for stau pair production (τ̃+τ̃−) using a final state with
two hadronically decaying taus, chargino pair production ( χ̃+1 χ̃

−
1 ) using a final state with two

leptons, and chargino-neutralino production ( χ̃±1 χ̃
0
2) using either a ``` or `bb final state. A

parameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV is used.
Expected results are shown for an integrated luminosity of 3000 fb−1, where the discovery
regions exceed the current limits on SUSY particle masses set at the LHC by hundreds of
GeV. The discovery potential at the HL-LHC reaches stau masses of 530GeV and chargino
masses of 660GeV, for τ̃+τ̃− and χ̃+1 χ̃

−
1 production, respectively. For χ̃±1 χ̃

0
2 production,

the discovery region reaches up to 920GeV (1080GeV) in χ̃±1 and χ̃0
2 masses, where the

χ̃0
2 decays via the Standard Model Z (h) boson. The 95% CL expected exclusion potentials

at the HL-LHC reach ∼ 200GeV higher in mass than the discovery potentials for all cases
considered.
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1 Introduction

Supersymmetry (SUSY) [1–6] proposes that for every boson (fermion) of the Standard Model (SM) there
exists a fermionic (bosonic) partner. The scalar superpartners of the SM fermions are called sfermions
(comprising the charged sleptons, ˜̀, the sneutrinos, ν̃, and the squarks, q̃), while the gluons have fermionic
superpartners called gluinos (g̃). The bino, wino and higgsino fields are fermionic superpartners of the
SU(2)×U(1) gauge fields of the SM, and the two complex scalar doublets of a minimally extended Higgs
sector, respectively. Their mass eigenstates are referred to as charginos χ̃±i (i = 1, 2) and neutralinos χ̃0

j

( j = 1, 2, 3, 4), numbered in order of increasing mass. The direct production of charginos, neutralinos and
sleptons through electroweak interactions may dominate the SUSY production at the LHC if the masses
of the gluinos and squarks are large.

SUSY offers natural solutions to many of the problems with the SM. For example, SUSY particles with
masses at the electroweak scale can cancel quadratic divergences to the Higgs mass corrections. SUSY
can also accommodate the unification of the gauge interactions and a radiative breaking of the electroweak
symmetry. Under the conservation of R-parity [7], the lightest SUSY particle (LSP) is stable and is a
good candidate for the dark matter in the universe. Furthermore, the Minimal Supersymmetric Standard
Model (MSSM) requires a Higgs boson with mass below ∼ 135GeV which is consistent with the Higgs
boson observed at the LHC.

The search for weak-scale SUSY is one of the highest physics priorities for the current and future LHC
runs. The high luminosity upgrade of the LHC (HL-LHC) is expected to deliver proton-proton collisions
at a centre-of-mass-energy of 14 TeV, with an integrated luminosity of around 3000 fb−1. The large dataset
expected at the end of HL-LHC offers an unprecedented discovery potential for heavy SUSY particles in
the electroweak sector, of masses around or above a TeV. This note assesses the ATLAS sensitivity at the
end of HL-LHC to direct production of various SUSY partners in the electroweak sector including the
stau (τ̃), chargino and neutralinos under the assumption of R-parity conservation.

2 The HL-LHC and the ATLAS detector

In the Run-2 data-taking period, the ATLAS experiment collected 149 fb−1 of proton-proton collisions
from the LHC at centre-of-mass energies of 13 TeV, with an average number of collisions per bunch
crossing of 〈µ〉 = 34. A second long shutdown (LS2) will follow, during which the injection chain is
foreseen to be modified and the accelerator will be able to achieve centre-of-mass-energies of 14 TeV.
During LS3, the accelerator is foreseen to be upgraded to the HL–LHC, which is expected to deliver
an integrated luminosity of about 3000 fb−1, with an average number of pileup interactions per bunch
crossing of 〈µ〉 ∼ 200.

The ATLAS detector [8, 9] is a multi-purpose particle detector with a cylindrical geometry.1 It consists
of layers of inner tracking detectors surrounded by a superconducting solenoid, calorimeters, and a muon

1 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal pp interaction point at the centre
of the detector. The positive x-axis is defined by the direction from the interaction point towards the centre of the LHC ring,
with the positive y-axis pointing upwards, while the beam direction is along the z-axis. Cylindrical coordinates (r , φ) are
used in the transverse (x, y) plane, φ being the azimuthal angle around the beam direction. The pseudorapidity is defined in
terms of the polar angle θ from the z-axis as η = − ln[tan(θ/2)]. The distance in y − φ space between two objects is defined

as ∆R =
√

(∆y)2 + (∆φ)2, where y is the rapidity. Transverse energy is computed as ET = E · sin θ.
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spectrometer, and will need several upgrades [10–15] to cope with the expected higher luminosity at the
HL-LHC, the associated high pileup, and the intense radiation environment. The primary motivation for
the upgrade design studies is to evaluate the potential of the experiment for searches and measurements
despite these harsh conditions. A new inner tracking system, extending the tracking region from |η | ≤ 2.7
up to |η | ≤ 4.0, will provide the ability to reconstruct forward charged particle tracks, which can be
matched to calorimeter clusters for forward electron reconstruction, or associated to forward jets. The
inner tracker extension also enables muon identification at high pseudorapidities if additional detectors
(such as micro-pattern gaseous or silicon pixel detectors) are installed between the endcap calorimeters
and the New Small Wheel [16] in the region 2.7 < |η | ≤ 4.0. Despite being in an area without magnetic
field, such detectors would increase the muon spectrometer acceptance and could be used to identify (tag)
inner detector tracks in the forward region as muons, while relying entirely on the inner tracker for the
momentum measurement.

3 Electroweak SUSY searches at the HL–LHC

A broad range of electroweak SUSY scenarios and their experimental signatures are considered here,
including the two-tau signature from τ̃+τ̃− production in Section 4, the dilepton signature from χ̃+1 χ̃

−
1

production in Section 5, and the three-lepton and 1`bb signatures from χ̃±1 χ̃
0
2 production in Section 6.

Hadronically decaying taus are used for the τ̃+τ̃− search, while light leptons (e, µ only) are used for the
χ̃+1 χ̃

−
1 and χ̃±1 χ̃

0
2 searches.

The individual analyses follow a coherent approach as much as possible, using the same parameterisations
of the upgraded ATLAS detector configuration and the associated experimental uncertainties, the same
Monte Carlo (MC) simulations for the common signal and background processes, and the same statistical
framework for the interpretation of the results. The definitions of the physics objects follow similar
strategies from either earlier publications using data or the previous studies for the HL-LHC. For the
signal scenarios considered in this note, most of the final state particles are expected to be in the central
region. Therefore the pseudorapidity selections for these final states physics objects remain mostly in the
central regions. Signal regions (SR) are typically defined to target one or more regions in the signal model
parameter space, using advanced kinematic variables including the output from multivariate methods.
Event selections for the signal regions are usually optimised by maximising the expected sensitivity
ZN [17], which takes into account the systematic uncertainties on the background.

The HistFitter [18] software framework is used for the statistical interpretation of the results. In order
to quantify the probability for the background-only hypothesis to fluctuate to the observed number of
events or higher, a one-sided p0-value is calculated, where the profile likelihood ratio is used as a test
statistic [19]. A signal model can be excluded at 95% confidence level (CL) if the CLs [20] of the
signal-plus-background hypothesis is below 0.05.

Experimental and theoretical uncertainties on the SUSY signal and SM background are accounted for
in the exclusion fits. Experimental systematic uncertainties have been estimated based on the expected
performance of the upgraded ATLAS detector as documented in Ref. [21]. The theoretical uncertainties,
such as the overall cross-section and the modelling of the kinematic shapes, are halved compared to the
state-of-art predictions found in Run-2 analyses. The systematic uncertainties arising from the statistics
in the control region in data are assumed to scale with the inverse of the square-root of the integrated
luminosity. MC-based, statistics-driven sources of uncertainty are considered negligible.
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MC simulated event samples are used to predict the background from SM processes and to model the
SUSY signal. The effects of an upgraded ATLAS detector are taken into account by applying energy
smearing, efficiencies and fake rates to generator level quantities, following parameterisations based on
detector performance studies with full simulation and HL-LHC conditions. The effect of the high pileup
at the HL-LHC is incorporated by overlaying pileup jets onto the hard-scatter events. Jets from pileup
are randomly selected as jets to be considered for analysis with ∼ 2% efficiency, based on the expected
performance of a Jet Vertex Tagger at the HL-LHC [21]. The most relevant MC samples have equivalent
luminosities (at

√
s = 14TeV) of at least 3000 fb−1.

SUSY signal samples are generated at leading-order accuracy using MadGraph5_aMC@NLO [22]
interfaced to Pythia 8 [23] with the A14 [24] tune for the modelling of the parton showering (PS),
hadronisation and underlying event (UE). The matrix element (ME) calculation is performed at tree-
level and includes the emission of up to two additional partons. The PDF set used for the generation
is NNPDF23LO [25]. The ME–PS matching is done using the CKKW-L [26] prescription, with a
matching scale set to one quarter of the mass of the pair produced particles. The cross-sections used to
evaluate the signal yields are calculated to next-to-leading order in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [27, 28].
The nominal cross section and the uncertainty are taken from an envelope of cross section predictions
using different PDF sets and factorisation and renormalisation scales, as described in Ref. [29].

Background samples were simulated using different MC generators depending on the process. The event
generators, the accuracy of theoretical cross-sections, the underlying-event parameter tunes, and the PDF
sets used for the background samples are summarised in Table 1. For all samples, except the ones generated
using Sherpa [30], the Evtgen v1.2.0 [31] program was used to simulate the properties of the bottom-
and charm-hadron decays.

Process Generator Tune PDF set Cross-section
+ fragmentation/hadronisation order

W/Z+jets Powheg-Box v1 [32] + Pythia 8.186 [33] AZNLO CTEQ6L1 NNLO
Sherpa 2.2.1 [30] Default NNPDF30NNLO [34] NNLO

t t̄ Powheg-Box v2 + Pythia 8.186 A14 NNPDF23LO [25] NNLO+NNLL

Single top Powheg-Box v1 or v2 + Pythia 6.428 [35] Perugia2012 [36] CT10 [37] NNLO+NNLL

Diboson (fully leptonic) Sherpa 2.2.1 Default NNPDF30NNLO NLO
(semi leptonic) Powheg-Box v1 + Pythia 8.186 AZNLO [38] CTEQ6L1 NLO

Triboson Sherpa 2.2.2 Default NNPDF30NNLO NLO

t t̄ + X MadGraph 2.2.2 [22] + Pythia 8.186 A14 NNPDF23LO NLO

Higgs Powheg-Box v2 + Pythia 8.186 AZNLO CTEQ6L1 NNLO+NNLL

Multijet Pythia 8.186 AU2 [39] CT10 NLO

Table 1: List of MC generators used for the SM background processes. Information is given about the underlying-
event tunes, the PDF sets and the pQCD highest-order accuracy (LO, NLO, next-to-next-to-leading order, NNLO,
and next-to- next-to-leading-log, NNLL) used for the normalization of the different samples. The Diboson process
includes WW , W Z and Z Z . The tt̄+X process includes tt̄+W, tt̄+Z and tt̄+WW. For the W+jets process, Sherpa
was used in the (1`bb) final state, while Powheg+Pythia was used for the other final states. In the direct stau
analysis, a combination of generators are used to model the W+jets events, where W → e/µν and W → τν are
modelled with Powheg+Pythia and Sherpa, respectively.
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4 Search for direct stau production

Searches for the direct production of light stau pairs at the HL-LHC are motivated by both experimental
and theoretical considerations. As of today the most stringent exclusion limits are from LEP, making the
search for direct staus a crucial “unturned stone” in the hunt for SUSY at the LHC. Staus are expected
to be the lightest slepton flavor in models of GUT scale unification and the lighter stau is favoured to be
mostly right-handed. Furthermore, in models with a light stau and lightest neutralino χ̃0

1 with a small
mass difference, stau co-annihilation processes [40] in the early universe can reduce the χ̃0

1 relic density
and make it consistent with observations from cosmological measurements [41].

A search for stau production is presented here, which uses a final state with two hadronically decaying
τ leptons. Two simplified models describing the direct production of τ̃+τ̃− are used in this document:
one considers stau partners of the left-handed τ lepton (τ̃L), and a second considers stau partners of the
right-handed τ lepton (τ̃R). In both models, the stau decays with a branching fraction of 100% to the SM
τ-lepton and the LSP, which is a common scenario in the phenomenological Minimal Supersymmetric
SM [42] when χ̃±1 , χ̃

0
2 and ν̃τ are heavier than the stau. The relevant diagram for this model can be seen

in Figure 1.

τ̃

τ̃
p

p

χ̃0
1

τ

χ̃0
1

τ

Figure 1: Diagram illustrating the signal scenario considered for the pair production of charged staus targeted by
the two-tau final state.

The signature considered here is two hadronically decaying taus, low jet activity, and large missing
transverse momentum (Emiss

T ) from the χ̃0
1 and neutrinos. The SM background is dominated byW/Z+jets,

multi-boson, multi-jet, and top pair production. In the ATLAS Run-1 search for combined τ̃+L τ̃
−
L and τ̃+R τ̃

−
R

production [43], only a narrow range of stau masses (m(τ̃R, χ̃
0
1) = (109, 0) GeV) was excluded due to the

very small production cross section. Analysis of the 2015+2016 Run-2 data by CMS [44] did not further
extend the sensitivity to direct stau production. Thus, this scenario is an interesting case to study at the
HL-LHC, where significant gains in sensitivity could be made.

The event pre-selection is based on that of the previous 8 TeV analysis [43] and 13 TeV analysis [45].
Hadronically decaying taus are selected with pT > 20GeV and |η | < 4, while electrons and muons are
selected with pT > 10GeV and |η | < 2.47 (|η | < 2.5 for muons). Jets are reconstructed with the anti-kt
algorithm [46, 47] with a radius parameter of 0.4, with pT > 20GeV and |η | < 4. Jets are identified as
b-jets using the MV2c10 tagging algorithm, operating at an efficiency of 70% in tt̄ simulation. To remove
close-by objects from one another, an overlap removal based on ∆R is applied.

SM processes where one or more jet is mis-identified as a hadronically decaying tau (fake tau) contribute
to the total background. To maximize the available MC statistics, these backgrounds are estimated by
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assigning a weight to each jet, where the weight corresponds to the tau fake rate in the HL-LHC detector
performance parameterisation. The probability for an event to have one or two fake taus is assessed using
all possible combinations of jets, and each event is then weighted by the probability it will contribute to the
fake tau background. Cases with more than three fake taus are not considered due to the low probability
(less than 10−6).

Before the optimization, pre-selection cuts are applied to suppress the SM background. Events are selected
with exactly two tightly identified hadronic taus with |η | < 2.5, and the two tausmust have opposite electric
charge (OS). The tight tau algorithm correctly identifies one-prong (three-prong) taus with an efficiency
of 60% (45%) and with a light-flavour jet misidentification probability of 0.06% (0.02%). Events with
electrons, muons, b-jets or forward jets (|η | > 2.5) are vetoed. The effect of a di-tau trigger is considered
by requiring the leading tau has pT > 50GeV and the sub-leading tau has pT > 40GeV, with an assumed
trigger efficiency of 64%. To suppress the SM background, a loose jet veto is applied that rejects events
containing jets with |η | < 2.5 and pT > 100GeV. Since the SUSY signal involves two undetected χ̃0

1, the
resulting Emiss

T spectrum tends to be harder than that for the major SM backgrounds, thus Emiss
T > 200GeV

is required to reject the multi-jet background. A Z veto is imposed, where the invariant mass of the two
taus, mττ , is required to be larger than 100GeV to suppress contributions from Z/γ∗ + jets production. To
suppress the top quark and multi-jet backgrounds, the sum of the two-tau transverse mass2 mTτ1 + mTτ2,
defined using the transverse momentum of the leading (next-to-leading) tau and Emiss

T , must be larger than
450 GeV.

The stransverse mass mT2 [48, 49] is used to further discriminate SUSY events from SM processes. It can
be shown to have a kinematic endpoint for events where two massive pair produced particles each decay
to two objects, one of which is detected and the other escapes undetected. It is defined as

mT2 = min
~qT
{max

[
mT(~pT,1, ~qT), mT(~pT,2, ~Pmiss

T − ~qT)
]
}, (1)

where ~pT,1 and ~pT,2 are the transverse momentum vectors of the two visible particles, ~Pmiss
T is the missing

transverse momentum, and ~qT is the transverse vector that minimises the larger of the two transverse
masses mT. A requirement of mT2 > 35GeV is applied to suppress the top, W+jets and Z/γ∗ + jets
backgrounds.

Starting from this common pre-selection, a cut-and-count method is used to define various SRs. To target
signal scenarios with different kinematics, three benchmark points are selected in the optimisation, based
on the mass difference between the τ̃ and χ̃0

1, ∆m ≡ mτ̃ − mχ̃0
1
:

• ∆m < 150GeV: m(τ̃, χ̃0
1) = (160, 40) GeV

• ∆m ∈ [150, 300]GeV: m(τ̃, χ̃0
1) = (400, 160) GeV

• ∆m ≥ 300GeV: m(τ̃, χ̃0
1) = (500, 1) GeV

Finally, several kinematic variables that offer good discrimination power between signal and SM back-
grounds are used to optimise the SR selection: the pT of the leading and next-to-leading tau, the event
Emiss
T , the angular separation between the leading and next-to-leading tau ∆φ(τ1, τ2) and ∆R(τ1, τ2), the

jet veto pT threshold, along with mTτ1 + mTτ2 and mT2. The selection on these variables is optimized for
high ZN , assuming an uncertainty of 20% on the sum of all backgrounds. This uncertainty is a rough

2 The transverse mass is defined by mT =
√

2pT,iPmiss
T (1 − cos∆φ), where pT,i is the transverse momentum vectors of the

visible particle i, Pmiss
T is the missing transverse momentum, and ∆φ is the angle between the particle and the ~Pmiss

T .
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value of the total background uncertainty without the multi-jet uncertainty contributions from the Run-2
studies.

Three signal regions are defined to maximise model-independent discovery sensitivity based on the
optimization for scenarios with low (SR-low), medium (SR-med) and high (SR-high) mass differences
between the τ̃ and χ̃0

1. Furthermore, another disjoint signal region binned in mT2 is defined to maximise
model-dependent exclusion sensitivity based on the previous SR-high signal region with the jet veto
threshold cut loosened to pT > 100GeV. Each SR is identified by the range of the mT2, and is shown in
Table 2. Figure 2 show the distributions of mT2 in these signal regions, applying all SR selections with
the exception of mT2 itself.

Table 2: Summary of selection requirements for the direct stau signal regions.

Common Selection

exactly two tight taus with opposite sign
e/µ veto, b-jet veto

mττ > 100GeV (Z-veto)
Emiss
T > 200GeV
pTτ2 > 75GeV
∆R(τ1, τ2) < 3
∆φ(τ1, τ2) > 2

Selection SR-low SR-med SR-high SR-exclHigh

jet veto threshold pT jet > 40GeV pT jet > 40GeV pT jet > 20GeV pT jet > 100GeV
pTτ1 > 150GeV 200GeV 200GeV 200GeV

mTτ1 + mTτ2 > 500GeV 700GeV 800GeV 800GeV

mT2(τ1, τ2) ∈ [80GeV,∞] ∈ [130GeV,∞] ∈ [130GeV,∞] ∈ [80GeV, 130GeV]
∈ [130GeV, 180GeV]
∈ [180GeV, 230GeV]
∈ [230GeV,∞]

Tables 3 and 4 show the expected numbers of events for the SM backgrounds and three SUSY reference
points in the ditau signal regions for an integrated luminosity of 3000 fb−1. Only the statistical uncertainties
for signal and backgrounds are shown in Table 3 and Table 4.

The systematic uncertainties are evaluated based on the SR-high systematic uncertainty in Ref. [45],
where the dominant background experimental uncertainties in that study are the uncertainty on the multi-
jet estimation (∼ 33%), the tau energy scale in situ uncertainty (∼ 8%), the tau energy scale uncertainty
frommodelling (∼ 8%) and the detector (∼ 13%), the tau ID efficiency uncertainty (∼ 5%), the uncertainty
from Emiss

T reconstruction (∼ 6%), and the uncertainty from the jet energy sale (∼ 4%). The dominant
signal uncertainties are the tau energy scale in situ uncertainty (∼ 7%), the tau energy scale uncertainty
from detector (∼ 6%), the tau ID efficiency uncertainty (∼ 13%), the MC/data related trigger systematics
(∼ 7% in total), and the signal cross-section uncertainty (∼ 9%).

A few of the experimental uncertainties are expected to be smaller at the HL-LHC compared to the
13 TeV studies, as described in Ref [21]. In particular, the tau energy scale insitu uncertainty is scaled
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Table 3: Expected numbers of events for the SM background and the three benchmark signal models for combined
τ̃+L τ̃

−
L and τ̃+R τ̃

−
R production in the signal regions SR-low, SR-med and SR-high. The “Other SM” contains contri-

butions from the Top, Higgs boson and Multi-jet processes. Entries marked as ‘-’ indicate negligible background
contributions (less than 0.1). Uncertainties describe the MC statistical uncertainties only.

SR-low SR-med SR-high

W+jets 8.8 ± 2.8 2.12 ± 0.56 1.00 ± 0.21
Multi-boson 2.6 ± 1.3 0.35 ± 0.18 -
Z/γ∗ + jets 1.4 ± 1.0 - -
Other SM 0.98 ± 0.40 - -

SM total 13.8 ± 3.3 2.57 ± 0.58 1.10 ± 0.21

m(τ̃L/τ̃R, χ̃
0
1) = (160, 40) GeV 34.9 ± 7.2 2.2 ± 1.6 0.63 ± 0.44

m(τ̃L/τ̃R, χ̃
0
1) = (400, 160) GeV 24.1 ± 1.6 13.8 ± 1.2 8.3 ± 1.0

m(τ̃L/τ̃R, χ̃
0
1) = (500, 1) GeV 19.4 ± 1.5 15.0 ± 1.3 11.6 ± 1.2

Table 4: Expected numbers of events for the SM background and the three benchmark signal points for combined
τ̃+L τ̃

−
L and τ̃+R τ̃

−
R production in the exclusion ditau signal regions. The “Other SM” contains contributions from the

Top, Higgs boson and Multi-jet processes. Entries marked as ‘-’ indicate negligible background contributions (less
than 0.1). Uncertainties describe the MC statistical uncertainties only.

SR-exclHigh

mT2 [ GeV ] [80, 130] [130, 180] [180, 230] [230,∞]

W+jets 2.42 ± 0.52 1.22 ± 0.26 1.10 ± 0.24 0.54 ± 0.12
Multi-boson 0.49 ± 0.10 0.08 ± 0.02 0.05 ± 0.01 0.04 ± 0.01
Z/γ∗ + jets - - - -
Other SM 0.14 ± 0.03 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.00

SM total 3.06 ± 0.44 1.34 ± 0.18 1.19 ± 0.15 0.60 ± 0.06

m(τ̃L/τ̃R, χ̃
0
1) = (160, 40) GeV 0.96 ± 0.13 0.63 ± 0.09 0.00 ± 0.00 0.00 ± 0.00

m(τ̃L/τ̃R, χ̃
0
1) = (400, 160) GeV 4.79 ± 0.67 9.11 ± 1.28 6.43 ± 0.90 2.97 ± 0.42

m(τ̃L/τ̃R, χ̃
0
1) = (500, 1) GeV 1.84 ± 0.26 4.21 ± 0.59 5.99 ± 0.84 7.81 ± 1.10
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Figure 2: Distributions of each mT2 variable in the SR-low, SR-med, SR-high and SR-exclHigh regions, applying
all selections as specified in Table 2, with the exception of mT2 itself. The stacked histograms show the expected
SM backgrounds, while the hatched bands represent the statistical uncertainties on the total SM background. For
illustration, the distributions of the SUSY reference points for combined τ̃+L τ̃

−
L and τ̃+R τ̃

−
R production are also shown

as dashed lines. The last bin includes the overflow. The lower pad in each plot shows the significance, ZN using
a background uncertainty of 20%, for the SUSY reference points. In (a), (b) and (c), ZN is shown for an mT2
threshold, while for (d), ZN is shown in each mT2 interval.
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by a factor of 0.6 and the tau ID efficiency uncertainty is scaled by a factor of 0.45. The multi-jet
uncertainties scale with the increased integrated luminosity, and the background theoretical uncertainties
are halved. The theoretical cross-section uncertainty for direct stau production is taken as 10%, while
the MC/data related systematics are considered negligible. All other uncertainties are assumed to be the
same as the 13 TeV studies. In this Baseline Uncertainties assumption, the total background experimental
uncertainty is ∼ 19%, with theoretical uncertainties on the Top, Z/γ∗ + jets and Higgs backgrounds of
13%, theoretical uncertainties on the W+jets and multi-jet backgrounds of 10%, and uncertainties on the
multi-boson background of 8%. The total uncertainty on the SUSY signal is ∼ 14%.

A second scenario is also considered, where the expected uncertainties at the HL-LHC do not improve
upon the 13 TeV studies for the SM background and signal. This results in a total background uncertainty
of ∼ 38% and a signal uncertainty of ∼ 21% for the Run-2 Uncertainties scenario.

To calculate the discovery potential, SR-low, SR-med and SR-High defined in Table 2 are used, while
for the model dependent exclusion limits the best expected signal region is used, considering SR-low,
SR-med, SR-High, and the multi-bin SR-exclHigh. Experimental uncertainties are treated as correlated
between signal and background and all uncertainties are treated as correlated across regions. The 95%
CL exclusion and discovery potentials for combined τ̃+L τ̃

−
L and τ̃+R τ̃

−
R production, τ̃+L τ̃

−
L production alone

and τ̃+R τ̃
−
R production alone under different uncertainty assumptions are shown in Figure 3. The ±1σexp

uncertainty band indicates the impact on the expected limit of the uncertainty included in the fit. For the
Baseline Uncertainties scenario, the exclusion limit reaches 730GeV in τ̃ mass for the combined τ̃+L τ̃

−
L and

τ̃+R τ̃
−
R production, and 680GeV (420GeV) for pure τ̃+L τ̃

−
L (pure τ̃+R τ̃

−
R ) production with a massless χ̃0

1. The
discovery sensitivity reaches 110 − 530GeV (110 − 500GeV) in τ̃ mass for the combined τ̃+L τ̃

−
L and τ̃+R τ̃

−
R

(pure τ̃+L τ̃
−
L ) production with a massless χ̃0

1. No discovery sensitivity is found for pure τ̃+R τ̃
−
R production

as the production cross section is very small.

For the Run-2 Uncertainties scenario, the exclusion limit is slightly reduced to 720GeV in τ̃ mass for the
combined τ̃+L τ̃

−
L and τ̃+R τ̃

−
R production, and 670GeV (390GeV) for pure τ̃+L τ̃

−
L (pure τ̃+R τ̃

−
R ) production with

a massless χ̃0
1. The discovery sensitivity is also slightly reduced, reaching 200−500GeV (210−460GeV)

in τ̃ mass for the combined τ̃+L τ̃
−
L and τ̃+R τ̃

−
R (pure τ̃+L τ̃

−
L ) production with a massless χ̃0

1.

Based on the search channels and methods considered here, the HL-LHC is not expected to have discovery
potential for the stau co-annhilitation scenario or for the production of light right-handed stau pairs, making
these scenarios excellent benchmarks for further study at HL-LHC as well as for future collider-based
experiments.

10



) [GeV]τ∼m(
100 200 300 400 500 600 700 800 900 1000

) 
[G

eV
]

10 χ∼
m

(

100

200

300

400

500

600

700

800

)expσ 1 ±: 95% CL exclusion (R,Lτ∼

: 95% CL exclusionLτ∼

: 95% CL exclusionRτ∼

 discoveryσ: 5R,Lτ∼

 discoveryσ: 5Lτ∼

Baseline Uncertainties

All limits at 95% CL
)expσ 1 ±: 95% CL exclusion (R,Lτ∼

: 95% CL exclusionLτ∼

: 95% CL exclusionRτ∼

 discoveryσ: 5R,Lτ∼

 discoveryσ: 5Lτ∼

-1=14 TeV, 3000 fbs

0

1
χ∼τ × 2 → 

-
τ∼+τ∼

1
0

χ∼

  <
  m

τ∼m

ATLAS Simulation Preliminary

(a) Baseline Uncertainties

100 200 300 400 500 600 700 800 900 1000
) [GeV]τ∼m(

100

200

300

400

500

600

700

800

) 
[G

eV
]

10 χ∼
m

( )expσ 1 ±: 95% CL exclusion (R,Lτ∼

: 95% CL exclusionLτ∼

: 95% CL exclusionRτ∼

 discoveryσ: 5R,Lτ∼

 discoveryσ: 5Lτ∼

Run-2 Uncertainties

All limits at 95% CL
)expσ 1 ±: 95% CL exclusion (R,Lτ∼

: 95% CL exclusionLτ∼

: 95% CL exclusionRτ∼

 discoveryσ: 5R,Lτ∼

 discoveryσ: 5Lτ∼

-1=14 TeV, 3000 fbs

0

1
χ∼τ × 2 → 

-
τ∼+τ∼

1
0

χ∼

  <
  m

τ∼m

ATLAS Simulation Preliminary

(b) Run-2 Uncertainties

Figure 3: The 95% CL exclusion and discovery potential for direct stau production at the HL-LHC (3000fb−1

at
√

s = 14 TeV), assuming τ̃+L τ̃
−
L + τ̃

+
R τ̃
−
R production, τ̃+L τ̃

−
L production, or τ̃+R τ̃

−
R production, for (a) the Baseline

Uncertainties scenario and (b) the Run-2 Uncertainties scenario.

5 Search for chargino pair production

In many SUSY models, the charged wino or higgsino states are light and decay via SM gauge bosons [50,
51]. A simplified model describing the direct production of χ̃+1 χ̃

−
1 is studied here, where the χ̃±1 is

assumed to be pure wino, while the χ̃0
1 is the LSP and is assumed to be pure bino and stable. The χ̃±1

decays with 100% branching fraction to W± and χ̃0
1, as seen in Figure 4. Only the leptonic decays of

the W are considered, resulting in final states with two opposite electric charge (OS) leptons and missing
transverse momentum from the two undetected χ̃0

1.

χ̃±
1

χ̃∓
1

W

Wp

p

χ̃0
1

`

ν

χ̃0
1

`

ν

Figure 4: Diagram illustrating the signal scenario considered for the pair production of charginos targeted by the 2`
final state.

The selection here closely follows the strategies adopted in the 8 TeV [52] and 13 TeV [53] searches.
Events are required to contain exactly two leptons (electrons or muons) with pT > 20GeV and |η | < 2.5
(2.47 for electrons). The lepton pair must satisfy m`` > 25GeV to remove contributions from low mass
resonances. The two leptons must be OS, pass “tight” identification criteria [21], and be isolated (the
scalar sum of the transverse momenta of charged particles with pT > 1GeV within a cone of ∆R = 0.3
around the lepton candidate, excluding the lepton candidate track itself, must be less than 15% of the
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lepton pT). Jets are defined with pT > 30GeV and |η | < 2.5, and a b-tagging algorithm is used on those
jets to correctly identify b-quark jets in simulated tt̄ samples with an average efficiency of 85%, with a
light-flavour jet misidentification probability of a few percent (parametrised as a function of jet pT and
η). All leptons are required to be separated from each other and from jets. The latter requirement is
imposed to suppress the background from semi-leptonic decays of heavy-flavour quarks, which is further
suppressed by vetoing events having one or more b-tagged jets.

The selection strategy is shown in Table 5. The signal region is divided into two disjoint regions with
a Same Flavour Opposite Sign (SFOS: e+e−, µ+µ−) or Different Flavour Opposite Sign (DFOS: e±µ∓)
lepton pair to take advantage of the differing SM background composition for each flavour combination.
The SFOS and DFOS regions are divided again into events with exactly zero jets or one jet, which target
scenarios with large or small χ̃±1 − χ̃

0
1 mass splittings, respectively. One lepton must have pT > 40GeV to

suppress the SM background, and with p`1
T > 40GeV and p`2

T > 20GeV, either the single or double lepton
triggers may be used to accept the event at the HL-LHC. Events with SFOS lepton pairs with an invariant
mass within 30GeV of the Z boson mass are rejected to suppress the large Z → `` SM background. Large

Emiss
T and Emiss

T significance (Emiss
T significance = Emiss

T /

√∑
p leptons, jets

T ) are chosen in accordance with
the 13 TeV analysis [53] to suppress Z+jets events with poorly measured leptons.

The stransverse mass mT2 defined in Equation 1 is calculated using the two leptons and Emiss
T , and used

as the main discriminator in the SR selection to suppress the SM background. For tt̄ or WW decays,
assuming an ideal detector with perfect momentum resolution, mT2(`, `, Emiss

T ) has a kinematic endpoint at
the mass of the W boson. Signal models with sufficient mass splittings between the χ̃±1 and the χ̃0

1 feature
mT2 distributions that extend beyond this kinematic endpoint expected for the dominant SM backgrounds.
Therefore, events in this search are required to have high mT2 values. A set of disjoint signal regions
“binned” in mT2 are used to maximise model-dependent exclusion sensitivity. Each SR is identified by
the lepton flavour combination (SFOS or DFOS), number of jets (-0J or -1J) and the range of the mT2
interval, as seen in Table 5.

The stransverse mass mT2 of SM and SUSY events in the signal regions is shown in Figure 5, for events
passing mT2 > 100GeV. Generally, the SM backgrounds drop off at lower mT2 values (around the W
mass), while the SUSY signal and 2` diboson processes are seen to have long tails to high mT2 values. In
the 13 TeV analysis [53], long tails in mT2 for 2` diboson processes were seen to be from the imperfect
measurement of the leptons and Emiss

T in WW , as well as Z Z → `+`−νν̄. Eleven high mT2 intervals are
defined to maximise the sensitivity to χ̃+1 χ̃

−
1 production and the expected number of events from SM

and SUSY processes in these signal regions are shown in Figure 5. After the application of the Z veto,
lepton pT thresholds and high mT2, no Z+jets or W+jets events remain. The diboson processes are seen
to dominate the total SM background across all signal regions. In the 13 TeV analysis this was seen to be
mostly WW , due to its similarity with the SUSY signal.

To calculate the expected sensitivity to χ̃+1 χ̃
−
1 production and decay via W bosons, the expected uncer-

tainties on the SM background are assessed. The level of accuracy achieved (7 − 17%) in the 13 TeV
analysis [53] was dominated by the normalisation of the WW background (5%) and theoretical uncer-
tainties on the WW background (∼ 5 − 10%), while the experimental uncertainties were ∼ 5%. The tt̄
normalisation and theoretical uncertainties were similar to those for the WW background. It is expected
that the uncertainties from the normalisation of the WW background will scale inversely with the increase
in luminosity, and thus decrease to ∼ 1%, while a better understanding of WW could halve the theoretical
uncertainties to ∼ 2.5 − 5%. It is assumed that the experimental uncertainties will be understood to the
same level, or better, than the 13 TeV analysis. Two scenarios for the uncertainties are considered for χ̃+1 χ̃

−
1
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Table 5: Signal regions for the direct chargino pair production analysis.

Common

m`` > [GeV] 25
plep1
T , plep2

T > [GeV] 40, 20
number of b jets = 0
Emiss
T > [GeV] 110

Emiss
T sig > [GeV1/2] 10

SR-SFOS-0J SR-SFOS-1J SR-DFOS-0J SR-DFOS-1J

lepton flavour/sign SFOS DFOS
|mSFOS − mZ | > [GeV] 30 –

number of jets = 0 = 1 = 0 = 1

mT2 [GeV] ∈ [100, 120]
∈ [120, 140]
∈ [140, 140]
∈ [160, 180]
∈ [180, 200]
∈ [200, 250]
∈ [250, 300]
∈ [300, 350]
∈ [350, 400]
∈ [400, 500]
∈ [500,∞]

production and decay via W bosons at the HL-LHC, both assuming a 5% experimental uncertainty on the
signal and SM background, and a 10% theoretical uncertainty on the signal. For the Run-2 Uncertainties
scenario, the modelling uncertainty on the SM background is assumed to remain the same as for Run-2,
at 10%. For the Baseline Uncertainties scenario, it is assumed the modelling of the WW background can
be understood to a better level, and the modelling uncertainty on the SM background halves to just 5%.

The statistical combination of all disjoint signal regions is used to set model-dependent exclusion limits.
For each of the three uncertainties considered, half of the value is treated as correlated across signal
regions, and the other half as uncorrelated. The exclusion potentials for χ̃+1 χ̃

−
1 production and decay via

W bosons at the HL-LHC are shown in Figure 6. For the Run-2 Uncertainties scenario in the absence of
an excess, χ̃+1 χ̃

−
1 production may be excluded up to 840GeV in χ̃±1 mass. For the Baseline Uncertainties

scenario, where the modelling uncertainty on the SM background halves from 10% to 5%, the expected
exclusion potential increases by just a few GeV in χ̃±1 mass and 20GeV in χ̃0

1 mass. To calculate the
discovery potential, eleven inclusive signal regions are defined with mT2 larger than the lower bound of
each mT2 interval in Table 5, and the inclusive signal region with the best expected sensitivity is used.
At the HL-LHC, the discovery potential reaches up to 610GeV in χ̃±1 mass for the Run-2 Uncertainties
scenario, as seen in Figure 6(b). For the Baseline Uncertainties scenario, the discovery potential is
extended by a further 50GeV in χ̃±1 mass and 80GeV in χ̃0

1 mass.
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Figure 5: The expected number of events from SM and SUSY processes in the signal regions optimised for χ̃+1 χ̃
−
1

production, for the HL-LHC. Uncertainties shown are the MC statistical uncertainties only. “Top” is the sum of the
tt̄ and single top backgrounds, while “Other” is the sum of the tt̄W and tt̄WW backgrounds. The last bin includes
the overflow. The lower pad in each plot shows the significance, ZN using a background uncertainty of 10%, for a
selection of SUSY scenarios in each mT2 interval.
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Figure 6: The 95% CL exclusion and discovery potential for χ̃+1 χ̃
−
1 production at the HL-LHC (3000fb−1 at

√
s = 14 TeV), assuming χ̃±1 → W χ̃0

1 with a branching ratio of 100%, for an uncertainty on the modelling of the
SM background of (a) 5% or (b) 10%. The observed limits from the analyses of 13 TeV data [53] are also shown.
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6 Search for chargino-neutralino pair production

A simplified model describing the direct production of χ̃±1 χ̃
0
2 is studied here, where the χ̃±1 and χ̃0

2 are
assumed to be pure wino and equal mass, while the χ̃0

1 is the LSP and is assumed to be pure bino and
stable. The χ̃±1 is assumed to decay with 100% branching fraction to W± and χ̃0

1, while two scenarios
are considered for the χ̃0

2 decay, χ̃0
2 → Z χ̃0

1 with 100% branching fraction as seen in Figure 7(a) or
χ̃0

2 → h χ̃0
1 with 100% branching fraction as seen in Figure 7(b). For χ̃0

2 → h χ̃0
1, the light CP-even Higgs

boson, h, of the MSSM Higgs sector is assumed to be practically identical to the SM Higgs boson [54],
with the same mass and couplings as measured at the LHC [55–57]. A search for χ̃±1 χ̃

0
2 → W χ̃0

1 Z χ̃0
1

using the three lepton (e, µ) final state is described in Section 6.1, while the 1`bb final state is used for
χ̃±1 χ̃

0
2 → W χ̃0

1h χ̃0
1 and is described in Section 6.2.

(a)

χ̃±
1

χ̃0
2

W

hp

p

χ̃0
1

`

ν

χ̃0
1

b

b

(b)

Figure 7: Diagrams illustrating the signal scenarios considered for the pair production of chargino and next-to-
lightest neutralino which subsequently decay via (a) a Z boson or (b) a Higgs boson h, targeted by the 3` and 1`bb̄
final states respectively.

6.1 Search for χ̃±1 χ̃
0
2 → W χ̃0

1Z
χ̃0

1 using three leptons

The selection for χ̃±1 χ̃
0
2 → W χ̃0

1 Z χ̃0
1 at the HL-LHC follows the strategy used in the 13 TeV search [58].

Events are selected with exactly three leptons (electrons or muons) with pT > 20GeV and |η | < 2.5, two
of which must form an SFOS pair consistent with a Z boson decay and have |m`` − mZ | < 10GeV. To
resolve ambiguities when multiple SFOS pairings are present, the transverse mass mT is calculated using
the unpaired lepton for each possible SFOS pairing, and the combination that minimises the transverse
mass, mmin

T , is chosen. The two leading leptons must have pT > 25GeV, and m``` must be larger than
20GeV to reject low mass SM decays. To suppress the tt̄ background, events are vetoed if they contain
b-tagged jets with pT > 30GeV and |η | < 2.5, while the Z+jets background is suppressed by requiring
Emiss
T > 50GeV. The chosen working point of the b-tagging algorithm correctly identifies b-quark jets in

simulated tt̄ samples with an average efficiency of 77%.

A set of disjoint signal regions binned in mmin
T and Emiss

T are used to maximise model-dependent exclusion
sensitivity. Each SR is identified by the number of jets with pT > 30GeV and |η | < 2.5 (-0J or -1J), the
range of the Emiss

T interval and the range of the mmin
T interval, as seen in Table 6.1. The SRs with at least one

jet target signal scenarios in which the mass differences between the χ̃+1 and χ̃0
1 is small. In such scenarios
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higher Emiss
T in the event is expected when the χ̃±1 χ̃

0
2 system recoils against the initial-state-radiation (ISR)

jets. The distributions of Emiss
T and mmin

T in the 0-jet and 1-jet categories are shown in Figure 8 for events
with Emiss

T > 150GeV and mmin
T > 150GeV.

Table 6: Signal regions for the search for chargino-neutralino pair production and decay to three leptons.

Common

lepton flavour/sign e+e−`± or µ+µ−`±
p`1
T , p`2

T , p`3
T > [GeV] 25, 25, 20

|mSFOS − mZ | < [GeV] 10
m``` > [GeV] 20
number of b jets = 0

SR SR-0J SR-1J Inclusive

number of jets = 0 ≥ 1 ≥ 0
[GeV] mmin

T Emiss
T mmin

T Emiss
T mmin

T Emiss
T

∈ [150, 250] ∈ [200, 250] ∈ [150, 250] ∈ [200, 250] > 250 > 200
∈ [250, 350] ∈ [250, 350] > 250
∈ [350, 450] ∈ [350, 450] > 350
∈ [450,∞] ∈ [450, 600] > 450

∈ [600,∞] > 500
> 600

∈ [250, 400] ∈ [150, 250] ∈ [250, 400] ∈ [150, 250] > 400 > 200
∈ [250, 350] ∈ [250, 350] > 250
∈ [350, 500] ∈ [350, 500] > 350
∈ [500,∞] ∈ [500,∞] > 450

> 500
> 600

∈ [400,∞] ∈ [150, 350] ∈ [400,∞] ∈ [150, 350]
∈ [350, 450] ∈ [350, 450]
∈ [450, 600] ∈ [450, 600]
∈ [600,∞] ∈ [600,∞]

The expected number of events in the exclusive SRs, SR-0J and SR-1J, are summarised in Tables 7 and 8.
In all regions the dominant background is W Z production (80 − 100% of the total background), followed
by the fakes from tt̄ and tt̄V/γ.

The exclusive SRs in the 13 TeV analysis [58]were dominated by statistical uncertainties on the background
estimation (5 − 30%), while uncertainties on the diboson modelling (1 − 6%) and those on jet and Emiss

T
modelling (2− 7%) were also important. It is expected that the statistical uncertainties on the background
estimation will scale with the inverse of the square root of the luminosity, and decrease to 1 − 5%. It is
assumed that the experimental uncertainties will be understood to the same level as the 13 TeV analysis.

The statistical combination of all disjoint signal regions is used to set model-dependent exclusion limits.
The expected sensitivity to ( χ̃±1 / χ̃

0
2) production is calculated considering 5% experimental uncertainties

on the SM background and signal, a 10% theoretical uncertainty on the signal, and a 10% modelling
uncertainty on the SM. For each of the three uncertainties considered, half of the value is treated as
correlated across signal regions, and the other half as uncorrelated. With this Baseline Uncertainties
scenario, Figure 9 shows the expected exclusion for χ̃±1 χ̃

0
2 → W χ̃0

1 Z χ̃0
1. In the absence of an excess,
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Table 7: The expected number of events from SM and SUSY processes in the three lepton 0J signal regions optimised
for χ̃±1 χ̃

0
2 → W χ̃0

1 Z χ̃0
1 at the HL-LHC. Uncertainties shown describe the MC statistical uncertainties only. The

event yields for two signal scenarios are also shown.

mmin
T ∈ [150, 250]GeV

Emiss
T [GeV] [200,250] [250,350] [350,450] > 450

Total SM 190 ± 10 42 ± 6 5 ± 1 1.4 ± 0.7
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.11 ± 0.03 0.44 ± 0.07 0.26 ± 0.05 0.88 ± 0.09

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 13 ± 2 11 ± 2 2.6 ± 0.8 1.2 ± 0.5

mmin
T ∈ [250, 400]GeV

Emiss
T [GeV] [150,250] [250,350] [350,450] > 450

Total SM 34 ± 3 10 ± 5 4.1 ± 1.2 1.1 ± 0.7
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.1 ± 0.03 0.36 ± 0.06 0.56 ± 0.07 1.4 ± 0.1

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 11 ± 1 8 ± 1 2.6 ± 0.8 0 ± 0

mmin
T > 400GeV

Emiss
T [GeV] [150,350] [350,450] [450,600] > 600

Total SM 35 ± 3 8 ± 2 6 ± 1 2.1 ± 0.8
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.41 ± 0.06 0.73 ± 0.09 1.3 ± 0.1 3.6 ± 0.2

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 4.2 ± 0.9 1.2 ± 0.5 0.23 ± 0.23 0 ± 0

Table 8: The expected number of events from SM and SUSY processes in the three lepton 1J signal regions optimised
for χ̃±1 χ̃

0
2 → W χ̃0

1 Z χ̃0
1 at the HL-LHC. Uncertainties shown describe the MC statistical uncertainties only. The

event yields for two signal scenarios are also shown.

mmin
T ∈ [150, 250]GeV

Emiss
T [GeV] [200,250] [250,350] [350,450] [450,600] > 600

Total SM 220 ± 15 74 ± 7 11 ± 2 6.2 ± 1.3 1.6 ± 0.9
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.11 ± 0.03 0.38 ± 0.06 0.33 ± 0.06 0.48 ± 0.07 0.43 ± 0.07

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 9.4 ± 1.1 14 ± 2 4.2 ± 1.1 2.8 ± 0.8 1.4 ± 0.6

mmin
T ∈ [250, 400]GeV

Emiss
T [GeV] [150,250] [250,350] [350,500] > 500

Total SM 46 ± 8 21 ± 9 9.3 ± 2.4 2.5 ± 0.9
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.09 ± 0.03 0.36 ± 0.06 0.72 ± 0.09 1.2 ± 0.1

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 7.3 ± 1.2 10 ± 1 4.2 ± 1.2 2.1 ± 0.7

mmin
T > 400GeV

Emiss
T [GeV] [150,350] [350,450] [450,600] > 600

Total SM 31 ± 3 6.2 ± 1.4 4.3 ± 1.1 1.3 ± 0.7
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (1100, 0) GeV 0.44 ± 0.07 0.64 ± 0.08 1.3 ± 0.1 3.6 ± 0.2

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (600, 400) GeV 3.7 ± 0.9 1.4 ± 0.6 0.47 ± 0.33 0.47 ± 0.33

chargino and neutralino masses up to 1150GeV may be excluded. The discovery potential is also shown
in Figure 9, which reaches up to 920GeV in chargino and neutralino masses. To calculate the discovery
potential, twelve inclusive signal regions with njets > 0 and lower thresholds on Emiss

T and mmin
T are defined,
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Figure 8: The distribution of Emiss
T and mmin

T in the events with zero jets (top) and the events with at least one jet
(bottom). All common requirements along with Emiss

T > 150GeV and mmin
T > 150GeV are applied. The last bin

includes the overflow. The lower pad in each plot shows the significance for the SUSY reference points, ZN , as the
threshold on the x-axis variable increases and assumes a background uncertainty of 10%.

as shown in Table . The inclusive search region which gives the best expected sensitivity is used for the
discovery potential calculation.
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Figure 9: The 95% CL exclusion and discovery potential for χ̃±1 χ̃
0
2 production at the HL-LHC (3000fb−1 at

√
s = 14 TeV), assuming χ̃±1 → W χ̃0

1 and χ̃0
2 → Z χ̃0

1 with a branching ratio of 100%. The observed limits from
the analyses of 13 TeV data [52, 58–60] are also shown.

6.2 Search for χ̃±1 χ̃
0
2 → W χ̃0

1h
χ̃0

1 using 1`bb

This analysis updates the previous studies in the same final states for the HL-LHC as in Ref. [61], using
the latest parameterisations of the upgraded ATLAS detector configurations for the 〈µ〉 ∼ 200 HL-LHC
running conditions and the associated physics object systematic uncertainties, as well as a re-optimised
multivariate based analysis method.

Signal models with χ̃±1 and χ̃0
2 masses up to 1500 GeV are considered. The analysis is performed

separately in three signal regions targetting signal models with different values of mass difference ∆m =
m( χ̃±1 / χ̃

0
2) − m( χ̃0

1), which leads to different kinematic shapes. In each region, one benchmark signal
model is selected as a reference point for the optimisation of event selections and sensitivity estimations.
The definitions of three regions and the corresponding benchmark signal models are:

• Low: ∆m < 300GeV, benchmark signal model m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (500, 310) GeV,

• Medium: ∆m ∈ [300, 600]GeV, benchmark signal model m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (800, 420) GeV,

• High: ∆m > 600GeV, benchmark signal model m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (1000, 1) GeV.

At each point in the signal model parameter space, the region with the best sensitivity is chosen for the
estimate of the final analysis sensitivities, instead of a statistical combination of the regions. For this
reason, event selections in different regions are not necessarily orthogonal.

The expected SM background is dominated by top quark pair-production tt̄ and single top production,
with smaller contributions from vector boson production W+jets, associated production of tt̄ and a vector
boson (tt̄V ) and dibosons.

6.2.1 Event selection

The event selection follows a similar strategy as in the previous studies documented in Ref. [61]. Candidate
leptons (electrons or muons) are required to have pT > 25GeV and |η | < 2.47 (|η | < 2.7 for muons), and
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pass “tight” and “medium” identification criteria for electrons and muons respectively. Candidate jets are
reconstructed using the anti-kt algorithm with R = 0.4, are required to have pT > 25GeV and |η | < 2.5.
B-tagged jets are required to pass the jet requirements described previously, and pass the MV2c10 tagging
algorithm operating at 77% b-jet tagging efficiency. Candidate jets and electrons are required to satisfy
∆R(e, jet) > 0.2. Any leptons within ∆R = 0.4 of the remaining jet are removed. The Emiss

T at generator
level is calculated as the vectorial sum of the momenta of neutral weakly-interacting particles, in this case
neutrinos and neutralinos. The detector response is simulated using a set of parametrised functions as
described in Section 3.

The impact of the trigger is not taken into account in this analysis. The planned upgrades to the detector,
in particular an improved barrel muon coverage, are expected to allow lepton triggers that would have
high efficiency for the studied scenarios with respect to the analysis selections.

Events containing exactly one lepton, and two or three jets passing the above object definitions are selected.
Exactly two of the jets are required to be b-tagged with the criteria defined above. Four key variables are
further used to discriminate signal from background:

• mbb - the invariant mass of the two b-tagged jets

• Emiss
T - the transverse momentum imbalance in the event

• mT - the transverse mass constructed using the lepton pT and the Emiss
T .

• mCT - the contransverse mass, defined for the bb̄ system as:

mCT = 2pb1
T pb2

T (1 + cos∆φbb), (2)

where pb1
T and pb2

T are transverse momenta of the two leading b−jets and ∆φbb is the azimuthal
angle between them.

The mbb is used to select events which have dijet masses within a window of the Higgs boson mass. The
transverse mass variable mT is effective at suppressing SM backgrounds containing W bosons due to the
expected kinematic endpoint around theW bosonmass assuming an ideal detector with perfect momentum
resolution. The contransverse mass variable mCT is an effective variable to select Higgs boson decays into
b−quarks and to suppress the tt̄ backgrounds [62, 63].

A set of common loose requirements, referred to as preselection, are applied first to suppress the fully
hadronic multijet and W+jets backgrounds: mT > 40GeV, mbb > 50GeV, Emiss

T > 200GeV. Figure 10
shows the distributions of the key discriminating variables after this selection, comparing the three
benchmark signal models with the expected SM background.

To further distinguish between signal and background processes, a set of rectangular selections based
on these kinematic observables is first studied to evaluate possible optimal selections and residual SM
background. A multivariate method based on boosted decision trees (BDT) is then chosen for the optimal
sensitivity. In this approach, three independent BDTs (referred to as M1, M2 and M3), are trained
separately in each signal region for events passing the preselection and within the mbb mass window
of [105, 135]GeV. All the signal MC samples within a given signal region are combined to mimic the
average kinematic shapes of the signal. Only the dominant tt̄ background is considered in the training. In
all regions, the following seven variables are used as inputs: Emiss

T , mT, mCT, the lepton pT, the leading
and sub-leading b-jet pT, as well as the angular separation of the two b-tagged jets ∆R(b1, b2).

21



100 200 300 400 500 600
 [GeV]bbm

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ 3
0 

G
eV ATLAS Simulation Preliminary

-1 = 14 TeV, 3000 fbs

Total MC

tt

Single top

W + Jets

Other SM

) =
0

1
χ∼, 

±

1
χ∼ / 

0

2
χ∼m(

(500, 310) GeV
(800, 420) GeV
(1000, 1) GeV

(a) mbb

100 200 300 400 500 600 700 800 900 1000
 [GeV]Tm

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ 1
00

 G
eV ATLAS Simulation Preliminary

-1 = 14 TeV, 3000 fbs

Total MC

tt

Single top

W + Jets

Other SM

) =
0

1
χ∼, 

±

1
χ∼ / 

0

2
χ∼m(

(500, 310) GeV
(800, 420) GeV
(1000, 1) GeV

(b) mT

0 100 200 300 400 500 600 700 800 900 1000
  [GeV]CTm

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ 1
00

 G
eV ATLAS Simulation Preliminary

-1 = 14 TeV, 3000 fbs

Total MC

tt

Single top

W + Jets

Other SM

) =
0

1
χ∼, 

±

1
χ∼ / 

0

2
χ∼m(

(500, 310) GeV
(800, 420) GeV
(1000, 1) GeV

(c) mCT

200 300 400 500 600 700 800 900 1000 1100 1200
 [GeV]Miss

TE

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ 1
00

 G
eV ATLAS Simulation Preliminary

-1 = 14 TeV, 3000 fbs

Total MC

tt

Single top

W + Jets

Other SM

) =
0

1
χ∼, 

±

1
χ∼ / 

0

2
χ∼m(

(500, 310) GeV
(800, 420) GeV
(1000, 1) GeV

(d) Emiss
T

Figure 10: Distributions of the key discriminating variables at the preselection level. The contributions from all SM
background are shown as stacked, and the expected distribution from the benchmark signal models are overlaid.
The last bin does not include the overflow.

TheBDToutput distributions are then used to optimise signal regionsmaximising the expected significance
ZN of the benchmark signal model. Examples of the BDT output distributions are shown in Figure 11.
The resulting signal region definitions are shown in Table 9.

Table 9: Definitions of the signal regions with the benchmark signal model parameters used in the optimisation.
SR Benchmark signal model parameters BDT range

m( χ̃±1 / χ̃
0
2, χ̃

0
1) [GeV]

SR-M1 (500, 310) > 0.25
SR-M2 (800, 420) > 0.35
SR-M3 (1000, 1) > 0.30

Table 10 shows the expected number of events for the SM background and three benchmark SUSY
scenarios respectively. The SM background is dominated by the top backgrounds, including both the tt̄
and single top processes.
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Figure 11: Distributions of the BDT responses in the three signal regions for the events that pass the preselection and
are within mbb mass window of [105, 135]GeV. The contributions from all SM background are shown as stacked,
and the expected distribution from the benchmark signal models are overlaid.

The largest systematic uncertainties are from theoretical modelling of the irreducible backgrounds of tt̄
and single top, mainly from the generator difference, renormalisation and factorisation scale variations and
the interference between the tt̄ and single top background. The total theoretical uncertainty is estimated
to be about 7%. Experimental uncertainties are dominated by the jet energy scale (JES) and jet energy
resolution (JER), on the order of 6%.

Figure 12 shows the expected 95% CL exclusion and 5σ discovery contours for the simplified models
described earlier. In this model, masses of χ̃±1 / χ̃

0
2 up to 1280GeV could be excluded at 95% confidence

level for a massless χ̃0
1. The discovery potential at 5σ could be extended up to 1080GeV for a massless χ̃0

1.
Moremature analysis and reconstruction techniques such as performing amulti-bin shape fit, improving the
training in the multivariate method by including other SM backgrounds, using jet substructure techniques
in the boosted Higgs boson region, and performing a statistical combination of all signal regions would
likely extend the sensitivity even further.
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Table 10: Expected number of events for the SM background and the benchmark signal models in the 1`bb signal
regions SR-M1, SR-M2, and SR-M3. The uncertainties describe the MC statistical uncertainties only.

Processes SR-M1 SR-M2 SR-M3
tt̄ 38.9 ± 8.4 8.7 ± 3.3 2.5 ± 1.8

single top 28.3 ± 4.8 10.7 ± 3.2 5.4 ± 2.5
W+jets 22.2 ± 5.4 3.0 ± 2.0 2.0 ± 1.8

ttV 5.1 ± 2.4 2.0 ± 1.4 1.0 ± 1.0
Diboson 2.0 ± 2.0 - -

total background 97 ± 12 24.4± 5.2 10.9 ± 3.4
m( χ̃±1 / χ̃

0
2, χ̃

0
1) = (500, 310) GeV 20.7 ± 4.8 4.6 ± 2.3 1.0 ± 1.0

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (800, 420) GeV 44.3 ± 2.3 33.6 ± 2.0 21.2 ± 1.6

m( χ̃±1 / χ̃
0
2, χ̃

0
1) = (1000, 1) GeV 32.2 ± 1.8 31.9 ± 1.8 28.9 ± 1.7
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Figure 12: The 95% CL exclusion and discovery potential for χ̃±1 χ̃
0
2 production at the HL-LHC (3000fb−1 at

√
s = 14 TeV), assuming χ̃±1 → W χ̃0

1 and χ̃0
2 → h χ̃0

1 with a branching ratio of 100%.

7 Conclusion

The large dataset of around 3000 fb−1 expected at the HL-LHC will significantly increase the ATLAS
sensitivity to the productions of SUSY particles in the electroweak sector. This note summarises the ex-
pected sensitivities of direct productions of τ̃+τ̃−, χ̃+1 χ̃

−
1 , and χ̃

±
1 χ̃

0
2 at the HL-LHC and the expected 95%

exclusion regions and the 5σ discovery regions are summarised in Table 11. The discovery sensitivities of
the HL-LHC are still rather limited in the challenging compressed region where mass differences between
the NLSP and LSP are small. In particular, there is no discovery potential for the theoretically favoured
stau co-annhilitation with small mass differences (∆m(τ̃, χ̃0

1) < 100GeV) or for the production of τ̃R
pairs. These challenging scenarios serve as ideal benchmarks for further improvements in the detector
performance, reconstruction techniques and analysis methods at the HL-LHC.
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SUSY particle Final state 95% CL exclusion region 5σ discovery region
for m( χ̃0

1) = 0GeV for m( χ̃0
1) = 0GeV

τ̃L + τ̃R ττ < 730GeV [110, 530]GeV
τ̃L ττ < 680GeV [110, 500]GeV
τ̃R ττ < 420GeV

Wino χ̃±1 WW -mediated 2` < 840GeV < 660GeV
Wino χ̃±1 , χ̃

0
2 W Z-mediated 3` < 1150GeV < 920GeV

W h-mediated 1`bb < 1280GeV < 1080GeV

Table 11: Summary of the 95% CL exclusion reach and the 5σ discovery reach at the end of HL-LHC for the
direct productions of heavy SUSY partners in the electroweak sector, ssuming a massless χ̃0

1 LSP and baseline
uncertainties. See text for the details of other assumptions of the signal models in each final state.
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